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In his 1962 book “The Structure of Scientific Revolutions”, Thomas Kuhn famously argued that
researchers in every field of scientific enquiry always operate under a set of presuppositions
known as paradigms that are rarely explicitly stated.

In the field of HIV vaccine research, several prevailing paradigms led scientists for many years
to pursue unfruitful lines of investigations that impeded significant progress. The uncritical
acceptance of reigning paradigms makes scientists reluctant to abandon their mistaken
assumptions even when they obtain results that are not consistent with the paradigms.

The following five paradigms which disregard the degeneracy of the immune system were
particularly harmful.

1)

2)

3)

There is a primary and intrinsic epitope specific for each B cell receptor and for the
corresponding monoclonal antibody

In reality, there is no single, intrinsic or “real” epitope for any antibody but only a diverse
group of potential ligands

Reactions with monoclonal antibodies are more specific than the combined reactivity of
polyclonal antibodies.

In reality, a polyclonal antiserum has greater specificity for a multiepitopic protein because
different antibodies in the antiserum recognize separate epitopes on the same protein,
giving rise to an additive specificity effect. By focusing vaccine design on single epitope-Mab
pairs, the beneficial neutralizing synergy that occurs with polyclonal antibody responses is
overlooked.

The HIV epitope identified by solving the crystallographic structure of a broadly neutralizing
Mab — HIV Env complex should be able, when used as immunogen, to elicit antibodies
endowed with the same neutralizing capacity as the Mab.

Since every anti HIV bnMab is polyspecific, the single epitope identified in the complex
is not necessarily the one that elicited the bnMab. Since hypermutated Mabs used in
crystallographic studies differ from their germline-like receptor version present before
somatic hypermutation, the identified epitope will not be an effective vaccine immunogen.
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4) Effective vaccine immunogenicity can be predicted from the antigenic binding capacity of
viral epitopes.
Most fragments of a viral antigen can induce antibodies that react with the immunogen, but
this is irrelevant for vaccination since these antibodies rarely recognize the cognate, intact
antigen and even more rarely neutralize the infectivity of the viral pathogen that harbors the
antigen.

5) The rational design of vaccine immunogens using reverse vaccinology is superior to the
trial-and-error screening of vaccine candidates able to induce protective immunity.
One epitope can be designed to increase its structural complementarity to one particular
bnMab, but such antigen design is only masquerading as immunogen design because it
is assumed that antigenic reactivity necessarily entails the immunogenic capacity to elicit
neutralizing antibodies. When HIV Env epitopes, engineered to react with a bnMab are used
to select from human donors rare memory B cells secreting bnAbs, this represents antigen
design and not immunogen design.

The aim of this Research Topic is to replace previous misleading paradigms by novel ones that
better fit our current understanding of immunological specificity and will help HIV vaccine
development.

Citation: Van Regenmortel, M. H. V., ed. (2015). Paradigm Changes are Required in HIV Vaccine Research.
Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-727-9
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In his influential book “The Structure of Scientific Revolutions” published in 1962, Thomas Kuhn
argued that researchers in every field of scientific enquiry are always guided by theoretical assumptions,
presuppositions, and hypotheses that constitute the prevailing scientific paradigm under which they
operate at any given time (1). When they operate within a shared paradigm, a scientific community
working in a particular field will be committed to using certain strategies and experimental approaches
that are accepted as being essential for trying to solve the problem at hand.

In many cases, the implicit hypotheses and presuppositions that give rise to a particular paradigm
are not clearly stated and investigators may therefore sometimes not even be aware of them. One
consequence of this is that when they obtain results that are not compatible with the theory and
hypotheses underlying the paradigm, they may fail to appreciate that their guiding paradigm has in
fact been refuted and should therefore be abandoned or revised. On the other hand, according to Kuhn,
scientists actually do not abandon their hypotheses and paradigms as soon as contradictory data are
obtained, since their main goal is not to try to confirm the validity of the underlying assumptions of
their paradigms. Scientific communities tend to remain committed to their shared theoretical beliefs
even when they obtain anomalous results that are not consistent with the paradigm, and they will
invent new ad hoc hypotheses in an attempt to resolve apparent contradictions between theory and
experimental observations (2). Unfortunately, when misleading paradigms are not discarded, this may
encourage scientists to pursue unfruitful lines of investigations that could impede scientific progress.

In the field of HIV vaccine research, there is in fact evidence that in recent years a number of
paradigms based on invalid assumptions had such a detrimental effect (3). This drawback can only
be avoided if scientists keep in mind that if the paradigms they have adopted are based on erroneous
assumptions, this could lead them to select inappropriate research strategies that are unlikely to
succeed. Questioning the validity of paradigms is thus an important safeguard since it may reveal
which invalid assumptions have led investigators astray in the past. Only when past mistakes are
acknowledged can novel paradigms be introduced, which better fit our improved knowledge of
HIV-1 immune responses, and are therefore more likely to help future vaccine development (4, 5).

The following unwarranted assumptions underlying some popular paradigms in HIV vaccine research
may have contributed to our inability during the past 25 years to develop an effective HIV-1 vaccine.

Assumption No. 1: Vaccine Immunogenicity can be Predicted
from Viral Antigenicity

Most fragments of a viral antigen are immunogenic and are able to induce antibodies that will react
with the fragment. However, this type of immunogenicity is irrelevant for vaccination since these
antibodies rarely recognize the cognate, intact antigen, and even more rarely neutralize the infectivity
of the viral pathogen that harbors the antigen (6). A confusion between biological immunogenicity
(the ability to induce antibodies in a host) and chemical antigenicity (the capacity of an antigen to bind
antibodies) lies at the heart of the reverse vaccinology paradigm that has been pursued vigorously for
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more than 10 years. According to this paradigm, HIV-1 epitopes
identified by X-ray crystallographic analysis of complexes of HIV
Envbound to affinity-matured neutralizing monoclonal antibodies
(nMabs) were expected to be also effective vaccine immunogens
able to induce a protective immune response. However, an epitope
that binds to a nMab will not necessarily be able to induce the same
type of neutralizing antibody in an immunized host. As discussed
atlength elsewhere (7), investigators who claim they are designing
a vaccine immunogen are only improving the binding reactivity
(i.e., the antigenicity) of a single epitope—paratope pair and are
not actually designing a vaccine immunogen able to generate
protective antibodies. Immunogenicity does depend on numerous
factors that exist only in the context of the host immune system,
and these are independent of the binding properties of the viral
antigen used for immunization (8).

Assumption No. 2: There is a Primary and
Intrinsic Epitope Specific for Each B Cell
Receptor and its Corresponding Antibody

In reality, there is no single intrinsic epitope for any antibody
molecule but only a diverse group of potential ligands able to
bind to it with various degrees of fit (3). Vaccinologists have been
slow to accept that antibodies are not monospecific for a single
epitope and that the degeneracy of the immune system always
makes antibodies polyspecific for numerous related or unrelated
epitopes present in different antigens (9-11). Once it is accepted
that the epitope identified by X-ray crystallography of an HIV-1
Env-nMab complex is only one of the many epitopes that could
be accommodated by that antibody, there is no justification for
assuming that this particular HIV-1 epitope must correspond to
the immunogen that elicited the nMab and should therefore be
considered as a possible candidate vaccine.

Assumption No. 3: HIV-1 Epitopes
Recognized by Mature nMabs Isolated
from HIV-1 Infected Individuals after a
Lengthy Process of Antibody Affinity
Maturation will be able to Induce a
Protective Immune Response in

Naive Individuals

It has been established that the initial HIV-1 immunogen that trig-
gers the affinity maturation process leading to mature neutralizing
antibodies usually recognizes a BCR germline version that differs
considerably from the BCRs corresponding to mature antibodies
(12). The very extensive affinity maturation required to obtain
neutralizing HIV-1 antibodies is one of the main reasons why the
structure-based reverse vaccinology approach did not succeed in
developing an effective HIV-1 vaccine (3). A new paradigm based on
the germline/maturation hypothesis was subsequently developed,
which assumed that it may be possible to discover effective HIV-1
vaccine immunogens by analyzing putative germline antibody
intermediates of known HIV-1 nMabs (13). It is not clear at present
whether the unraveling of large numbers of different antibody

maturation pathways will allow the identification of HIV-1 vaccine
immunogens suitable for vaccinating large human populations.

Assumption No. 4: The so-called Rational
Design of HIV-1 Immunogens is More
Effective than the Classical Trial-and-
Error Screening of Imnmunogens used in
the Past for Developing Successful
Vaccines

Many authors claim that so-called “rational design” offers the best
prospects for developing an HIV-1 vaccine. Design means the
deliberate conceiving of a novel object or process by an intelligent
being, while the term “rational” is mostly used to indicate that the
designer makes use of available molecular data (8, 14). When they
discuss the rational design of HIV-1 vaccines, these authors refer
only to studies that try to improve the structural complementarity
between one epitope and one particular Mab, which means they
actually discuss antigen design and not immunogen design (15,
16). Designing vaccine immunogenicity actually means modifying
an antigen, so that it becomes an immunogen capable of inducing a
protective immune response and this requires investigating empiri-
cally the numerous factors, which in an immunized host determine
the formation of neutralizing antibodies. Unfortunately, we know
very little about the immunological mechanisms in the host that
produce neutralizing rather than non-neutralizing antibodies and
our ignorance is what prevents us from deliberately “designing”
vaccine immunogens of predetermined, known efficacy. Rationally
designing an antigen so that it better fits a single Mab is certainly
possible but improving an immunogen so that it is better able to
elicit protective antibodies can only be achieved by trial-and-error
experimentation with various immunogens and not by design (8,
17). It is currently fashionable to denigrate empirical approaches
in vaccine research (18), as if time-honored empiricism and trial-
and-error experimentation were not an entirely rational enterprise
compatible with high quality science (3, 7, 14). Advocating rational
design instead of stressing the need for more empirical research
may even be counterproductive since it is likely to make it more
difficult for investigators to undertake the small exploratory
trial-and-error trials that are needed to move the field forward
(5). Although epitope mapping with nMabs may indicate which
regions of a virus surface should be targeted by a vaccine, such
mapping on its own will not make it possible to discover effective
vaccine immunogens if no immunogenicity trials are performed.

Assumption No. 5: Reactions of Viral
Antigens with Mabs are More Specific
than the Combined Reactivity of
Polyclonal Antibodies Found in an
Antiserum and are able to Inform
Vaccine Design

The introduction of Mabs revolutionized our ability to dissect
immune responses to proteins but it also introduced a bias in
the analysis of antigens by encouraging investigators to focus on
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artificial boundaries between overlapping epitopes and to concen-
trate on single, discrete epitopes as potential vaccine immunogens.
The emphasis on single epitopes recognized by Mabs for developing
vaccines tends to obscure the beneficial effect of the neutralizing
synergy achievable with polyclonal responses (19).

The use of Mabs for characterizing epitopes also introduced
another bias that occurs because the apparent specificity of a Mab
very much depends on the selection process that was used to obtain
it. When a nMab, for instance, binds to a short peptide region of
the membrane proximate external region (MPER) of HIV-1 gp41,
this may simply reflect the fact that the Mab was selected for its
ability to bind to that peptide. Since all antibodies are polyspecific,
the Mab may actually recognize better a more complex or transient
epitope of gp41 that might have been the immunogen that elicited
the antibody. However, if it is assumed that the Mab was induced by
the linear MPER peptide region because it reacts with it, searching
for an effective vaccine immunogen in gp41 may be compromised.

It is often believed that a Mab that binds to a given antigen is a
more specific reagent than a polyclonal antiserum raised against
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The bulk of current HIV vaccine research is conducted within the infectious disease par
adigm that has been very successful in developing vaccines against many other viral
diseases. Different HIV vaccine concepts, based on the induction of neutralizing antibod-
ies and/or cell mediated immunity, have been developed and clinically tested over the last
30years, resulting in a few small successes and many disappointments. As new scientific
knowledge is obtained, HIV vaccine concepts are constantly modified with the hope that
the newly introduced tweaks (or paradigm drifts) will provide the solution to one of the
most difficult challenges that modern biomedical research is confronting. Efficacy trials
have been critical in guiding HIV vaccine development. However, from the five phase llI
efficacy trials conducted to date, only one (RV144) resulted in modest efficacy. The results
from RV144 were surprising in many ways, including the identified putative correlates of
protection (or risk), which did not include neutralizing antibodies or cytotoxic T-cells. The
solution to the HIV vaccine challenge may very well come from approaches based on the
current paradigm. However, at the same time, out-of-the-paradigm ideas should be sys-
tematically explored to complement the current efforts. New mechanisms are needed to
identify and support the innovative research that will hopefully accelerate the development

of an urgently needed HIV vaccine.

Keywords: HIV-1 vaccines, paradigm shift, non-neutralizing antibodies, vaccine efficacy trials, innovation

KUHN'S VIEWS OF NORMAL SCIENCE AND PARADIGM
CHANGE

The bulk of the current scientific activity, at least the one that it is
publically funded, is generally conducted within what is known as
normal science.

The term “normal science” was proposed by Thomas Kuhn
in his 1962 book entitled “The Structure of Scientific Revolutions”
(1). In his book, Kuhn describes normal science as the “research
that it is firmly based upon one or more past scientific achieve-
ments, achievements that some particular scientific community
acknowledges for a time as supplying the foundation for its further
practice.” Those past achievements are generally well-documented
in the scientific literature, and serve “to define the legitimate prob-
lems and methods of a research field for succeeding generations of
practitioners.” In addition, Kuhn coined the term “paradigm” to
define the achievements that were “sufficiently unprecedented to
attract an enduring group of adherents” and at the same time, “suf-
ficiently open ended to leave all sorts of problems for the redefined
group of practitioners to resolve.”

Normal science produces much useful information, but Kuhn
proposed that normal science results in little major novelties and
it could be argued that it is mostly gap-filling science. Unexpected
results that cannot be explained by the current paradigm are fre-
quently ignored or dismissed. When the paradigm is incapable of
producing a solution, it enters into a crisis, this leading to a “para-
digm shift” which changes the basic assumptions within the ruling
theory of science. Then, under the light of a more satisfactory
paradigm, some of the previously dismissed observations are

acknowledged and understood, and new avenues are opened to
conduct new research and to finally solve the problem.

CURRENT HIV VACCINE PARADIGM AND DRIFTS THAT HAVE

OCCURRED OVER THE PAST 30 YEARS

Although it is not straightforward to formally define the current
HIV vaccine development paradigm, it is not very different from
the one that started in the late 1800s, when the germ theory of
disease was formulated (2). In summary, the infectious disease
vaccine paradigm proposes that different germs cause different dis-
eases, and that the protective adaptive immune responses resulting
from the disease can also be stimulated by weakened (attenuated)
or killed (inactivated) microorganisms in the form of vaccines.
This paradigm has been extremely successful in defining the eti-
ology of major killer diseases of mankind. It has also resulted in
the development of vaccines and drugs against many infectious
diseases.

However, the infectious disease paradigm, like many other
satisfactory paradigms, has gone through minor changes (or par-
adigm drifts). One change occurred when viruses were described
as being structurally different from bacteria, although that did
not prevent Louis Pasteur from empirically developing a rabies
vaccine, even before viruses were formally discovered (3). In the
1970s retroviruses were widely acknowledged as the cause of can-
cer and leukemia in animals, but there was strong reluctance to
accept the idea that retroviruses could cause infections in humans.
When Robert Gallo and collaborators proposed in 1979 that a new
retrovirus, the human T-cell lymphoma virus 1 (HTLV-1), causes
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adult T-cell leukemia (ATL), he found resistance to have the paper
accepted for publication, because it represented a departure from
the commonly accepted science (4, 5). Fortunately, the common
science that was conducted in the 1970s under the “War on Can-
cer” Program (6) developed the basic tools of retrovirology that
also allowed the rapid isolation and characterization of the human
immunodeficiency virus (HIV) soon after AIDS was recognized as
anew diseasein 1981. This is a remarkable example of how research
supported to solve a given problem (cancer in this case) can yield
unanticipated results in another field (AIDS). What is important
is to always keep an open mind.

The decades of the 60s and 70s witnessed the birth of mod-
ern molecular biology (7) and rapid progress was made in the
understanding of the structure—function relationships in animal
viruses. German virologists made many of the pioneering discov-
eries (8), especially the school of Werner Schifer (1912-2000) at
the Max-Planck-Institut fur Virusforschung in Tubingen. Study-
ing fowl plague virus (FPV) and other influenza A viruses, Schifer
and collaborators established that the haemaglutinin (HA) serves
asaligand during attachment of the virus cellular receptor and that
it was also the immunogen which induces the production of pro-
tective neutralizing antibodies in the infected host. Schifer went
on to say in 1963 that “the finding that the immunizing capacity
of the fowl plague virus resides in its hemagglutinin shell material
led to the proposal to use, instead of inactivated total virus the iso-
lated hemagglutinin of influenza and possibly other myxoviruses
as vaccines” (9).

Although we cannot consider this proposed subunit approach
as a completely new paradigm, it was obviously a major depar-
ture (a paradigm drift) from how viral vaccines were successfully
developed until then, based on inactivated or attenuated viruses.
It is interesting that two American scientists who were to occupy
important roles in the early HIV vaccine effort in the United States,
Dani Bolognesi (a virologist from Duke University who became the
co-chair of the US government’s AIDS Vaccine Working Group)
and Peter Fischinger (who became the first AIDS Coordinator
from the US Department of Health and Human Services), had
worked with Werner Schifer in Tubingen, studying the structure—
function relationship in animal retroviruses (10). They quickly
translated those concepts to the search for an HIV vaccine (11,
12), confirming that the envelope glycoprotein of HIV was suffi-
cient to induce the production of neutralizing antibodies, as it has
been shown earlier with the myxoviruses (13).

Since HIV is a very dangerous pathogen, the prospect of using
a subunit vaccine was daunting, both in relation to manufacturing
issues and because of potential risks to the vaccinated individu-
als. The response to this challenge was provided by the emerging
science of genetic engineering and recombinant DNA technology,
which provided the possibility of manufacturing large amounts
of viral proteins without actually growing the virus. The most
relevant precedent at that time was that of the vaccine against
the hepatitis B virus. A highly effective plasma-derived hepatitis
B vaccine had been licensed by the US Food and Drug Admin-
istration (FDA) in 1981. However, concerns were rapidly raised
because the source of the vaccine immunogen was the plasma of
individuals who could also be carrying the AIDS virus. The solu-
tion came when the surface antigen of the hepatitis B virus was

successfully cloned and expressed in yeast, allowing for the manu-
facturing of a recombinant hepatitis B vaccine, which was licensed
in 1986 (14, 15).

Thus, the first wave of HIV vaccine development, based on
genetically engineered subunit envelope vaccines (16), was based
on several past achievements of normal science: (a) the demonstra-
tion that the envelope glycoproteins of the virus are sufficient to
induce neutralizing antibodies; (b) the ability to manufacture large
amounts of these proteins by genetic engineering techniques; and
(c) the successful proof of concept provided by the recombinant
hepatitis B vaccine.

This initial vaccine effort also benefited from rapid advances
in the molecular biology of HIV that occurred within 5 years
after its discovery, including the identification of the major struc-
tural proteins of the virus, the cloning and sequencing of the HIV
genome, early information on the genetic variability of different
virus strains, the description of neutralizing antibodies, and the
development of the first non-human primate models (17).

Although in the late 1980s nobody knew for sure how long it
would take to develop an HIV vaccine, it is also fair to say that
the field was generally optimistic. The prediction was made, and
repeated many times since then, that an HIV vaccine would be
available within the next 10 years. However, no one knew at that
time that HIV/AIDS was much more complex than any other viral
disease for which vaccines had been successfully developed (18-
21). Nevertheless, phase I clinical trials of HIV envelope vaccines
started in the United States in 1988, thus beginning a long history
of small successes and big disappointments.

In previous articles, I have discussed in detail the three major
approaches that have been explored over the last 30 years in trying
to develop an HIV vaccine (17, 22). Although I have described
those three waves of vaccine approaches and clinical trials as
based on three different paradigms, in fact they only represented
allowable tweaks (or drifts) within the overarching infectious dis-
ease paradigm. The first wave started around 1984 and it was
based on the concept that neutralizing antibodies would be suf-
ficient to confer protection against HIV infection. This led to the
development of numerous recombinant envelope-based candidate
vaccines that were tested in clinical trials. This first wave came to
an end in 2003, with the negative results from two efficacy trials
designed to evaluate the protective efficacy of the gp120 vaccines
from VaxGen (23, 24). The second wave began with the recog-
nition in the early 2000s of the critical importance of CD8+
T-cell responses in the control of HIV infection, and this led to
the development and refinement of live recombinant viral vec-
tors, especially poxvirus and adenovirus vectors, as well as DNA
vaccines. This period was formally concluded in 2007 with the
unexpected lack of efficacy in the STEP trial, which evaluated a
cell-mediated immunity vaccine based on an adenovirus type 5
(Ad5) vector (25). The third wave may have started in 2009 with
the modest efficacy obtained in the RV144 trial conducted in Thai-
land, to evaluate a prime boost combination of an ALVAC vector
followed by an envelope glycoprotein (26). This wave, that hope-
fully will take us to the development of an effective vaccine, should
learn from past failures and systematically explore different alter-
natives, including novel concepts that do not fall within the current
paradigm.

www.frontiersin.org

March 2015 | Volume 6 | Article 124 | 9


http://www.frontiersin.org
http://www.frontiersin.org/HIV_and_AIDS/archive

Esparza

Paradigm change in HIV vaccines

However, it is fair to say that the first two waves just described
(antibodies and cell-mediated immunity) have not completely
ended. Instead, they are constantly revisited when new knowl-
edge is obtained, and numerous adjustments have been made,
representing allowable drifts within the current paradigm, with
the hope that those changes would eventually led to the solution
of the problem.

For example, one of the first conceptual drifts in the anti-
body approach occurred around 1994 with the realization that
laboratory-adapted strains of HIV behave immunologically differ-
ently from the primary/clinical isolates (27). That paradigm drift
led to the design of more sophisticated envelope immunogens,
such as those based on founder/transmitted viruses (28) or those
using envelope trimers rather than the gp120 monomers initially
used to develop HIV candidate vaccines (29, 30). It is also relevant
to mention here that the hope of designing epitope-based HIV
vaccines started as early as 1989, when the V3 loop of gp120 was
thought to be, and even referred to, as the Principal Neutraliza-
tion Domain (PND) (31), a vaccine concept that even progressed
to phase I clinical trials (32). That early peptide-based HIV vac-
cine approach was eventually abandoned when it was realized that
complex conformational epitopes are important for the induction
of neutralizing antibodies (33).

However, a major driver of the more recent approaches in
the antibody field has been the need to deal with the immuno-
logical variability of HIV strains and clades. The discovery that
broadly neutralizing antibodies recognize defined epitopes in the
envelope trimer, which has led to a renewed effort to develop
epitope-based vaccines guided by structural biology (34, 35), a
reductionist approach that claims to have achieved proof of con-
cept with the respiratory syncytial virus (36), but which has been
strongly criticized by others (37, 38). The difficulties in designing
an epitope-based vaccine capable of eliciting broadly neutraliz-
ing antibody responses is compounded by the extensive affinity
maturation process that anti-HIV neutralizing antibodies undergo
before acquiring the broadly neutralizing characteristics (39). This
challenge is being addressed by the use of sequential immuniza-
tion with different HIV envelope immunogens designed to guide
the evolution of the antibody, triggering the selection and expan-
sion of germline precursor and intermediate memory B cells
to recapitulate B cell ontogenies associated with the maturation
of a broadly neutralizing antibody response (40, 41), a concept
that had been proposed several years before (42). Others, per-
haps more practical approaches, have been proposed to develop
a globally relevant HIV vaccine capable of protecting against a
variety of strains and clades (43), including the use of mosaic
immunogens (29, 44).

On the other hand, most of the paradigm drifts in the field of
cell-mediated HIV vaccines have focused on the use of different
vectors, or prime-boost approaches, with the object of eliciting
stronger and more functional CD8+ responses to selected HIV
proteins (45-47). Perhaps, the most significant paradigm drift
in the cell-mediated immunity field is represented by the report
that the early control elicited by a simian immunodeficiency virus
(SIV) protein-expressing rhesus cytomegalovirus (RhCMV) vec-
tors (48) was due to SIV-specific CD8+ effector memory T cells
that recognize unusual, diverse, and highly promiscuous epitopes,

including dominant responses to epitopes restricted by class II
major histocompatibility complex (MHC) molecules (49-51).

EFFICACY TRIALS HAVE BEEN INSTRUMENTAL IN DRIFTING
PARADIGMS AND ADVANCING VACCINE RESEARCH

In the absence of predictive animal models, or of known immune
correlates of protection, the only approach to assess the protective
efficacy of any HIV vaccine concept is by conducting large scale
efficacy trials of the candidate vaccines considered to be the most
promising. However, what is considered to be the “most promis-
ing” candidate vaccines usually is in the eyes of the beholder. Since
efficacy trials are complex and expensive, it is widely recognized
that a decision to proceed to phase III trials needs to be based
on the best science available, and this responsibility should not be
taken lightly. On the other hand, the urgent public health need of
an HIV vaccine should be considered in order not to delay those
important decisions (52).

A case in point is the RV144 efficacy trial conducted in Thai-
land between 2003 and 2009. The trial was strongly opposed by
a group of respected scientists, who were not convinced of its
scientific merits (53). Anyway, the trial went ahead and it was con-
ducted almost totally ignored by the scientific community. When
the announcement was made in 2009 that the RV144 trial showed
modest efficacy (26), it came as a surprise and the results were ini-
tially received with skepticism. After all, the results contradicted
what was commonly accepted at that time, namely that the most
likely protection that a vaccine could provide was against virus
load and not against virus acquisition. In addition, the identified
immune correlates of protection were not the usual suspects (neu-
tralizing antibodies or CD8+ T cells). Instead, a still to be better
defined non-neutralizing antibody response to the V1-V2 loops of
gp120 was found to be the strongest correlate of protection (54).
Subsequent laboratory studies have strengthened the conviction
that the protective efficacy observed in RV144 is true, and have
identified IgG3 antibodies as an additional potential correlate of
protection (55).

The results from the RV144 trial have stimulated new research
on antibody functions other than neutralization, such as antibody-
dependent cell-mediated cytotoxicity (ADCC) (56, 57), which is
slowly becoming part of the accepted normal science in HIV vac-
cine research, side by side with the better understood neutralizing
antibodies. The newly acquired respectability of ADCC should
help understanding the earlier results reported by Robert Gal-
los’s team in 2007 using subunit immunogens designed to raise
humoral responses against CD4-induced (CD4i) epitopes (21, 58,
59). Even earlier, in 2005, ADCC was reported as an immune
correlate of protection against SIV in non-human primate pro-
tection (60). However, the results from those experiments were
received with skepticism or even indifference, because at that time
our minds were not prepared to think outside of the box regard-
ing antibody functions. The classical neutralizing antibodies are
probably the most important mechanism of protection against
HIV, as is the case with most viral vaccines, but the potential role
of ADCC and of other antibody functions should not be dismissed
a priori (61, 62).

From the five efficacy trials of HIV vaccines that have been
completed in the last 10 years, only RV144 showed efficacy, albeit
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modest (17,23-26,63). To build on the success of the RV144 trial, a
group of organizations established the Pox-Protein Public-Private
Partnership (P5) to evaluate potentially improved pox-protein
vaccines to determine if they might provide significant public
health benefit, with follow-up clinical studies using improved vac-
cine regimens being planned in southern Africa and Thailand (64).
A very important objective of the P5 is to validate the hypothe-
sis that in the RV144 trial, antibodies directed against the V1-V2
loops may have contributed to protection against HIV-1 infection,
whereas high levels of envelope-specific IgA antibodies may have
mitigated the effects of protective antibodies (54). What is now
critical is to develop strict and credible go/no-go criteria to deter-
mine if the potentially improved vaccines should move from phase
I clinical trials to large scale efficacy evaluation, including the abil-
ity to test the hypotheses generated by the RV144 trial. In making
that decision, it is important to keep in mind that the RV144 trial
was conducted in Thailand in a population with relatively low risk
behavior and an annual HIV incidence of approximately 0.2% (65,
66), and that the proposed P5 trials are planned to be conducted
in populations with annual HIV incidences in the order of 3-9%.
One could argue that the vaccines to be tested by the P5 collabora-
tors should be proportionally improved, considering the stronger
force of infection in the proposed new testing population.

Since phase I efficacy trials are large and expensive, every effort
should be made to obtain pre-clinical and early clinical evidence
to justify such a decision. Although non-human primate protec-
tion experiments are instructive, and a positive result would add
confidence to a decision to move to efficacy evaluation, they are
not necessarily considered as predictive of results in humans. An
alternative, or rather complementary approach to select candidate
vaccines for further evaluation, has been proposed by testing can-
didate vaccines in a handful of human volunteers whose immune
system is intensively interrogated in the search for clues that may
suggest the induction of protective immunity. These small trials,
referred by some as “Experimental Medicine” (EM) trials, could
be very valuable for vaccines for which we have known immune
correlates of protection (67), but they present a challenge for HIV.
However, we can imagine that envelope immunogens designed to
induce broadly neutralizing antibodies, including approaches that
guide their maturation, could be tested in EM trials (40). Like-
wise, human CMV vectors could be tested in EM trials to assess
if they recapitulate in humans the potentially protective immune
responses that have been identified in rhesus monkeys (49).

Perhaps, the identification of a single protective epitope or of a
single immune correlate of protection is an illusion derived from
our desire to reduce complex biological phenomena to simple
explanations and approaches. Rather than thinking about just one
individual immune correlate, we should seriously consider that
protection is associated with a more complex immunological sig-
nature of immune responses. Fourteen years ago, Neil Nathanson
and Bonnie Mathieson, from the Office of AIDS Research of the
US National Institutes of Health, speculated that a “possible expla-
nation for the inconsistent conclusions from studies of SIV and
SHIV models is that protection does not correlate with any single
immune response but is conferred by a barrier created by the sum
of several immune defenses” (68). In fact, the coordinated activity
of multiple antibody functions has been recently suggested as the

mechanism of protection in a proposed globally relevant HIV-1
mosaic vaccine (44).

CAN WE IDENTIFY INNOVATION WHEN WE SEE IT?

There is no doubt that many of the paradigm drifts introduced
over the years to the original antibody and cell-mediated immu-
nity concepts have been very innovative, although they have not
represented significant shifts of the prevailing paradigm. Scien-
tists have stubbornly pursued their belief that the current para-
digm, once it is appropriately modified, will provide the solution.
Resilience is important for the progress of science. However, and
paraphrasing the immunologist and Nobel Prize winner Peter
Medawar, “the intensity of the conviction that a hypothesis is
true has no bearing on whether it is true or not” (69). Never-
theless, Medawar emphasized that the strength of the scientists’
convictions is important if only because that conviction provides
the necessary incentive to conduct the research to find out if the
hypothesis is correct.

The scientific community is generally open to accept innova-
tion when it falls within the accepted paradigms of normal science.
However, the same community is often reluctant to accept ideas
that fall outside of the paradigm. The possible reasons for this
attitude are that most of those out-of-the paradigm ideas are: (a)
sometimes proposed without much preliminary data, (b) not sup-
ported by a community of peers and, (c) in many cases, cannot
stand up to critical scrutiny or to experimental verification.

The question that we are now trying to answer is if after 30 years
of intense work, the current paradigm to develop an HIV vac-
cine is entering into a crisis, thus requiring a paradigm shift. Is
it sufficient to go back to the same drawing board every time
we experience a major failure? (70), or should we explore more
systematically completely new avenues of research? Perhaps the
nature of HIV and AIDS, which significantly differ from other
viral diseases for which vaccines have been developed, provides
the explanation for the repeated failures in our attempts to stick
to the current approaches (18-20). Perhaps, the current paradigm
is not appropriate to develop vaccines for a virus that profoundly
affects the immune system of the host and that uses many dif-
ferent mechanisms to escape what otherwise could be protective
immune responses.

A related question is if we have in place the appropriate mech-
anisms to identify and support the highly innovative science that
could allow for a paradigm shift? The current peer review system,
which has been extremely efficient in protecting the quality of
normal science, may not be the best system to stimulate out-of-the-
paradigm research, with innovative concepts placed at high risk of
being suppressed (71, 72). This challenge has been recognized by
different institutions, leading to the creation of special initiatives
to stimulate innovation on HIV vaccine research. These include
the Innovation Grant Program for Approaches in HIV Vaccine
Research created by in 1997 by the so-called Baltimore Committee
of the National Institute of Allergy and Infectious Diseases (73,
74), the Grand Challenge on Global Health Program from the Bill
& Melinda Gates Foundation (75), and the Innovation Fund from
the International AIDS Vaccine Initiative (IAVI) (76). Unfortu-
nately, those programs, that have (or had) their own mechanisms
to select and monitor projects, by and large have failed to spur
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the necessary innovation. The problem has been that it is very
difficult to predict what innovative projects will work, or even to
suggest any specific areas of exploration. However, what it is pos-
sible is to formally establish innovative processes and mechanisms
to support such research.

In 2007, the Wellcome Trust and the Bill & Melinda Gates Foun-
dation convened a meeting in London to discuss the need to bring
additional innovation to HIV vaccine research. The group rec-
ognized that innovative proposals are high-risk, that peer review
is conservative and risk adverse, and that peer-review can’t deal
with proposals that challenge accepted thinking. In considering
innovative research, the group recommended that funders con-
sider using broad-minded people who look at impact and at the
big picture, ask thoughtful questions, and give applicants a chance
to reply (77).

It is fair to say that that innovative HIV vaccine concepts that are
not part of the mainstream thinking are regularly published. Very
often those articles are initially rejected in more prestigious jour-
nals, and the authors usually struggle to secure the funds needed
to advance the research and to eventually confirm and expand,
or to refute the original observations. For instances, in 2012 Jean-
Marie Andrieu and collaborators reported that oral immunization
of chinese Rhesus macaques with a combination of Lactobacilus
plantarum and inactivated SIV provided strong protection against
subsequent infection with the virus (78, 79). More surprisingly, the
observed protection did not correlate with any known adaptive
immune response, but instead it correlated with CD8+ regula-
tory T cells that seemed to mediate a tolerogenic mechanism that
falls outside of the current paradigm. Not surprisingly, the authors
experienced difficulties in getting the paper accepted by different
journals, and the results were received with a great deal of skepti-
cism. Fortunately, the Bill & Melinda Gates Foundation was able
to support an independent confirmation of those observations. At
least in this case, a potentially game-changing idea was not dis-
missed a priori, and the results of the potentially confirmatory
study will be available at the end of 2015.

Although it is beyond my individual predictive abilities to iden-
tify what could be the most promising out-of-the-paradigm con-
cepts, a few additional examples could be listed for further explo-
ration. One is the use of HIV-1 gp-41 subunit virosomes, which
have been shown to be protective in non-human primate mod-
els, with protection correlating with mucosal antibodies rather
than with circulating neutralizing antibodies (80—-83). Another
vaccine concept, also based on a gp41 peptide, was reported to
protected CD+ T cells from lysis by natural killer cells, without
having any protective effect against the infection per se (84, 85).
Finally, although whole inactivated vaccines were extensively tested
in the past in animal models, with negative results, perhaps it is not
unreasonable to revisit this concept using current experimental
approaches, including low-dose repeated challenges (86).

The barriers to accept new concepts or paradigms cannot be
underestimated. This was well understood by the German theo-
retical physicist Max Planck when he said that “a new scientific
truth does not triumph by convincing its opponent and making
them see the light, but rather because its opponents eventually die,
and a new generation grows up that is familiar with it” (from Max
Planck’ Scientific Autobiography;, cited by Kuhn) (1).

DO WE NEED A NEW SCIENTIFIC PARADIGM TO FINALLY
DEVELOP AN HIV VACCINE?

The answer to that question is: perhaps. The important point
is that, while we continue pursuing the current approaches,
we should also actively explore new avenues, leaving no stone
unturned in our search for an HIV vaccine (87).

After all, 30years of intense HIV vaccine research has not
resulted in a practical effective vaccine, although such vaccine is
sorely needed to bring the HIV epidemic under control (52). In
order to accelerate the development of an HIV vaccine, we recently
proposed a number of actions, including the suggestion to estab-
lish a program of truly innovative research with protected funding
to explore out-of-the-paradigm approaches, perhaps allocating to
this program not less than 10% of the total HIV vaccine investment
(22). Innovative research, especially out of the paradigm frame,
needs to be supported by an innovation ecosystem which should
include, not only the innovative scientists, but also an enlightened
leadership in the field, the appropriate mechanism for the selection
of projects and, perhaps more importantly, a supportive scientific
community (88).

HIV vaccine research needs to continue with the sense of
urgency that the severity of the AIDS pandemic is imposing on
us. We constantly need to keep in mind that the objective of our
research is not only the acquisition of new knowledge, but the
developing of a practical solution for one of the worse public
health problems of our time.
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INTRODUCTION

Human Immunodeficiency Virus-1 (HIV-
1) presents profound challenges to vaccine
developers. Potential hurdles of relevance
to the design of an effective HIV-1 vac-
cine based on humoral immunity include:
(1) the exceptional rate of mutation of the
viral genome due to an error-prone poly-
merase (i.e., reverse transcriptase) (1), (2)
a relatively high rate of genomic recom-
bination (2, 3), (3) both within-host and
between-host evolution (4), (4) extensive
glycosylation of the chief antigenic target
(gp120) recognized by potentially protec-
tive antibodies (5, 6), (5) immunodomi-
nance of regions of the envelope glycopro-
tein that display a high degree of primary
structure diversity (7) favoring the gen-
eration of neutralizing antibodies of nar-
row breadth, (6) a relatively low density of
antigen spikes on the virion surface (8, 9)
thereby minimizing multivalent antibody
binding and perhaps raising the threshold
affinity required for potent neutralization
by at least some antibodies, (7) the ability
of HIV to infect CD41 T cells and other
cells critical to functioning of the immune
system, and deplete the numbers of these
cells, and (8) perhaps most insidious, acti-
vation of CD4™ T cells, which is necessary
for the generation of potent broadly neu-
tralizing antibodies in response to immu-
nization may simultaneously increase the
number of cells susceptible to infection by
HIV (10, 11).

The scale of the antigenic diversity char-
acterizing the HIV-1 envelope molecules,
which are the primary targets of antibody-
mediated immunity, is truly daunting.
According to Korber et al. (1), the HIV-1

viral genomes in one infected individual
encompass the same approximate extent
of nucleotide sequence diversity that is
exhibited by the worldwide population of
influenza A viral genomes over the course
of a year.

While most HIV transmission events
appear to trace back to a single virus, up to
a quarter of infections may involve infec-
tion by two to five viruses (12). So, even
if vaccine immunization elicits a robust
antibody response, the probability that the
antibodies circulating in the blood of a vac-
cinated individual will effectively neutral-
ize or otherwise mediate immunity against
all of the viruses mediating infection will
be greatest if those antibodies are broadly
neutralizing. In addition, due to rapid
within-host evolution, substantially differ-
ent viruses may be infecting different indi-
viduals in a large population. Therefore,
antibodies generated by vaccination will
need to be broadly neutralizing to achieve
high levels of vaccine efficacy.

UNIQUE FEATURES OF BROADLY
NEUTRALIZING ANTIBODIES FOR HIV-1
Investigators interested in HIV-1 vaccines
based on humoral immunity have estab-
lished that most neutralizing antibodies in
most patients neutralize a limited range
of strains, primarily those to which the
individual patient was exposed or closely
related strains. In contrast, only about
25-30% of patients synthesize potent and
broadly neutralizing antibodies (pbnAb)
and typically only after 2—4 years follow-
ing the initiation of infection. This time
interval for the development of protective
antibodies is exceptionally long.

The extent of somatic hypermutation
focused on the rearranged immunoglobu-
lin (Ig) genes encoding the heavy and light
chain variable domains and that has been
associated with broad neutralizing activ-
ity against HIV-1 is also extraordinary. Ig
genes encoding typical anti-pathogen anti-
bodies from a mature immune response
may exhibit on the order of 15-20 muta-
tions in the gene segments encoding the
heavy chain variable domain. In con-
trast, many pbnAb for HIV-1 have 40-100
somatic mutations in the genes encod-
ing the heavy chain variable domain. It
seems plausible to infer that a truly excep-
tional extent of Ig gene evolution is con-
tributory to and possibly essential for
the generation of at least some pbnAb.
This inference is supported by the recent
findings that many pbnAb contain many
heavy chain V domain-encoding mutations
in framework regions and these muta-
tions, at both contact and non-contact
positions, are necessary for both high
potency and great breadth of neutral-
ization activity (13). Although, the high
number of variable domain mutations
in pbnAb may also reflect in part the
rapid pace of within-host HIV evolution,
this possibility does not obviously account
for the typical and rather extended time
frame observed for the development of
pbnAb.

In either case, it will also be impor-
tant to study the critical role of follic-
ular helper CD4" cells (14) in driving
proliferation as well as somatic hypermu-
tation and affinity maturation in germi-
nal center B cells. Another useful focus
for future investigation is based on the
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recent insights regarding the neutralizing
activities of glycan-specific Ab (15).

Thus, it is fair to question whether the
standard approach to clinical vaccination
of administering the same immunogen sev-
eral times is likely to be effective in the
case of HIV-1. A number of major lab-
oratories investigating this problem have
already begun fashioning novel approaches
in which the ultimate overall goal is likely
to be immunization with a series of related
but distinguishable HIV-1-derived enve-
lope molecules that guide the evolution-
ary trajectory for the genes encoding the
variable (V) domains of the correspond-
ing neutralizing antibodies (16). Such a
scheme would appear to recapitulate to
some extent the in vivo process that occurs
for B cells in infected patients. The logistics
of vaccine delivery entailed by this sort of
immunization scheme may be more chal-
lenging than for any previously successful
clinical vaccine.

A crucial feature of this approach of
guiding B cell evolution to the produc-
tion of pbnAb reflects the troubling fact
that the epitope recognized by a protec-
tive Ab at the end of the process may not
be bound by the B cell receptors (BCR) of
the germline B cells from which such anti-
bodies will ultimately be derived by clonal
evolution (16). Therefore, vaccine develop-
ers have begun working to identify antigens
suitable for the activation of the B cells
expressing germline BCRs that can serve
as the ancestral sequences for pbnAb.

This sort of approach is undoubtedly
made more plausible by recent and impres-
sive advances in structure-guided meth-
ods for designing vaccine immunogens
to contain specific epitopes (16, 17). The
results of Dey et al. and Jardine et al. sug-
gest the potential of these new techniques
for eliciting antibody responses of desired
specificity for the HIV-1 envelope protein.

REMAINING QUESTIONS REGARDING
IMMUNITY ELICITED BY
VACCINE-GUIDED B CELL EVOLUTION
Nevertheless, it remains to be determined:
(1) if identification of monoclonal pbnAb
can lead to designed vaccine immuno-
gens that reliably elicit protective poly-
clonal serum or mucosal antibodies, (2)
how many sequential immunogens will
be required to reliably guide the evolu-
tionary trajectory to pbnAb in the great

majority of vaccine recipients, (3) how
many total immunizations will be needed,
(4) what intervals between immunizations
would achieve the optimal balance between
immunogenicity and a timeframe for elic-
itation of protective responses compatible
with public health goals, and (5) how much
expense such a scheme, implemented on a
mass scale, will entail.

The preceding strategy is based on the
assumption that the most viable approach
to generating effective immunity to HIV-
1 is to elicit pbnAb by an active humoral
immune response. There is evidence that
non-neutralizing antibodies may be able to
contribute to immunity to the virus (18—
20), but it appears that only a minority
of investigators focusing on HIV vaccines
based on humoral immunity are persuaded
that such immunity can be of sufficient
potency to protect vaccine recipients in the
absence of pbnAb. It is of importance of
determine if elicitation of non-neutralizing
antibodies to HIV-1 antigens is a feasi-
ble path to successful protection in a high
percentage of vaccine recipients.

REGULATING CD4* T CELLS AS A PATH
TO IMMUNITY TO HIV-1
A counter-intuitive approach to vaccine
development, although not based in elicita-
tion of humoral immunity, merits brief dis-
cussion. Since HIV-1 infects CD4*" T cells
(which are crucial for the sorts of humoral
immune responses we address above), and
susceptibility to HIV-1 is increased after
activation through the T cell receptor, Lu
et al. (10) reasoned that an immunogen
able to diminish responses of CD4%T T
cells might actually reduce susceptibility
of a recipient of that immunogen to HIV
infection. These authors demonstrated that
administration of an oral vaccine con-
sisting of an inactivated simian immun-
odeficiency virus (SIVmac239) plus the
tolerance-inducing commensal bacterium
Lactobacillus plantarum to macaques pro-
tected them from subsequent intrarectal
challenge. CD8* T cell-depleting antibod-
ies confirmed the necessary role of CD8"
regulatory T cells to this unusual form of
vaccine-mediated immunity to infection.
In the macaque model of SIV infec-
tion described by Lu et al., the beneficial
effect of reduced responsiveness by CD4 ™"
T cells was mediated by CD8™ T cells recog-
nizing antigens presented by non-classical

MHC class I molecules. It will obviously
be of interest to determine if the same cell
type could operate similarly in humans,
assuming the phenomenon is reproducible
across species. Another important question
that merits investigation is whether this
approach to vaccination is effective in elic-
iting protection against infection for virus
entry by other routes. Even if in humans,
a vaccine targeting CD8" T cells recog-
nizing antigens presented by non-classical
MHC class I molecules were able to provide
protection from HIV infection, it would
not necessarily rule out the possibility of
manipulating standard CD4 ™ regulatory T
cells to add to any benefit associated with
CD8™ regulatory T cells.

VECTORED IMMUNOPROPHYLAXIS AS
AN APPROACH TO HUMORAL
IMMUNITY

Another approach to generating humoral
immunity to HIV-1 is based not on induc-
tion of active B cell immunity but on
vectored immunoprophylaxis (21, 22), In
this strategy, a viral vector (e.g., adeno-
associated virus, AAV) is used to infect
or otherwise insert genes encoding intact
potent broadly neutralizing antibodies into
host cells ex vivo with subsequent implan-
tation or in vivo. This scheme provides
arguably passive immunity in that there
is no administration of an immunogen
related to HIV and no elicitation of an
immune response involving host B lym-
phocytes, as usually defined. However, the
production of antibodies is active in the
host and no already synthesized antibodies
are directly infused. Early studies in animal
models have demonstrated proof of princi-
ple for using vectored immunoprophylaxis
to confer robust protection to recipient ani-
mals challenged with significant doses of
virulent HIV by clinically relevant routes
(21,22).

Of course, applying vectored immuno-
prophylaxis on a mass scale as an alterna-
tive to standard vaccination also requires
addressing so far unanswered questions.
Who should receive the treatment and at
what age? Is a single administration of
the vector sufficient for long-lasting anti-
body production and protection? Are peri-
odic administrations of the vector needed
to maintain persistent protective immu-
nity? Could HIV evolve so as to escape
one or even multiple pbnAb generated
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via vectored immunoprophylaxis? If anti-
body produced by the vector produced
undesirable side-effects, how could syn-
thesis be abrogated in a timely manner?
Will the genetic vectors persist in treated
patients for periods and in ways that
cause unwelcome side-effects? Can propo-
nents of vectored immunoprophylaxis pro-
duce data that will assure the FDA that
these safety concerns have been adequately
addressed?

CONCLUSION

Due to a constellation of attributes includ-
ing enormous genomic and antigenic
sequence diversity, rapid evolution, and
immunity-subverting structural features of
key antigens associated with HIV-1, itis one
of the most challenging pathogens vaccine
developers have confronted to date. Tech-
nological advances in cloning Ig genes from
individual human B lymphocytes, gener-
ating human monoclonal antibodies, and
designing immunogens to express one or
a limited number of epitopes have been
extraordinary and rapid. These advances
make plausible a vaccination scheme cen-
tered on the notion of using a series
of related but non-identical immunogens
to guide the process of B cell evolution
through repeated rounds of somatic hyper-
mutation leading to affinity maturation
and acquisition of broadly neutralizing
activity. However, numerous scientific and
logistical challenges remain to be addressed
before such a scheme could be imple-
mented on a public health scale. Therefore,
alternative strategies to generating protec-
tive immunity to HIV-1, such as vectored
immunoprophylaxis or induction of regu-
latory responses intended to reduce acti-
vation of CD4™" T cells, remain worthy of
thorough exploration.
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“It makes no sense to do the same thing over and over again
and expect a different result.”

INTRODUCTION

The importance of paradigms for guiding scientific research is explained with reference to
the seminal work of Karl Popper andThomas Kuhn. A prevalent paradigm, followed for more
than a decade in HIV-1 vaccine research, which gave rise to the strategy known as structure-
based reverse vaccinology is described in detail. Several reasons why this paradigm did
not allow the development of an effective HIV-1 vaccine are analyzed. A major reason is
the belief shared by many vaccinologists that antibodies possess a narrow specificity for a
single epitope and are not polyspecific for a diverse group of potential epitopes. VWhen this
belief is abandoned, it becomes obvious that the one particular epitope structure observed
during the crystallographic analysis of a neutralizing antibody—antigen complex does not
necessarily reveal, which immunogenic structure should be used to elicit the same type
of neutralizing antibody. In the physical sciences, scientific explanations are usually pre-
sented as logical deductions derived from a relevant law of nature together with certain
initial conditions. In immunology, causal explanations in terms of a single cause acting
according to a law of nature are not possible because numerous factors always play a role
in bringing about an effect. The implications of this state of affairs for the rational design of
HIV vaccines are outlined. An alternative approach to obtain useful scientific understanding
consists in intervening empirically in the immune system and it is suggested that manip-
ulating the system experimentally is needed to learn to control it and achieve protective
immunity by vaccination.

Keywords: structure-based reverse vaccinology, HIV-1 vaccines, antibody polyspecificity, paradigm, immunological
explanations

any dominant idea that binds a scientific community together. He
subsequently recommended that paradigm be replaced by exem-
plar to mean exemplary instances of successful puzzle-solutions
for scientific problems. An exemplar captures the way in which a
theory or model is believed to solve a problem while at the same

Albert Einstein

The development of science is promoted when scientists adhere
to so-called paradigms that correspond to theoretical presuppo-
sitions and assumptions that guide the lines of investigation they
pursue. When trying to solve a particular scientific puzzle, for
instance how to develop an effective HIV-1 vaccine, the para-
digm will also commit scientists to using particular experimental
approaches and tools believed to be essential for finding a solution
to the problem.

The importance of paradigms in guiding scientific research was
proposed by Thomas Kuhn (1) in his influential book “The Struc-
ture of Scientific Revolutions” published in 1962. Unfortunately, he
never clearly defined the concept of paradigm and he used the
term in various ways, for instance, to refer to a collection of pro-
cedures and ideas that instruct scientists what to believe and how
to work (2). Kuhn later conceded that the term paradigm had
become hopelessly overused because it came to signify virtually

time defining, which new problems could be addressed in a similar
way. However, the term paradigm was never abandoned.

Kuhn argued that when scientists in the course of their work
obtain results that contradict the theory or hypothesis that gave
rise to a paradigm, they do not conclude that the paradigm has
been refuted and must be abandoned. Scientists, therefore, do not
follow the injunction of Karl Popper that their aim should be to try
to disprove or falsify their theories rather than prove them. Pop-
per maintained that observations are never able to prove a theory
but can only sometimes logically refute a mistaken theory (3). He
argued that when scientists obtain reproducible results that are at
odds with their working hypothesis, they are logically obliged to
accept that the hypothesis has been falsified and they should there-
fore abandon it (4). Kuhn disagreed and claimed that this is not
the way scientists behave because their main commitment is not
to test or seek to confirm the implicit theories and hypotheses that
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underlie the paradigms they adhere to. Scientists in fact tend to
ignore anomalous results and will devise new ad hoc hypotheses in
an effort to explain away apparent contradictions between theory
and experimental observations. Kuhn further claimed that science
can make progress only if scientific communities remain commit-
ted to their shared theoretical beliefs and experimental techniques
and do not abandon a paradigm or hypothesis as soon as incom-
patible results are obtained (5). Only if troublesome anomalies
keep accumulating over many years may scientists eventually start
questioning their presuppositions and lose their confidence in a
given paradigm. This could then usher a scientific revolution that
occurs when a paradigm is superseded by a new one and gives rise
to a paradigm shift. Periods of so-called normal science are then
replaced by a short period of revolutionary science (1).

In HIV vaccine research, there is evidence that several preva-
lent paradigms have not helped the development of an effective
vaccine (6-8). One such paradigm, which gave rise to the strategy
known as structure-based reverse vaccinology (RV) (9) was pur-
sued vigorously for more than a decade although it did not lead
to the development of an effective HIV-1 vaccine. The theoretical
underpinnings of this paradigm have been discussed previously
because they illustrate the need for investigators to question the
implicit underlying assumptions that make them pursue unfruit-
ful lines of investigation (10, 11). Only when the presuppositions
or hypotheses that gave rise to unsuccessful paradigms are shown
to be invalid will investigators become aware that a paradigm shift
is required in a particular scientific field (8).

STRUCTURE-BASED RV PARADIGM IN HIV-1 VACCINE
RESEARCH

The approach known as RV was introduced in the field of bacte-
rial vaccines by Rino Rappuoli (12, 13) and refers to the strategy
of predicting potential vaccine immunogens using bioinformat-
ics analyses of entire bacterial genomes in order to identify all
the surface-exposed proteins that a bacterial pathogen is able to
express. The strategy is called RV because investigators operate
in a reverse manner, i.e., starting from the genome rather than
from the organism, to discover, which bacterial proteins should be
studied as potential vaccine immunogens. This allows hundreds of
bacterial proteins to be identified as candidate immunogens even
when bacteria cannot be cultivated and bacterial extracts cannot
therefore be fractionated to establish empirically which proteins
are able to induce a protective immune response.

In virology, RV has a different meaning and refers to a strategy,
which attempts to generate a vaccine from a knowledge of pro-
tective antibodies (Abs) rather than from the usual reverse task
of generating such Abs by immunization with a vaccine (9, 14).
It was suggested that effective vaccine immunogens might be dis-
covered by exploring the interaction of anti-HIV-1 neutralizing
(n)Abs with HIV-1 envelope (Env) spikes, using X-ray crystallog-
raphy of Env—Ab complexes. This expectation was based on the
assumption that once the 3D structure of a broadly neutralizing
monoclonal antibody (bnMab) bound to an Env epitope had been
elucidated, it would be possible to use the bnMab as a template to
reconstruct its complementary epitope outside the context of the
natural Env antigen, using structure-based design. It was further
hypothesized that this reconstructed epitope designed to fit the

bnMab would possess the immunogenic capacity of inducing a
polyclonal Ab response with the same neutralizing capacity as the
bnAb used as template. The assumption was that if an HIV-1
epitope is able to bind an Ab, it will also possess the immuno-
genic capacity to elicit the same type of Ab in an immunized host.
That this is not necessarily the case, however, is demonstrated by
the common observation that when a peptide fragment of a pro-
tein is able to bind Abs raised against the protein, the peptide
will frequently be unable to elicit Abs that react with the native
protein (15).

Since the RV approach used to develop bacterial vaccines has
been highly successful (13) whereas, the RV approach used in the
HIV-1 vaccine field has failed so far (10, 16, 17) it has been sug-
gested that the two approaches should be clearly differentiated
and could be called genome-based RV and structure-based RV,
respectively (18).

UNWARRANTED ASSUMPTIONS OF THE
STRUCTURE-BASED RV PARADIGM

The structure-based RV approach suffers from several unwar-
ranted expectations that jeopardized the ability of developing an
effective HIV-1 vaccine. It did not clearly distinguishing between
antigenicity and immunogenicity (12, 19) and analyzed epitopes
in antigens and paratopes in Abs solely in terms of which amino
acids in the two partners made contact with each other (20). As a
result, little attention was given to the fact that the binding activ-
ity of an Ab often depends on structural features distant from the
paratope itself (21, 22) and that residues in the antigen that are not
in contact with the paratope may nevertheless be able to affect the
binding activity and the immunogenic activity of epitopes (23, 24).
Such findings confirm an insight reached years ago that paratopes
and epitopes defined in terms of contact residues often differ from
the binding sites defined in functional assays (25). The structures
visualized in Ab-antigen complexes also tend to differ from the
structures of the binding sites in the free molecules, before they
have been altered by the mutual adaptation and induced fit that
occur when the two partners interact (26, 27). This means that the
particular antigenic structure revealed in an Ab—antigen complex
does not necessarily correspond to the immunogenic structure that
was recognized by B-cell receptors (BCRs) during the immuniza-
tion process and which therefore is often presumed to be needed
in the vaccine immunogen.

In an earlier review (11), more than 50 original science publica-
tions were mentioned, which attempted to reconstruct active HIV-
1 epitopes using conformational constraints, protein scaffolds, and
other structure-based engineering approaches. Although some
of the engineered epitopes possessed increased antigenicity and
reacted better with bnMabs, none of them were found to be effec-
tive vaccine immunogens, illustrating the shortcomings of the
structure-based RV approach (28-32).

OVERLOOKING THE NEED FOR ANTIBODY AFFINITY
MATURATION TO OBTAIN EFFECTIVE ANTI HIV-1
NEUTRALIZING Abs

Another unjustified hypothesis of the structure-based RV
approach was that the HIV-1 epitopes recognized by the matured
bnMabs that are present in HIV-1 infected individuals after a
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lengthy process of Ab affinity maturation will be able to trigger a
protective immune response in naive individuals. However, stud-
ies involving the deep sequencing of all the HIV-1 Abs present
in the serum of infected individuals demonstrated that the ini-
tial immunogen triggering the Ab affinity maturation process that
leads to neutralizing Abs usually recognizes a germline version of
BCRs that differs considerably from the BCRs corresponding to
mature bnAbs (33, 34). This means that the epitopes engineered
by structure-based RV to mimic HIV-1 epitopes recognized by
mature bnMabs are unlikely to be effective vaccine immunogens
because they are mostly unable to recognize the germline BCRs
present in naive individuals (35-38).

The extent of affinity maturation observed in HIV-1 bnAbs
is much more extensive than the 5-10% mutation frequency in
the Ab hypervariable regions observed with Abs directed to other
viruses (37-39) and this characteristic feature of HIV-1 bnAbs
together with the enormous antigenic variability of the virus
explains why the structure-based RV approach in the case of HIV-
1 presented unsurmountable challenges compared to other viral
vaccines (36, 40, 41). HIV-1 elicits bnAbs only in a minority of
infected individuals after several years of infection and attempts
are currently made to unravel the mutational pathway that leads
from germline BCR ancestors to mature Abs (42). The goal is to
identify various immunogens capable of stimulating successive
B-cell responses through multiple rounds of antibody maturation
processes (43,44). This is clearly no mean task since large numbers
of maturation pathways are likely to exist (45-47).

Current attempts to modify Env epitopes so that they are able
to bind germline BCRs or maturation intermediates depart from
the original structure-based RV paradigm because they no longer
attempt to directly transform epitopes of known structure recog-
nized by mature bnMabs into immunogens capable of eliciting
similar bnAbs (46—48). This new approach represents a new par-
adigm based on the germline/maturation hypothesis (34), which
assumes that it may be possible to discover effective HIV-1 vaccine
immunogens that bind putative germline antibody predecessors
of known HIV-1 bnAbs although they do not bind the highly
somatically mutated bnAbs themselves (49).

In recent years, increasing numbers of bnMabs have been iso-
lated from HIV-1 infected individuals (50-52) and it has been
suggested that these Mabs provide valuable molecular information
that could inform HIV-1 vaccine design (53, 54). Such bnMabs
may be of value for passive immunotherapy since they could pro-
vide sterilizing immunity to humans and non-human primates
when they are administered prior to viral challenge (55, 56). How-
ever, their usefulness does not at present extend to the vaccine field
since we have no idea how Abs that possess the protective capacity
of such bnMabs can be induced by vaccination (11). There is also
considerable evidence that a protective immune response requires
the combined neutralizing activities of several Abs that target dif-
ferent non-overlapping HIV-1 Env epitopes (57) as well as Abs that
act in synergy (58-60). What may be required, therefore, is to find
immunogens able to elicit classical types of protective, polyclonal
immune responses rather than elusive immunogens that would
elicit single Ab specificities endowed with the exceptional neutral-
izing capacity of individual bnMabs such as the well-studied b12,
VRCO1, PG9, or PG16 bnMabs (61-63).

RELIANCE ON REDUCTIONIST THINKING: ANOTHER PITFALL

OF THE STRUCTURE-BASED RV PARADIGM

Another pitfall of the structure-based RV paradigm is its reliance
on reductionist thinking (11). Reductionism has been preva-
lent in molecular biology for half a century and is still popular
today because it has been very successful for dissecting biologi-
cal systems into their constituent parts (64, 65). The reductionist
mindset made immunologists accept that the biological activi-
ties of Abs could be explained by their 3D structures and that
the immunogenic potential of a viral epitope could be deduced
from its antigenic properties. Biological immunogenicity was
thereby reduced to chemical antigenicity, which is a variation of
the claim that biology can be reduced to chemistry (66). Such
a claim fails to recognize that the protection achieved by vac-
cination is a biological phenomenon that has meaning only in
the context of an entire organism since organs, tissues, or mol-
ecules cannot be vaccinated. Protection always results from a
complex network of dynamic interactions between pathogen, host,
and immune system and it cannot be satisfactorily understood
when innumerable, individual molecular interactions are analyzed
separately.

The use of Mabs also introduces a reductionist bias in the analy-
sis of protein antigenicity and immunogenicity because it leads
investigators to focus on artificial boundaries between overlapping
epitopes and to ignore the fact that the apparent immunological
specificity of a Mab very much depends on the selection process
that was used to obtain it. Since a Mab is always polyspecific,
the fact that it binds, for instance, to one particular peptide of
the membrane proximate external region (MPER) of HIV-1 gp41
simply reflects the fact that the Mab was selected for its ability to
bind to that peptide. Such a Mab may, however, recognize better a
more complex epitope of gp41 that could actually have been the
immunogen that gave rise to the Mab. If it is assumed that the
Mab was elicited by the linear MPER peptide epitope because it
binds to it, this may induce investigators to only investigate pep-
tides as possible vaccine immunogens, a choice, which is likely to
be self-defeating (15, 67).

STRUCTURE-BASED RV PARADIGM SUFFERS FROM
ANOTHER MAJOR MISGUIDED ASSUMPTION, NAMELY AN
OUTDATED NOTION OF Ab SPECIFICITY

According to this view, which is usually not explicitly acknowl-
edged, a Mab that would bind for instance to an epitope on the
HIV-1 Env surface is believed to be able to recognize only a single
defined target area (the so-called complementary epitope of the
Mab) corresponding to the surface residues found to be in con-
tact with paratope residues in the Ab—antigen complex. Although
the belief that Mabs are monospecific for a single epitope is no
longer held and was shown to be invalid already 30 years ago
(68-74) many vaccinologists have been slow to accept that there
is no single intrinsic or specific epitope for any Ab but only a
diverse group of potential epitopes able to bind to it with various
degrees of fit (10, 75, 76). It seems that the failure to recognize
that Abs are always polyspecific and possess considerable plastic-
ity, promiscuity, degeneracy, and cross-reactive potential has made
the structure-based RV approach appear more plausible to many
investigators (10).
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It is now well-established that most Abs derived from Ab
germline genes and expressed before any antigenic stimulation
are highly polyreactive and react with a wide variety of autoanti-
gens such as DNA, cytoskeleton proteins, nuclear antigens, and
carbohydrates as well as numerous bacterial and viral antigens
(70, 77-81). The various mechanisms that allow a polyspecific Ab
to recognize a multiplicity of epitopes and antigens have been elu-
cidated (82). Once investigators realize that the epitope structure
observed in a bnMab—HIV-1 Env complex is only one of the many
epitopes that could be accommodated by what is always a poly-
specific Ab, they have no difficulty to accept that any one of these
epitopes could correspond to the immunogen that gave rise to
the Mab. They will then no longer assume that the one epitope
structure observed in the crystallographic analysis of an antigen
complex must necessarily reveal, which immunogenic structure
should be used to elicit such a bnAb (10).

Furthermore, the fact that Abs are not only polyspecific but
are also heterospecific, i.e., able to react more strongly with other
antigens than with the immunogen used for eliciting the Ab, also
helps to clarify why antigenic and immunogenic properties are not
always simultaneously present in the same region of a protein (76).
The immunogenic capacity of an epitope to induce heterospecific
Abs that do not react with the protein used for immunization
demonstrates that immunogenicity need not be accompanied by
an antigenic reactivity that enables the epitope to bind to the
induced Abs. Similarly, the antigenic reactivity of a viral protein
revealed by its ability to bind a given polyspecific Ab is also not
necessarily accompanied by an immunogenic capacity to induce
that same Ab in a particular immune system (76).

Although the advent of Mabs has completely transformed
our ability to dissect immune responses to proteins, their uti-
lization has also introduced a bias in the antigenic analysis of
viruses because investigators tend to focus on artificial boundaries
between overlapping epitopes and overlook the fact that the sur-
face of a protein is an antigenic and functional continuum (83).
When an nMab has been isolated, it tends to become associated
with a unique, discrete epitope, which leads to the expectation
that a vaccine containing this epitope will induce similar nAbs.
However, most protective immune responses are polyclonal and
involve the collective and synergistic neutralizing activities of Abs
directed to different epitopes (61). When the therapeutic effi-
cacy of mixtures of HIV-1 neutralizing Mabs was tested in HIV-1
infected humanized mice, it was found that mixtures of five Mabs
were more effective than single Mabs or mixtures of three Mabs
(84). Mixtures of five Abs suppressed viral loads below the level
of detection and also failed to select escape viral mutants. How-
ever, chronically HIV-1 infected humans from whom bnAbs were
isolated do not appear to benefit from such Abs for controlling
virus replication (17, 85, 86), nor do HIV-1 infected long-term
progressors compared to non-progressors (87). The role of Abs
in controlling chronic HIV-1 infection therefore remains an issue
that should be further investigated.

Many unsuccessful attempts have been made to elicit by immu-
nization bnAbs similar to potent bnMabs isolated from HIV-1
infected individuals (17, 88). The past research emphasis on unrav-
eling the neutralization mechanisms of individual bnMabs did
not help because it did not provide any information on which

immunogens were capable of eliciting the different types of bnAbs.
The poor success rate so far in discovering even one such effective
HIV-1 vaccine immunogen by structure-based RV is certainly a
cause of concern. As discussed elsewhere (8), there is a clear need to
study new vaccine immunogens and new methods to induce strong
mucosal antibody responses using for instance specific adjuvants.
Other markers than viral load and CD4 T cell counts for assessing
vaccine efficacy should also be investigated (8).

It is nowadays commonly claimed that rational design offers
the best prospects for developing an HIV-1 vaccine and that this
approach is superior to the empirical screening and trial-and-error
strategies used in the past. When it is claimed that “rational design
represents the only approach that can elevate vaccine research from
an empirical exercise to a scientific discipline” (89), the essential
contribution of empirical trials to vaccine development is actu-
ally denigrated as if trial-and-error experimentation were not an
entirely rational enterprise (10, 11, 19). When authors discuss
the rational design of an HIV-1 vaccine (90, 91) they only refer
to studies that improve the degree of complementarity in a sin-
gle epitope-Mab pair and they do not clarify how an improved
antigen could actually be “designed” to also become an immuno-
gen capable of inducing protective Abs. Optimizing the binding
activity of a viral antigen by structure-based design using a single
Mab as a template is certainly feasible but this is not equivalent to
immunogen design, which requires the intentional optimization
of numerous factors extrinsic to the epitope—paratope recogni-
tion such as the various cellular and regulatory mechanisms of
the host that exist only in the context of the vaccinated host
and control the generation of neutralizing Abs (11, 92). Anti-
gen design is simply masquerading as immunogen design when
it is assumed that an improved viral antigen will also be an effec-
tive vaccine immunogen capable of inducing a protective immune
response. The so-called rational design of vaccine immunogens
by mimicking the rational approach used in drug design (10, 93,
94) is not feasible without extensive empirical clinical trials of
vaccine candidates and to suggest otherwise contradicts the well-
established empirical nature of vaccine science. The concern that
too much funding may be diverted to empirical clinical trials at the
expense of basic structure-based HIV vaccine research (95) seems
unwarranted since the lion share of current funding is devoted to
structural studies whereas, the required small scale clinical trials
based on innovative paradigm concepts remain poorly funded (8).

CAUSES, EXPLANATIONS, AND UNDERSTANDING IN
VACCINOLOGY

The selection of a paradigm to guide the empirical search for an
HIV-1 vaccine always depends on framing hypotheses about causal
mechanisms, which could provide a plausible explanation for a
possible successful vaccine. Most scientific explanations take the
form of a causal mechanistic explanation, which means that causes,
explanations and understanding are usually intimately linked (96,
97). It is relevant therefore to analyze how these three terms are
used in vaccinology.

In the physical sciences, explanations are usually presented as
logical deductions derived from one or a few relevant laws of
nature, together with certain initial conditions. However, this is
not feasible in the biological sciences because of the absence of
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universal biological laws (11, 98). Since the probability of a bio-
logical event is always affected by a very large number of causal
factors, causal links become diluted and it is usually not possible to
provide an explanation in vaccinology in terms of a single cause.

The reductionist dissection of the immune system into its com-
ponents severs the dynamic connections that link the parts of
a biological complex system in a functionally integrated manner.
This allows any level in the resulting biological complexity to be the
starting point of a causal analysis, provided a certain state of affairs
is considered to be in need of an explanation. As a result, explana-
tions are usually framed in terms of a complex type of probabilistic
causality that attempts to take into account the numerous factors
that together contribute to an effect in a given biological context.
This means that the classical notion of causality is of limited value
for providing explanations in immunology (11, 96). The contri-
bution of one causal factor in a complex multicausal biological
system can actually only be investigated by altering that factor
experimentally and assessing whether the observed effect is then
no longer the same in a given context (94). This has led to the
suggestion that many biological phenomena may be too complex
to be comprehended or explained by human intelligence (99).

Attempts to achieve understanding in immunology often start
with information about observed effects and by an awareness
that certain phenomena share underlying similarities, which then
leads one to propose a theory or hypothetical model to explain
them. The structure-based RV paradigm is one such model, which
assumes that bnMabs that are isolated from HIV-1 infected indi-
viduals and recognize particular Env epitopes are likely to have
been elicited by these epitopes. When the model was tested by
assessing the immunogenicity of the epitopes recognized by dif-
ferent bnMabs, it was found that the results did not fit the model
and that no bnAbs were elicited (29, 30, 100). This should remind
us that a proposed explanatory model does not predict the data
to which it is fitted since the model is actually chosen to fit the
data and it makes no sense to fit what one wants to explain (101).
Understanding consists of knowledge about relations of depen-
dence and should make it possible to derive inferences about the
consequences of our interventions and give us an ability to predict
and control phenomena. Unfortunately, it seems that scientists
tend to overestimate the detail and depth of their understand-
ing, which often consists of nothing more than an informed guess
about the future prospects of their scientific work. This leads to
a frame of mind that has been called an “illusion of depth of
understanding in science” (102). In the absence of experimental
data that back their explanatory model or paradigm, scientists do
not choose which theory to accept but choose which theory they
are actually going to work with. Scientists are then driven by the
promise of future understanding rather than by past convincing
explanatory evidence and such an expectation is easily influenced
by wishful thinking about their pet theories (102).

Since understanding a phenomenon is ultimately displayed by:
(1) making right predictions, (2) successfully intervening in a sys-
tem, and (3) answering explanation-seeking questions about it,
the inability to do any of these things is a clear indication that
alternative explanatory hypotheses and paradigms are required.
As far as HIV-1 vaccines are concerned, our ignorance of why all
Env immunogens investigated so far have been unable to induce

adequate levels of potent protective Abs is a clear indication that
we do not understand the complex mechanisms that are involved
in achieving protective immunity against HIV-1.

Although the complexity of the immune system may prevent
us from identifying all its internal regulatory mechanisms, it is
by comparing the various ways of manipulating the system using
empirical experimentation that we may eventually control it and
achieve protective immunity by vaccination (11).

Empirical, scientific knowledge is based on experimental and
observational facts and on the rule that “nothing trumps experi-
ence.” However, it has been argued that empirical evidence only
allows scientists to draw plausible but tentative conclusions when
the obtained results make it possible to successfully control and
manipulate the experimental system under investigation (103,
104). If this does not happen, empiricism dictates that we should
investigate additional constituents of the complex biological sys-
tems we study until we improve our ability to predict the results
of our experimental interventions. It is indeed the ability of inves-
tigators to successfully intervene in a material system that gives
them the knowledge needed to manipulate and control it.

Since the aim of biologists is both to explain and control biolog-
ical phenomena, explaining goes hand-in-hand with intervening
and it has been suggested that “explanations in biology are always
obtained through direct intervention on models of the phenom-
enon to be explained” (105). It is important to recognize that
such a view is at odds with the widespread expectation that we
will succeed in developing an effective HIV-1 vaccine only when
we have significantly increased our general knowledge of basic
immunology and of HIV-1 antigenic structure (11). This means
that we need to interfere with the material world in order to obtain
empirical knowledge about it and that our scientific understanding
increases when we are able to successfully manipulate the system
we investigate (106).

CONCLUSION

There is evidence that the popular structure-based RV paradigm
used in HIV-1 vaccine research has not been helpful for develop-
ing an effective HIV-1 vaccine. Some of the reasons for this lack
of success are summarized, one of them being the failure to recog-
nize that all Abs as well as bnMabs isolated from HIV-1 infected
individuals are always polyspecific and able to bind to a variety of
related and unrelated epitopes. Since the epitope structure iden-
tified by X-ray crystallography of a bnMab—HIV-1 Env complex
is only one of several epitopes that could be accommodated by
the Mab, there is no reason to assume that this epitope of known
structure must correspond to the immunogen that elicited the
antibody.

Recently, one of the major groups committed to the structure-
based RV paradigm reported a study of bnMabs that recognize
a high-mannose epitope patch centered on the N 332 residue on
HIV Env. They demonstrated that these Abs actually did not have
a single defined target point at N 332 but were in fact polyspe-
cific and able to bind various glycan patches as well as a glycan
site located at N334 (107). For the first time, these authors admit-
ted that antibody polyspecificity was a relevant concept in HIV-1
vaccine research and they claimed that their results represent an
extension of the concept of antibody promiscuity and degeneracy
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that has been widely accepted in immunology for many years (10,
68, 73-75). They also concluded that polyclonal Abs are more
effective for neutralizing viruses than individual Mabs and that
the polyspecificity of vaccine-induced Abs should receive increased
attention. The new insights arrived at by these authors might in
time alter the expectations of the proponents of the structure-
based RV paradigm and diminish their reliance on structural data
derived from the study of individual bnMabs.

The structure-based RV paradigm has been followed by sev-
eral large networks of investigators who operate under the strong
leadership of principal investigators (108). This situation leads
to considerable built-in inertia and does not encourage funding
agencies to back large numbers of high-risk projects based on
alternative innovative paradigms that could diversify the vaccine
strategies that are investigated (8, 108). These issues are currently
receiving increased attention and it is hoped that this will in due
course lead to increased funding for new original science based on
novel paradigms and that it will stimulate a rigorous evaluation of
existing HIV vaccine programs (108).
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We have previously observed that all known potent broadly neutralizing antibodies (bnAbs)
against HIV-1 are highly divergent from their putative germline predecessors in contrast to
bnAbs against viruses causing acute infections such as henipaviruses and SARS CoV, which
are much less divergent from their germline counterparts. Consequently, we have hypoth-
esized that germline antibodies may not bind to the HIV-1 envelope glycoprotein (Env)
because they are so different compared to the highly somatically mutated HIV-1-specific
bnAbs. We have further hypothesized that the immunogenicity of highly conserved epi-
topes on the HIV-1 envelope glycoproteins (Envs) may be reduced or eliminated by their
very weak or absent interactions with germline antibodies and immune responses leading
to the elicitation of bnAbs may not be initiated and/or sustained. Even if such responses are
initiated, the maturation pathways are so extraordinarily complex that prolonged periods
of time may be required for elicitation of bnAbs with defined unique sequences. We pro-
vided the initial evidence supporting this antibody germline/maturation hypothesis, which
prompted a number of studies to design vaccine immunogens that could bind putative
germline predecessors of known bnAbs and to explore complex B cell lineages. However,
guiding the immune system through the exceptionally complex antibody maturation path-
ways to elicit known bnAbs remains a major challenge. Here, we discuss studies exploring
the antibody germline/maturation hypothesis as related to elicitation of bnAbs against HIV-
1 and present our recent data demonstrating the existence of germline-like precursors of

VRCO1 antibodies in a human cord blood IgM library.

Keywords: HIV-1, vaccine, broadly neutralizing antibody, cord blood IgM, germline antibody, 454 sequencing

INTRODUCTION

Elicitation of broadly neutralizing antibodies (bnAbs) targeting
the HIV-1 envelope glycoproteins (Envs), the key to an effective
HIV-1 vaccine, remains elusive. Previous studies have demon-
strated several properties of the HIV-1 Envs that could limit their
ability to elicit bnAbs. These include protection of the conserved
structures by variable loops (1-3), remarkable genetic diversity
(4), a glycan shield (5), steric occlusion (6), and conformational
masking (7). Until 6 years ago, only a handful of bnAbs, including
b12, 2G12, 2F5, and 4E10, were known. Although the structural
and functional studies of those bnAbs revealed some important
neutralization epitopes (8), such bnAbs have not been successfully
elicited by any vaccination approach.

In 2007, we first noted that in HIV-1 specific bnAbs the num-
ber of amino acid mutations from their closest corresponding
germline sequences was significantly higher than that of bnAbs
against the SARS CoV coronavirus,and Hendra and Nipah viruses,
which cause self-limiting acute infections (9). Using a large non-
immune IgM library, we identified several HIV-1 Env specific
antibodies and found that they had fewer somatic mutations than

the HIV-1 bnAbs, as well as limited neutralizing activity (9). These
findings indicated that elicitation of HIV-1 bnAbs would require
far more extensive maturation processes than those needed to gen-
erate the bnAbs against the SARS CoV and henipaviruses. So, we
have suggested that the difficulty of eliciting these bnAbs may be
due, at least in part, to the complex and prolonged maturation
pathways required for the development of bnAbs against the HIV-
1, which can take long time (10). We thus speculated that this
may represent another significant challenge in the development of
effective HIV-1 vaccines.

We quantified the number of mutations in human monoclonal
antibodies (mAbs) that we selected from phage libraries generated
from an HIV-1-infected patient with a known time of infection
(10). We calculated the number of amino acid mutations per heavy
chain V gene, and defined it as antibody somatic mutational diver-
sification (ASMD). We compared the extent and dynamics of the
ASMD between HIV-1-specific mAbs and a panel of SARS CoV-
specific mAbs. Our experiments based on the ASMD predicted that
elicitation of HIV-1-specific bnAbs would take at least 3 years. An
illustrative mathematical model using the ASMD rate based on
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an exponential time dependent function suggested that a much
longer time would be needed for the required maturation, unless
somatic diversification had already been initiated from an inter-
mediate antibody. Thus, all these initial studies corroborated our
hypothesis that the infrequent occurrence or absence of bnAbs
in HIV-1-infected patients could be due, at least in part, to the
lack or limited availability of B cell receptors that rapidly mature
into bnAbs. Therefore, we suggested that appropriate immuniza-
tion protocols of long duration need to be developed using the
knowledge gained from the exploration of antibody maturation
pathways in humans (10).

From the striking observation that all known potent HIV-1
bnAbs are highly divergent from their putative germline prede-
cessors in contrast to bnAbs against henipaviruses and SARS CoV
coronavirus, we hypothesized that, since the germline antibod-
ies are so different compared to the highly somatically mutated
HIV-1 bnAbs, they may not bind to the Env. This led us to
the hypothesis that the immunogenicity of the highly conserved
epitopes on the HIV-1 native envelope glycoproteins (Envs) is
reduced or eliminated by their very weak or absent interactions
with germline antibodies, which could not initiate and/or sus-
tain immune responses leading to elicitation of bnAbs: even if
immune responses are initiated and sustained, the maturation
pathways are so complex that help and long times may be needed
for their elicitation. To test our antibody germline/maturation
hypothesis, we designed germline-like antibodies corresponding
to the known bnAbs b12, 2G12, 2F5, X5, m44, and m46 (the
latter three antibodies were discovered in our laboratory and pos-
sess HIV-1 cross-reactivity with moderate neutralizing activities)
and evaluated them for binding to Envs (11). We found that
while germline-like X5, m44, and m46 bound to Envs with rel-
atively high affinity, the germline-like precursors of b12, 2G12,
and 2F5 failed to bind Envs in an ELISA assay although their
corresponding mature bnAbs bound strongly. These results pro-
vided initial evidence that the Env structures containing conserved
epitopes might not initiate humoral responses due to limited
or absent binding to the germline precursors of bnAbs. These
germline precursors may also be of limited availability as recently
reported (12).

Following that initial study, we expanded our investigation
to different variants of the two different antibodies (b12 and
X5) including their closest germline counterparts and several
germline-like intermediates (13). The experiments showed that
b12 intermediate antibodies neutralized only some HIV-1 iso-
lates with relatively weak potency. In contrast, intermediates of
X5 neutralized a subset of the tested HIV-1 isolates with efficien-
cies comparable to those of the matured X5. These results helped
explain the relatively high immunogenicity of the coreceptor bind-
ing site on gp120 and the abundance of CD4-induced (CD4i)
antibodies in HIV-1-infected patients (X5 is a CD4i antibody) as
well as the maturation pathway of X5. In the case of b12, germline-
like intermediates along the maturation pathway were shown to
not only bind some Envs but also human self antigens, suggesting
that antigens other than the Envs could help guide the immune
system through the b12 maturation pathway.

Therefore, we proposed a conceptually new vaccination
approach, in which it is critical to identify primary immunogens

that bind to the germline antibodies that are predecessors
of bnAbs. If needed, these immunogens should be combined
with secondary immunogens that recognize intermediate and/or
matured antibodies to guide the immune system through the pro-
longed, complex maturation pathways (14). In this respect, we
envisioned that the knowledge of human antibodyomes would
become indispensable to elucidate the origin, diversity, and mat-
uration pathways of bnAbs and discover germline-like intermedi-
ates of bnAbs that could provide a basis for the design of novel
HIV-1 vaccine immunogens (14, 15).

In recent years, several groups have reported a number of new
bnAbs that were identified from multiple HIV-1 infected individ-
uals using designed novel antigen baits and advanced technolo-
gies implemented in isolating human mAbs and high-throughput
sequencing (16). Particularly, Haynes, Kwong, Stamatatos, Scheif
et al. have dealt with a large amount of data delineating struc-
tural, genetic determinants, and maturation pathways of different
bnAbs. These studies not only confirmed our previous findings
that the Envs fail to engage germline versions of bnAbs but also
suggested possible holes in B cell repertoires and demonstrated
the implications of our antibody germline/maturation hypothe-
sis for finding germline-like precursors, intermediates as well as
for designing immunogens that could potentially bind to such
bnAb intermediates. In this report, we discuss the recent advance-
ments in HIV-1 vaccine research in the context of the antibody
germline/maturation hypothesis, and highlight critical factors to
be considered when exploring germline-like precursors and inter-
mediates of bnAbs. We also report for the first time using 454
sequencing data analysis of a human cord blood IgM library
to identify putative germline precursors of the heavy and light
chains of VRCO1-like antibodies. These naturally occurring cord
blood-derived VRCO1-like heavy and light chains may be useful
as putative templates for designing novel vaccine immunogens
that can lead to the elicitation of VRCO01-like antibodies and for
understanding the maturation pathways of this bnAb. Still there
are major challenges to be overcome. New empirical and semi-
empirical approaches could be successful; recently, new paradigms
were discussed that could better fit our increased knowledge of
HIV immunopathology and which could possibly be more help-
ful in guiding future vaccine research than did past unsuccessful
approaches (17).

MATERIALS AND METHODS

ANTIBODYOME DATABASE AND TOOLS

DNA isolation, amplification, and 454 sequencing of the human
cord blood IgM library were previously described in detail (18,
19). For quality control, we trimmed the 454 sequence reads and
retained only sequences with lengths of more than 300 nucleotides,
covering the entire antibody variable domains consisting of all
three complementarity determining regions (CDRs) along with
framework regions (FRs). We used IMGT/HighV-QUEST for
immunogenetic and statistical analyses (20). The output results
from the IMGT/HighV-QUEST analysis were stored in a local
PostgreSQL database, and structured query language (SQL) was
used to retrieve the data for further analysis. Statistical calculations
were carried out using JMP10® statistical software (SAS Institute,
Cary, NC, USA).
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COMPUTATIONAL ANALYSIS OF ANTIBODY SEQUENCES

Antibody sequences from IGHV1-2 and IGK3-11 lineages were
retrieved from our local antibodyome database consisting of
immunogenetic data derived from 454 sequencing of the human
cord blood IgM library using SQL statements. Amino acid
sequence identities between each of the selected lineage sequences
from the 454 sequence data and pertinent germline sequences were
calculated based on the pairwise alignment using local BLAST
as implemented in BioEdit v7.0.9 (21). Phylogenetic analysis was
carried out using the Archaeopteryx software (22).

RESULTS AND DISCUSSION

EXPLORING THE ANTIBODY GERMLINE/MATURATION HYPOTHESIS
Our earlier observation of the extensive maturation of HIV-1
bnAbs in contrast to those against some viruses causing acute
infections led to the antibody germline/maturation hypothesis (9—
11, 13, 14). According to this hypothesis, it is critical to identify
immunogens that would bind to germline and/or intermediate
antibodies of bnAbs, as well as the exploration of antibodyomes
could be useful for identifying such immunogens (14). Figure 1

describes the timeline involving some of the key developments in
current HIV-1 vaccine research focused on antibody germline-like
intermediates and maturation pathways of bnAbs. Major research
efforts in this direction were spearheaded by deep sequencing and
structural biology studies of VRCO01-like and other CD4-binding
site (CD4b) antibodies from HIV-1-infected individuals. These
studies delineated possible maturation pathways of such antibod-
ies with high levels of somatic mutations and convergence in anti-
body recognition (23, 24). Both studies revealed that the putative
germline precursors of these antibodies had weak or no appar-
ent affinity for Env, and acquisition of a large number of somatic
mutations were needed for the breadth and potency of these anti-
bodies. These studies also explored antibody diversity and found
many intermediates of similar lineages of the heavy chain genes
from the two IGHV families VH1-2 and VH1-46 that paired with
different light chain genes. Thus, analysis of the VRCO1-related
antibodyome from HIV-1 infected patients revealed B cell matura-
tion pathways that may help guide the vaccine-induced elicitation
of such antibodies. However, if we could find germline-like inter-
mediates of such bnAbs from a naive antibody repertoire, then

« BnAbs are highly divergent from their .
germlines and their elicitation may
require extended period of time. (Chen
et al. AIDS Vaccine 2007; Chen et al.
AIDS Res. Hum. Retroviruses 2008)

* Germline BCRs do not or weakly bind
to Env and implications for immune
evasion and HIV-1 vaccine (Xiao et al. .
Biochem Biophys Res Commun. 2009)

» Maturation pathways of bnAbs and their
intermediates (Xiao et al. Viruses 2009)

* Antibodyome and hypothesis of
elicitation of bnAbs by primary and
secondary immunogens (Dimitrov DS,
mAbs 2010)

2013)

2013)
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virus - germline and
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CH103 bind to the Env
(Liao et al. Nature
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HIV-1 vaccine
development

A N ]
2013-2014 ?

i other CD4bs antibodies
hypothesis for bnAbs
/ —
2007-2010 2011-2012
« Deep sequencing and structural biology of .
VRCO01-like antibodies (Wu et al. Science
2011)

« Sequence convergence among highly
active agonistic CD4bs antibodies (Scheid
et al. Science 2011) .

» Deep sequencing of human naive antibody
libraries revealed germline intermediates of
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FIGURE 1 | Timeline of the antibody germline/maturation hypothesis and experiments.
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potential vaccine immunogens developed based on those tem-
plates would stimulate an adequate B cell immune response in
healthy humans. To this end, we identified VRCO1-like intermedi-
ate antibodies from a naive antibody library of human cord blood,
which is presented later in the text.

We previously analyzed the IgM repertoires of healthy individ-
uals and identified several intermediates of b12 from the VH1-3
gene family (15). Sequence analysis of 28,925 unique sequences
from the IgM repertoires revealed a CDRH3 with a length (20
amino acids) and sequence similar (50%) to that of the bl2
CDRH3, but the V gene associated with that CDRH3 was found to
be HV4-b (15). This finding indicates that long CDRH3s may not
be a limiting factor for the development of bnAbs (25) although
long CDRH3 motifs with certain amino acid preferences and/or
associations with particular heavy or light chain families favoring
polyreactivity may not be undermined.

Stamatatos and coworkers have conducted experiments screen-
ing a large panel of recombinant Envs for binding to the germline
predecessors of b12, NIH45-46, and 3BNC60 to test how Env
immunogens interact with the predicted germline versions of
known bnAbs (26). They found that the mature bnAbs reacted
with diverse Envs but the corresponding germline antibodies did
not. They examined in detail the germline b12 and its chimeric
forms — either the germline heavy chain paired with the mature
light chain and vice versa — to test whether they could interact
with any of the recombinant Envs derived from clade A, B, and C
viruses. Among all the recombinant Envs tested, at least one Env
(QHO0692) was found to bind a b12 chimera with a mature heavy
chain. However, this chimera failed to mediate calcium mobiliza-
tion, indicating no BCR activation via BCR-antigen engagement.
In other studies, they found that the elimination of certain con-
served glycosylation sites on Envs led to the binding of germline
versions of VRC01 and NIH45-46 and BCR activation (27) but
that the modified Envs did not interact with PG9 and 447-52D
germlines (28).

Haynes and coworkers have succeeded in finding Envs capa-
ble of engaging the germline versions of a CD4bs bnAb, CH103,
while studying the co-evolution of the antibody in an HIV-1
infected patient (29). They found that CH103 is less mutated
than most other CD4bs bnAbs, and importantly that the unmu-
tated common ancestor of the CH103 lineage avidly bound the
transmitted/founder HIV-1 Envs. This finding suggests that early
founder Envs could bind optimally to the germline and inter-
mediate versions of CH103, and therefore, are promising vaccine
immunogens, representing an important step forward in HIV-1
vaccine development.

Similarly, the maturation pathway of the potent V1V2-directed
HIV-neutralizing antibody, CAP256—VRC26, has been described,
in which a germline-like intermediate with a 35-amino acid residue
long CDRH3 was shown to bind and neutralize the superinfecting
virus weakly, but did not bind or neutralize heterologous viruses
(30). These results suggest that the CAP256—VRC26 lineage could
be initiated by using a rare superinfecting-virus-like V1V2 Env.

In another successful effort in identifying an Env that could
engage the germline versions of bnAbs, Scheif and coworkers
devised a computation-guided approach combined with in vitro
screening to engineer a gp120 outer domain. The designed protein

not only bound to multiple VRCO01-class bnAbs and their germline
precursors but also activated B cells expressing diverse intermedi-
ates of the bnAbs (31). Therefore, priming with the protein and
subsequent boosting with more native immunogens could help
induce early somatic mutations and the ultimate elicitation of
VRCO01-class bnAbs.

Interestingly, Nussenzweig and coworkers’ study showed that
somatic mutations of the FRs and insertions of some bnAbs are
required for their broad and potent HIV-1 neutralizing activ-
ity (32). Based on structural information, they made different
germline versions of VRC01, NIH45-46, 12A21, and 3BNC117,
and found that mutations in FRs were also essential for binding,
breadth, and potency of most bnAbs. This suggested that certain
framework mutations could be critical and should be preserved for
designing the intermediates of such bnAbs. Several other studies
mining the HIV-1 infected donors’antibodyomes (33—35) revealed
putative intermediates of bnAbs. Many of them with lower levels
of somatic hyper mutations could bind to selective Envs; for exam-
ple, intermediates of PGT121-134 were able to preferentially bind
native Envs relative to monomeric gp120 (36). We also identified
2F5-like antibodies (m66 and m66.6) with much fewer mutations
than 2F5 and suggested their use as a model system for elicitation
of such antibodies (37, 38).

All these newly discovered bnAbs raise the hopes for effective
HIV-1 vaccine development as they reveal characteristic features
of bnAbs that could help us understand the immunological basis
critical for their production and also serve as templates for ratio-
nal vaccine design. Therefore, the focus has been dramatically
shifted to explore and overcome the immunological hurdles asso-
ciated with the elicitation of bnAbs, namely, extensive somatic
mutations of bnAbs. Major challenges remain in identification of
intermediates with a minimal number of mutations, and appro-
priate Env immunogens that would bind such intermediates and
activate BCRs, which can lead to the maturation of the interme-
diate antibodies to bnAbs. Recently, new paradigms that better fit
our increased knowledge of HIV immunopathology and which
may be more helpful in guiding future vaccine research than did
past unsuccessful approaches were discussed (17).

IDENTIFICATION OF PUTATIVE GERMLINE-LIKE INTERMEDIATES IN THE
MATURATION PATHWAYS OF VRCO1

We previously characterized the human cord blood cell-derived
IgM antibodies using 454 sequencing to study gene diversity and
somatic mutations (19). Naive germline antibody repertoires, par-
ticularly from babies, may be quite unique for understanding the
B cell maturation pathways, as they can also mount an immune
response against HIV-1 as recently found (39). Our earlier gene
usage analysis of the cord blood IgM repertoire showed the biased
IGHYV gene usages (19) as similar to adult IgM repertoires (40).
However, we already noted that the IGHV1-2 gene usage was sig-
nificantly higher in the cord blood IgM repertoire, i.e., an overall
contribution of 20% as compared to 8% in adult IgM repertoires.
This suggested that the cord blood IgM repertoire may be advan-
tageous for the exploration of the IGHV1-2*02 lineages when
studying germline precursors and intermediates of VRC01 heavy
chain. A total of 5,624 heavy chain and 1,096 light chain sequences
of IGHV1-2 and IGKV3-11 lineages, respectively, were used to
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FIGURE 2 | Phylogram and sequence alignment of selected (A) heavy
and (B) light chain sequences found in human cord blood IgM libraries
of IGHV1-2 and IGKV3-11 lineages, respectively. Phylogenetic trees
constructed using the amino acid sequences of top 10 putative germline-like
precursors as found in the cord blood library along with mature heavy and
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light chains of VRCO1 are shown. Multiple sequence alignments of heavy
and light chain sequences along with their corresponding germline
sequences, V1-2*02 and KV3-11*01, made using BLOSUM®62 scoring
matrices, conserved substitution (blue) and non-conserved substitution
(white) are shown.

select the top 10 sequences as closest intermediates for VRCO1 in
each heavy and light chain categories by using local BLAST search-
ing. We performed phylogenetic analysis of the selected sequences
to identify genetic relationships among VRCO1-like intermediates
of heavy (Figure 2A) and light (Figure 2B) chains. We found two
of the antibody heavy chains, HWAV6 and JHEDT, which were
100% identical to the IGHV1-2%02 germline sequence. Remark-
ably, their CDRH3 sequences had the same length (14 amino
acids) as that of the VRCO1 heavy chain. For these 10 heavy chain
sequences, the CDRH3 lengths ranged from 8 to 16 amino acids
with sequence variations at the junctions. One of the germline
sequences, JHEDT, had a point mutation at Cys100Tyr (Kabat
numbering) of CDRH3 that exactly mimicked the residue Tyr100
of CDRH3 in VRCO1. The residue Tyr100 at CDRH3 of VRCO01

is most likely contributed by the IGHD3-16*02 germline with a
point mutation Cys100Tyr. The other heavy chain sequence I76AT,
which was the closest to VRCO01 heavy chain, also had the same
mutation at Cys100Tyr. One of the other germline sequences,
HWAV6, had Trp100B (Kabat numbering) of CDRH3 that exactly
mimicked the residue Trp100B of CDRH3 in VRCO1. Intriguingly,
the Trp100B residue is a junctional amino acid of the CDRH3 in
germline HWAV6, and it exactly replicates the Trp100B junctional
residue of CDRH3 in VRCO1. This suggests a possible maturation
mechanism involved in the VRCO1-like intermediates where junc-
tional amino acids could determine the maturation pathway far
preceding the somatic hypermutation required for affinity matu-
ration (41). Most of the closest IGHV genes, 8 out of 10 shown
in the Figure 2A, have at least one mutation in the V region, and
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two sequences, G2ZWOT and GD60C, have two mutations at each
of the CDRHI. The pre-existing amino acid mutations found in
the V region and CDRH3 sequence information may inform the
design of heavy chain germline-like precursors and intermediates,
and help naturally reconstruct the B cell clonal lineages in the
maturation pathways of VRCO1.

Light chain recognition of Envs by VRC01 and VRCO1-related
antibodies has been studied in detail using structural and 454
sequencing data (33). The VRCO1 light chain commonly uses the
IGKV1-33 lineage and has a characteristic five amino acid long
CDRL3 and a distinctive two amino acid deletion in CDR L1.
Therefore, we selected the IGKV1-33 lineage sequences with five
amino acid length CDRL3s, but no sequences were found with a
two amino acid deletion in CDR L1 (Figure 2B). All of them had
either framework or CDR mutations or both. Four of them had a
point mutation at CDRLI and seven of them had a point mutation
at CDRL3.

The structural basis for germline gene usage of VRC01-related
antibodies targeting the CD4bs has been previously described (42),
which revealed a set of signature features for these antibodies that
were verified by mutagenesis. These signature features explained
the origin of the IGVH1-2 gene and antibody resistance for some
Env sequences. We found that characteristic residues including

the Trp100B of heavy chains were conserved while light chains did
not have any characteristic residues as reported previously (42).
However, other pre-existing amino acid mutations in light chains
could have implications for the VRCO1-related intermediates with
a characteristic CDRL3 of five amino acid length.

DISTRIBUTIONS OF CDR LENGTHS AND AMINO ACIDS IN THE
VRCO1-RELATED GERMLINE GENES

We analyzed the amino acid length distributions of CDRH3 and
CDRLS3 sequences that were of VRCO1 origins, namely, IGHV1-2
and IGKV3-11 for heavy and light chains, respectively, as derived
from the human cord blood IgM library (Figure 3). The CDRH3
lengths ranged from 4 to 27 amino acids, indicating high CDR3
length diversity (Figure 3A). VRCO1 has a CDRH3 length of 14
amino acids, which is shorter than those of most other anti-HIV-1
antibodies (25). The LCDR3 lengths ranged from 4 to 14 amino
acids (Figure 3B). The CDRL3 of VRCO1 has a characteristic length
of five amino acids with a mature genetic signature (33). Analysis
of the human cord blood IgM repertoire showed only a fraction
of such light chains with a shorter length of five amino acids
(Figure 3B). Frequency distributions of amino acid compositions
of CDRHI and CDRH2 in IGHV1-2 sequences as observed in
the human cord blood IgM repertoire are plotted in Figures 3C,D,
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respectively. These plots show that there are position specific varia-
tions in the CDRH1 and CDRH2 regions of IGHV1-2 genes. These
could indicate possible IGHV1-2 specific pre-existing amino acid
mutations in CDRH1 and CDRH2, as observed in several naive
antibody heavy chain sequences, which could inform the design of
germline precursors and intermediates of VRCO1-like antibodies.

V-D-J RECOMBINATION DIVERSITY AND IGHD READING FRAME
USAGES IN THE VRC01-RELATED GERMLINE GENES

We previously observed that the V-D-J rearrangement patterns
occurred at different frequencies with 1,430 V-D-] combinations
in a human cord blood IgM repertoire (19). Figure 4A shows the
V-D-J diversity associated with IGHV1-2 gene sequences using
a bubble plot for comparison with different D and J genes. The
VRCO1 heavy chain uses IGHD3-16 and IGH]2 genes to recombine
with IGHV1-2. However, other VRCO1-related antibodies exhibit
a skewed usage of IGH] genes although at least three different IGH]
genes (IGHJ1,1GH]J2,and IGHJ4) are involved (23). As the human
cord blood IgM library has a large functional V-D-J diversity, it
can be used to identify potential VRC01-like heavy chain germline
precursors and intermediates.

In jawed vertebrates the expressed heavy chains may use any of
the six IGHD reading frames (RFs); however, RF1 is thought to be
the preferred one as it mostly encodes tyrosine and glycine. The
remaining five RFs encode either hydrophobic or charged amino
acids, but the use of inverted RF1, RF2, and RF3 are discour-
aged. Preferential usage of IGHD RFs has been long implicated
in B cell development and antigen-specific antibody production
(43-45), and selected based upon its amino acid content (46).
Genetic control of IGDH RF preference over the regulation of
repertoire development has been recognized (47). Here, we have
analyzed the productive IGHD RF usages in a human cord blood
IgM library. Frequency distribution of RFs is plotted using a pie
chart as depicted in Figure 4B. We noted that there were not any
highly restricted usages of the IGHD RFs although some preferen-
tial usages depending on the IGHD genes were found. This clearly
indicates that IGHD RFs diversity could add more diverse amino
acid contents leading to enormous CDRH3 diversity. It may also be

possible that intermediates with different RF choices play a critical
role in selecting certain maturation pathways efficiently.

CONCLUSION

The antibody germline/maturation hypothesis led to a paradigm
shift in the design of immunogens for bnAb elicitation, as well as
the realization of the importance of the complexity of the bnAb
maturation pathways, and exploration of human antibodyomes
(14). In fact, human antibodyome exploration is also promising
for other fields of science and medicine (14, 48). This antibody-
ome approach is now a major direction of research in the HIV-1
vaccine field (16, 49). An important goal is to precisely identify
naturally occurring germline-like precursors and intermediates of
bnAbs that could help designing novel immunogens, which could
activate the corresponding BCRs and drive the immune system to
produce bnAbs within a short period of time. We presented an
approach using a human cord blood IgM library to identify puta-
tive germline precursors and intermediates of VRCO1-like heavy
and light chains, which could be useful in reconstructing the B
cell clonal lineages in the maturation pathways of VRCO1-related
bnAbs. This method has the potential to help in the identification
of naturally occurring germline-like precursors and intermediates
of any known bnAb and in the development immunogens based
on HIV-1 Envs (50) and peptides (51), as well as non-HIV-1 mole-
cules (12). However, major challenges remain and new paradigms
that better fit our increased knowledge of HIV immunopathology
could possibly be more helpful in guiding future vaccine research
than did past unsuccessful approaches (17).
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HIV antibody (Ab) functions capable of preventing mucosal cell-free or cell-to-cell HIV trans-
mission are critical for the development of effective prophylactic and therapeutic vaccines.
In addition to CD4* T cells, other potential HIV-target cell types including antigen-presenting
cells (APCs) (dendritic cells, macrophages) residing at mucosal sites are infected. More-
over, the interactions between APCs and HIV lead to HIV cell-to-cell transmission. Recently
discovered broadly neutralizing antibodies (NAbs) are able to neutralize a broad spectrum
of HIV strains, inhibit cell-to-cell transfer, and efficiently protect from infection in the experi-
mentally challenged macaque model. However, the 31% protection observed in the RV144
vaccine trial in the absence of detectable NAbs in blood samples pointed to the possible role
of additional Ab inhibitory functions. Increasing evidence suggests that IgG Fcy receptor
(FcyR)-mediated inhibition of Abs present at the mucosal site may play a role in protec-
tion against HIV mucosal transmission. Moreover, mucosal IgA Abs may be determinant
in protection against HIV sexual transmission. Therefore, defining Ab inhibitory functions
that could lead to protection is critical for further HIV vaccine design. Here, we review dif-
ferent inhibitory properties of HIV-specific Abs and discuss their potential role in protection
against HIV sexual transmission.

Keywords: HIV, mucosal HIV vaccine, cell-to-cell transfer, neutralizing antibodies, non-neutralizing inhibitory

antibodies, FcyR, antigen-presenting cells, ADCC

INTRODUCTION
Sexual transmission is currently the major route of HIV infection
worldwide. In more than 80% of newly diagnosed cases of HIV-1
infection, the patients become infected during sexual intercourse
(1). This route of infection can be prevented by IgG neutralizing
antibodies (NAbs) and secretory IgA (2, 3). Recently discovered
potent and broadly NAbs (bNAbs) are able to neutralize a broad
spectrum of cell-free and cell-associated HIV strains (4—13). These
antibodies (Abs) have also been shown to efficiently protect non-
human primates (NHP) and humanized mice from experimental
challenge (14-20). However, bNAbs display very specific charac-
teristics and are extremely difficult to induce since only 10-30% of
patients develop such Abs (21-25) and attempts to induce them by
vaccination have failed. bNAbs are characterized by uncommonly
long complementarity-determining loops and extensive somatic
hypermutation, suggesting the need for along maturation process,
which makes their induction by vaccination extremely difficult.
Interestingly, the limited 31% protection observed in the RV144
vaccine trial in the absence of detectable NAbs in plasma/serum
specimens pointed to a possible role of additional Ab inhibitory
functions in this protection (26, 27) and defining these addi-
tional functions is therefore critical. Increasing evidence suggests
that I1gG Fcy receptor (FcyR)-mediated inhibition of Abs, lead-
ing to phagocytosis or antibody-dependent cellular cytotoxicity
(ADCCQ), plays a role in protection. These FcyRs are expressed on
various antigen-presenting cells (APCs) and natural killer (NK)
cells present at the mucosal site, suggesting that Fc-mediated
inhibitory functions may contribute to the blockage of mucosal
transmission. These cells may play a decisive role during sexual
transmission since they have been proposed to be the first HIV

targets at the mucosal site (28-30). Evidence from in vivo studies
showed that HIV-specific Abs displaying Fc-mediated inhibition
in the absence of neutralizing activity is able to decrease the viral
load after experimental vaginal challenge in the macaque model
(31, 32). Besides, various Ab inhibitory functions at the mucosal
site such as aggregation, complement inhibition, inhibition of HIV
transfer, and inhibition by induction of antiviral cytokines and
chemokines may also contribute to HIV protection. In addition
to the induction of NAbs, new vaccination strategies based on
such Ab activities, should be considered. In the present review,
HIV inhibition by Abs based on these various potential inhibitory
functions will be discussed, as well as its possible contribution to
the development of new vaccination strategies.

HIV-1 TRANSMISSION THROUGH MUCOSAL TISSUES

Very little is known about how HIV infects and disseminates
through mucosal tissues. The selection of transmitted/founder
(T/F) virus occurs at the mucosal portal of HIV entry (33—
38). Mucosal sites contain a variety of immune cells targeted by
HIV, i.e., APCs comprising various types of dendritic cells (DCs),
macrophages, NK cells, and CD4 T lymphocytes (28-30, 39-43)
(Figure 1). However, the exact mechanism by which viral particles
migrate through the epithelial barrier remains unclear. Various
modes of infection have been proposed, which include transfer
through epithelial cells and intestinal epithelium, transport of
HIV via DCs present at mucosal surfaces, and direct infection
of resident CD4 T cells (41, 44—48) (Figure 1). Apart from direct
infection of immune cells by cell-free virus, cell-to-cell transmis-
sion has been suggested to play a major role in HIV propagation
and dissemination in vivo. Spread of HIV infection by cell-to-cell
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FIGURE 1 | Different HIV-1 antibody activities in mucosal tissues.
Infectious HIV-1 particles can cross a multi-cellular layer of stratified
squamous epithelial cells in genital mucosal tissues. Both cell-free and
cell-associated HIV-1 virions infect host cells. Langerhans cells transport the
virus into the sub-epithelium and mucosal lesions may provide an accessible
pathway for HIV-1. In the sub-epithelium, in addition to target CD4* T cells,
other potential HIV-target cell types including myeloid dendritic cells (DCs)
and macrophages are infected either by cell-free virions or by cell-associated
virions. Mucosal HIV-specific IgA (IgA, in green) can bind and neutralize
cell-free virus at mucosal surfaces. Adaptive immune responses such as
HIV-1-specific IgG neutralizing antibodies (NAbs, in red) are important for
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preventing HIV-1 cell-free infection. Only NAbs are able to inhibit HIV infection
of CD4T lymphocytes while both NAbs and FcyR-mediated inhibitory Abs (in
blue) help to inhibit the spread of infection via cell-to-cell transmission route.
Prevention of HIV-1 infection and killing of virus-producing cells by
Ab-dependent mechanisms, especially antibody-dependent cellular
cytotoxicity (ADCC) via binding of Fc receptors presented on the surface of
innate immune cells such as natural killer (NK) cells, monocytes, DCs, or
macrophages, takes place by inhibiting viral replication and diminishing viral
reservoirs in vivo. Moreover, inhibitory NAbs directed to cellular target
epitopes, such as CCR5 or other HIV-receptor/co-receptor structures, could
provide additional targets for the rational design of novel vaccine candidates.

transmission has been found to be 100- to 1000-fold more effi-
cient than infection by cell-free virions (49-54). At the mucosal
level, in addition to CD4 T cells many cells are targeted by direct
cell-free or cell-associated HIV-1 and the inhibition of these multi-
ple routes of infection involve numerous immunological defenses
(55), such as secretory IgA aggregation, Fc-mediated inhibition,
neutralization of CD4 T cell infection, lysis of infected cells by
NK cells, phagocytosis after antigen presentation, and inhibition
following cytokine and chemokine production (Figure 1). For
example, HIV-1 trapped by DCs can be inhibited by Fc-mediated
inhibitory Abs, whereas inhibition of HIV-1 transfer from DCs
to T cells will involve potent HIV NAbs (56). Therefore, in addi-
tion to neutralization of HIV-1-infected CD4 T cells by specific
bNAbs, numerous additional inhibitory pathways, depending on

the amount and type of HIV-1 and on the type of cells in the
mucosa, may participate in HIV-1 inhibition and could decrease
the concentration of NAbs necessary for protection.

MUCOSAL B-CELL RESPONSES

A major defensive mechanism from the mucosal immune system
involves local production and secretion of IgG and dimeric or mul-
timeric IgA from B-cells (57—60). The initial immune stimulation
occurs mainly in mucosa-associated lymphoid tissues, particularly
Peyer’s patches of the distal ileum and other parts of gut-associated
lymphoid tissues (61, 62). From these inductive sites the activated
B-cells reach peripheral blood by migrating through lymph and
draining lymph nodes and subsequently extravagate at secretory
effector sites on a competitive basis depending on complementary
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FIGURE 2 | Model representation of HIV-1 envelope glycoprotein
structure and epitopes of broadly neutralizing antibodies. The surface
receptor binding subunit gp120 and the fusion-mediating transmembrane
subunit gp41 make up the functional HIV-1 envelope glycoproteins. The
targets of broadly neutralizing antibodies (bNAbs) can be divided into several

1gG anti-distinct conformational epitope
(3BC176, 3BC315, BANC195)

IgG anti-Glycan V3 site
: . AT R
IgG anti-V1V2 site A (2G12, PGT121-137, 10-1074)

Interaction
gp120/ CCR5 or CXCR4

.r
s &

CCR5/
CXCR4

19G anti-gp41 MPER

(4E10, 2F5, 10ES,
Z13, M66.6)

Target Cell

groups: (1) 1gG anti-CD4-binding site, (2) I1gG anti-V1V2 site, (3) IgG
anti-N-linked glycan V3 site, and (4) IgG anti-gp41 membrane proximal
external region (MPER). The IgG anti-distinct conformational epitope present
on the envelope trimer, remains to be determined (adapted from Dr. Béatrice
Labrosse).

adhesion molecules and chemokine-receptor pairs (61, 63). In
addition, B-cells with “innate-like” functions including B-1 cells
are enriched in mucosal tissues and marginal zone B-cells (64).
These B-cells produce natural Abs that recognize conserved fea-
tures of bacterial carbohydrates and phospholipids, that generate
a first line of protection through the early production of low-
affinity IgM in response to bacteria (62, 64—66). Mucosal DCs
support B-cell activation and several factors in mucosal tissues,
including both T cell-dependent and T cell-independent factors
have been show to favor B-cell immunoglobulin class-switching
to IgA-secreting plasma cells (59, 67). However, the exact local
production sites and local redistribution at the mucosal site have
not been well documented. During acute HIV infection phase,
naive B-cells are immediately decreased and reciprocal memory B-
cell increased at mucosal sites and blood although little is known
on the phenotypic features and functions of B-cell populations
and early B-cell subversions occurring at mucosal sites (68). As
most HIV-1 transmission occurs via mucosal sites, eliciting effec-
tive mucosal B-cell responses with long-lasting protective NAbs at
mucosal sites is therefore critical to provide the first line of pro-
tection at mucosal surfaces for preventing early HIV-1 invasion by
HIV-1 vaccine (69-71).

MECHANISMS OF INHIBITORY ACTIVITY OF NEUTRALIZING
ANTIBODIES

Most HIV-1 vaccination strategies aim to induce human HIV-
specific Abs able to inhibit the infection of target cells at the onset

of viral transmission (2, 11, 72). Humoral responses against HIV
have been extensively studied and NAbs able to efficiently neutral-
ize in vitro a broad range of circulating HIV-1 strains have been
described (10, 12, 20). These include the well-characterized NAb
b12, 2G12, 447-52D, 2F5, 4E10, as well as novel bNAbs such as
VRCO1 and 10-1074 or belonging to PGT family that neutralize
a large spectrum of HIV-1 isolates of various clades (4-7, 12, 73—
75) (Figure 2). These Abs efficiently inhibit cell-free HIV primary
isolates or pseudoviruses in vitro in conventional neutralization
assays with peripheral blood mononuclear cells (PBMCs) or HIV-
permissive cell lines (TZM-bl). Both assays assess the capacity of
Abs to inhibit HIV-1 infection of either CD4™ primary cells or
TZM-bl cell lines that express the CD4 receptor and co-receptor
CCR5. Abs possessing a neutralizing activity will recognize func-
tionally important structures and conserved epitopes of the HIV
viral envelope gp120 and gp41, and will impede virus attachment
as well as fusion and entry processes that lead to a decrease in
HIV replication (9-12) (Figure 2). The neutralization process is
due to the capacity of Abs to directly inhibit HIV-1 replication
in the absence of additional factors, such as Fc receptors (FcRs)
or complement. Yet, due to the complex glycosylation profile of
HIV and conformational changes of the viral envelope during
fusion (Figure 2), most NAbs require long HCDR3s to allow
the recognition of poorly accessible conserved Env epitopes (76).
Moreover, NADs isolated from infected patients result from a long
maturation and somatic hypermutation processes (9-12). These
unusual Ab characteristics will unfortunately be extremely difficult
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to generate by vaccination. Several of these HIV-1 bNAbs have
been reverted experimentally to their unmutated ancestral state,
and were found to bind weakly or undetectably to native HIV-1
Env (77, 78), which means that Ab responses induced by vacci-
nation will have to occur following intricate pathways of B-cell
maturation.

Recent studies showed that high levels of IgG Abs specific for the
first and second variable regions (V1V2) of gp120 were inversely
associated with a reduced risk of HIV-1 infection in the RV144
clinical vaccine trial (27, 79-81). Moreover, Yates et al. recently
found that vaccine-induced HIV-1-specific IgG3 responses cor-
related with decreased risk of infection in RV144 clinical trial
compared to the VAX003 vaccine regimen (82). Since partial pro-
tection observed in the RV144 phase III Thailand trial was medi-
ated by the induction of non-neutralizing antibodies (NNAbs) and
a moderate T cell response (27, 83), it seems that other immune
mechanisms in addition to classical NAbs responses are required
to achieve protection against HIV infection.

MECHANISMS OF Fc RECEPTOR-MEDIATED PROTECTION
The FcR-dependent mechanism of inhibition has been observed in
various HIV-target cells that express these receptors, for instance
DCs, Langerhans cells, and macrophages (56, 84-90). HIV inhi-
bition involving interactions with FcR receptors was confirmed
with the cell line TZM-bl that expresses various FcyRs (91, 92)
mainly FcyRI and FcyRII (84, 85, 91). Fc-mediated inhibition
increased by 10- to 1000-fold the inhibitory activity of NAbs in
FcR-bearing macrophages (84), and neutralization titers of NAbs
4E10 and 2F5 were increased as much as 5000-fold in the case
of TZM-bl cells expressing FcyRI (91, 92). Some HIV-1-specific
Abs lacking neutralizing activities have also been shown to display
Fc-mediated inhibitory activities (93). Such Abs, which inhibit
HIV-1 replication only via FcyR receptors are referred to as non-
neutralizing inhibitory Abs (NNIAbs) (85). In the case of APCs
bearing FcyR, the formation of immune complexes between Abs
and HIV leads to phagocytosis of the virus and its degrada-
tion by specific lysosomes (88, 94-96). Moreover, the fixation
of Abs on the FcR of effector cells can also induce antiviral
cytokines and chemokines, further impeding viral replication (97,
98). The mechanism of inhibition of NNIAbs implies that, con-
trary to NAbs, they do not need to recognize functional Env
spikes. NNIAbs capture the virus via the Fab domains and bind
to FcR-bearing cells via their Fc domains, increasing therefore
the number of potential epitopes susceptible to be targeted by
immunogens.

Recently, it has been shown that V1V2-specific IgG3 subclass
Abs are associated with broad antiviral responses and were cor-
related with a decreased risk of infection in the RV144 vaccine
trial (82). Chung et al. also found that in this trial, NNAbs were
induced that presented highly coordinated Fc-mediated effector
responses by the selective induction of highly functional IgG3
(99). These studies indicate that functional activity and Ab sub-
class may contribute to the potential antiviral activity of Abs that
extends beyond virus neutralization and illustrate the potential
role of FcyR-mediated innate and adaptive immune functions in
additional HIV-1 protective mechanisms.

ANTIBODY-DEPENDENT CELLULAR CYTOTOXICITY
Antibody-dependent cellular cytotoxicity was reported in HIV-
infected patients in 1987, when it was shown that HIV envelope
gp120 bound to CD4 T cells was sensitive to lysis by PBMCs from
HIV-infected patients (100). This ADCC mechanism also involves
FcRs (93, 101), mainly FcRIII (CD16). Cross linking of Abs that
recognize an infected target cell via its Fab domain and the FcR on
the effector cell via its Fc domain leads to lysis of the infected target
cell subsequent to effector cell degranulation (101-105). Various
immune cells such as NK cells, monocytes, macrophages, or neu-
trophils can induce ADCC (106). It has been suggested that ADCC
participated in the 31% reduced risk of HIV infection in the RV144
trial (26). Recent studies showed that ADCC also occurred in elite
controllers (107, 108). Even though a correlation between in vitro
ADCC and protection was not demonstrated, there is evidence
that ADCC might account, at least partially, for protection against
SHIV/SIV challenge in the in vivo macaque model (109). Hence,
inducing Abs with ADCC function might enhance protection and
should be considered as a goal in future vaccine approaches.

ANTIBODY-DEPENDENT CELL-MEDIATED VIRUS INHIBITION
ACTIVITY

Antibody-dependent cell-mediated virus inhibition (ADCVI)
results from an interaction between an infected target cell and an
effector cell expressing one or several FcyRs via an HIV-specific
Ab. ADCVI encompasses multiple effector functions related to
Iytic (e.g., ADCC) and non-cytolytic (e.g., production of f-
chemokines) mechanisms leading to a decreased HIV-1 infection
and replication (31, 93, 95, 110).

ROLE OF IgA-MEDIATED INHIBITION

In patients infected with HIV-1, a specific IgA response develops
in parallel to the IgG response. Noteworthy, anti-gp41 (but not
anti-gp120) IgA Abs were frequently elicited in both plasma and
mucosal fluids within the first weeks after transmission. However,
shortly after induction, these initial mucosal anti-gp41 Env IgA Abs
rapidly declined (111). Later on, during the chronic phase, virus-
specific IgA are low in both mucosa and systemic compartments
(112). Interestingly, HIV-specific IgA are detected in the genital
tract or the seminal fluid in seronegative (in the absence of sero-
logical HIV-specific IgG) partners of HIV-positive subjects “highly
exposed persistently seronegative” (HEPS) (113-115). Mazzoli
et al. first showed that IgA was detected in urine and vaginal sam-
ples from HIV-exposed seronegative individuals in the absence of
IgG detection (113). In addition, virus-specific IgAs were detected
in the salivary secretions of children from seropositive mothers.
The presence of IgA in seronegative subjects that are in regular
contact with HIV suggests its potential role in protection.

In vitro, IgA recapitulates for some Abs the neutralizing activ-
ity of IgG. In the case of the epitope recognized by NAb b12, the
neutralizing activity of IgA was equivalent to that of the IgG (116).
Furthermore, IgA displayed an additional inhibitory function
involving its Fc region distinct to that of IgG. The presence of IgA
at mucosal sites may involve a local activation of different immune
mechanisms, such as a secretory component of IgA-mediated pro-
tection of mucus-bound IgA in vivo (117, 118), the aggregation of
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secretory IgA (119), or mechanisms that involve ADCC effectors
cells expressing FcaR (such as neutrophils). Recent results from
the RV144 vaccine trial demonstrated that the levels of vaccine-
induced IgA in serum were associated with a lack of protection
against HIV acquisition (27) and that IgA competed with 1gG
for ADCC activity (120). Anti-HIV IgA therefore interferes with
a protective IgG function, impeding its protective potential. On
contrary, it was recently shown that the anti-HIV IgA1l isotype
protected macaques better than the corresponding IgA2 or IgG Ab
types (3). These findings suggest that, depending on their local-
ization and/or structure, vaccine-induced or pre-existing IgA may
have either a deleterious effect by competing with potential IgG
protective Abs or a significant protective effect by limiting HIV
transmission at the mucosal site (3). This dual IgA activity illus-
trates the complexity of Ab functions, that depend on the cellular
and cytokine environment.

MECHANISMS OF INHIBITION OF HIV CELL-TO-CELL
TRANSMISSION

Numerous studies suggest that direct cell-to-cell transmission
occurring early at the mucosal site after sexual transmission makes
a major contribution to rapid HIV-1 dissemination throughout
the body. This mode of transmission has important consequences
for designing treatments or vaccine strategies as inhibition of this
type of HIV spread is even more complex than cell-free infection.
Inhibitory activity of cell-to-cell spread may depend on donor
and target cells such as APC-to-T cell or T cell-to-T cell, on viral
strains, multiplicity of viral infection, etc. Consequently, results
may diverge and may be controversial (121, 122).

Efficient HIV transmission occurs mainly via the formation
of virological synapses (123—126). APC-to-T cell and T cell-to-T
cell transfer experiments have been used to analyze the inhibitory
activity of specific anti-HIV Abs in HIV transmission. By dis-
secting the early steps of HIV-1 spread from DCs to autologous
primary CD4 T lymphocytes, it was shown that NAbs were able
to efficiently inhibit HIV-1 transmission to CD4 T lymphocytes
(56). Similar inhibitory activities by Abs have also been observed
by others (127-131), suggesting that HIV-1 transfer from DCs to
T lymphocytes can be affected by Ab inhibition. Furthermore, Fc-
mediated inhibitory activity of Abs on the infection of APCs may
decrease HIV-1 transmission to surrounding T cells. This is par-
ticularly relevant for DCs and macrophages as these cells highly
express FcRs (56) [reviewed in Ref. (122)]. Abs can bind FcRs and
therefore inhibit HIV-1 transmission via FcR-mediated inhibitory
activity. Some NNIADs such as 246-D have been found to reduce
significantly the percentage of infected DCs in vitro (56). For these
Abs, a strong association was found between FcyR-specific binding
capacity, inhibition of HIV-1 replication, and DC maturation. This
indicates that the binding of these Abs to DCs induces the matura-
tion of these cells, resulting in lower levels of R5 virus replication
(56). However, other authors observed a drastic decrease of Ab
inhibitory activity in HIV transfer conditions (51, 54, 132—134).
Of note, these later studies mainly involved cell lines in in vitro
transfer protocols and the characteristics of the cell-to-cell contact
appeared to be determinant for HIV inhibition (54). Close inter-
actions between donor/target cells and immunological synapse
formation differ according to the type of cells. DC/lymphocyte

crosstalk involves ICAM-1 and LFA-1 adhesion molecules and
stabilize interactions (135—139) that are absent with TZM-bl cell
lines (140, 141). As a result, the strength of the established synapse
will influence the efficiency of HIV spread, and the subsequently
inhibitory potential of Abs (54, 56). APC/lymphocyte crosstalk can
also modulate the immune response (126, 139, 142—146). Close
contact between cells in particular tissues need therefore to be
taken into consideration when analyzing HIV transfer. However,
very little is currently known about the efficacy of HIV spread and
the potency of HIV-specific Abs in different tissue environments.

In addition, during chronic infection, HIV replication propa-
gates in lymphoid organs containing numerous CD4" T lympho-
cytes (147, 148) and cell-to-cell transmission between T cells is
likely to be the most common mode of HIV-1 spread (124, 146,
149-152). HIV inhibitory activity of Abs on T cell-to-T cell trans-
mission has been extensively studied (51, 53, 54, 133, 153-158),
and variable inhibitory activities have been recorded depending
on the type of T cells and virus used. These discrepancies empha-
size the necessity to further investigate functional Ab activities in
the context of HIV spread in tissues and lymphoid organs.

ENHANCING ANTIBODIES

Enhancing Abs were first described as complement-mediated
enhancement by Robinson et al. (159, 160). Such Abs, unlike neu-
tralizing or inhibitory Abs, facilitate infection by HIV in vitro by
increasing HIV titers (e.g., an increase in the number of infected
cells) or by augmenting the production of infectious virus parti-
cles. Ab-dependent enhancement of HIV-1 binding and infection
of certain cell types has been demonstrated in different in vitro pro-
tocols (160-163). However, the mechanism leading to this increase
has not been clearly identified although it has been proposed that
Fc—Fcy receptor interactions or conformational changes in Env
or complement receptors may play a role (164-166). The HIV-
1/1gG complex is able to bind to FcRs and it could therefore
be transcytosed by APCs (167). It has also been proposed that
virus coated with Abs and taken up via the FcR on DCs may lead
to enhancement by FcR-mediated transcytosis of the virus-IgG
complex (163). Recently, it was shown that the binding of HIV-
1-specific Abs to neonatal FcR expressed on epithelial cells could
enhance transcytosis of HIV-1 at low pH (168). Since neonatal
FcR was detected in areas of the genital tract that are potentially
exposed to HIV-1 during sexual intercourse, this new model of Ab-
dependent enhancement points to an additional mechanism by
which sexual transmission of HIV-1 may be facilitated (168). How-
ever, no facilitating role of Abs has yet been demonstrated in vivo
for HIV infection following vaccination or HIV disease progres-
sion (169). There was no evidence of an increased HIV infection
among vaccine recipients in the VaxGen and RV144 phase III vac-
cine trials (26, 170). It should be noted that a recent study showed
a correlation between the presence of a particular allele of FcyR
and an increased risk of infection in a sub-group of volunteers
with low risk practices (171). These results suggest a possible dele-
terious effect of specific HIV Abs in a subpopulation of patients
with a particular FcyR genotype. Therefore, supplemental studies
need to be conducted in future prophylactic vaccine trials in order
to circumvent any possible deleterious enhancing effects, since
vaccination obviously should avoid the induction of such Abs.
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MECHANISMS OF INHIBITION OF HIV SPREAD IN VIVO BY
ANTIBODIES

The protective role of HIV-specific Abs has been extensively stud-
ied in various experimental models of infection, including NHP
models (17, 19, 31, 172—178), and humanized mice models (14—
16). The potential role of FcyR-mediated innate and adaptive
immune functions in addition to neutralization has been repeat-
edly demonstrated in HIV protection (32, 95, 101, 110, 174, 179).
Neutralizing monoclonal IgG1 b12, devoid of Fc—FcyR functions
has decreased protective potential following vaginal challenge in
NHPs (110). NNIAbs were able to reduce the viral load in chal-
lenged macaques without conferring complete protection (31, 32).
These observations clearly indicate that, in addition to neutraliza-
tion, FcyRs are important for achieving protection in vivo. Such
effective protection observed in vivo suggests that HIV-specific Abs
inhibit infection by cell-free virus and cell-to-cell transmission
(Figure 1), both mechanisms contributing to HIV-1 replication
and dissemination in the body. Interestingly, the Ab threshold
necessary for sterilizing protection decreased in the animal model
with decreased virus challenge (174). This further suggests that
Abs may display increased potential during sexual transmission in
the mucosal environment in the presence of low virus input. In
this case, the balance in favor of HIV protection may be more eas-
ily achieved by vaccination, as suggested by the partial protection
in the RV144 trial observed in a low risk population.

NOVEL UNRAVELED MECHANISM OF ANTIBODY INHIBITION
Recently, another Ab inhibitory activity was reported that pro-
vides protection inside cells by triggering an intracellular immune
response in addition to extracellular activities (180). This activity
was named ADIN for antibody-dependent intracellular neutral-
ization (181). Working with a non-enveloped virus-like aden-
ovirus as model, it was shown that Abs that bind virus before
infection were carried into the cell while attached to the virus
particle. Upon escape from the endosomal compartment, these
Abs remain bound to the virus allowing it to be detected by the
cell. Ab-coated virions are detected by a cytosolic intracellular Ab
receptor called TRIM21, which binds to IgG with a higher affin-
ity than any other Ab receptor so far described in humans (180,
182, 183). In addition to its Ab-binding domain, TRIM21 pos-
sesses a RING domain with E3 ubiquitin ligase activity. Using this
ubiquitination activity, TRIM21 flags the virion for destruction
by a mechanism involving proteasomal degradation. This process
is very rapid and leads to removal of the virus before transcrip-
tion and translation of the viral genome, in effect clearing the
cell of infection (181). Moreover, it has been shown recently that
the TRIM21-mediated ability of antisera to block replication was
a consistent feature of the humoral immune response in immu-
nized mice. In the presence of immune sera and upon infection,
TRIM21 also activates a proinflammatory response, resulting in
secretion of tumor necrosis factor alpha (TNF-a) and interleukin-
6 (IL-6) (184). These results demonstrate that TRIM21 provides a
potent block to the spreading of infection and induces an antivi-
ral state (184). However, such Ab inhibitory activity may not be
relevant to HIV since HIV is an enveloped virus that is uncoated
following its entry in host cells. However, if Abs against the core
proteins are endocytosed during infection, they may impair later

intracellular HIV replication steps. Such an intracellular mech-
anism may explain some unexpected association between high
anti-p24 Ab concentration and decreased viral load (185, 186).

Even more intriguing, broader Ab activities have recently been
proposed. The group of Nancy Haigwoog showed an increase of
the specific B-cell response, following the passive transfer HIV Abs
in a NHP model (187). Using the FrCas mouse retroviral model,
Michaud et al. observed a protection linked to the induction of
long-term B and T response, due to passive transfer of NAbs (188).
This mechanism of stimulation of the adaptive response following
Abs transfer was also observed following NAb therapy in infected
macaques (17). Such prolonged protection by induction of adap-
tive immune response by Abs was already described in cancer field
(189). These studies attribute an “immunogenic” role to the Abs in
that they would be able to induce primary and memory responses
more efficiently than free viral particles or infected cells. In this
way, Abs could participate in the implementation of an adaptive
response, paving the way to new fields of applications.

PROMISE OF HIV ANTIBODIES IN AIDS VACCINES

Currently, one of the innovating vaccination strategies would
consist in developing a mucosal vaccine as an effective means
of prevention against HIV sexual transmission (72). The newly
identified potent bNAbs that suppress active infections and clear
infected cells in humanized mice and macaques suggest that these
bNAbs would effectively protect from infection (20). However,
in the development of a vaccine against HIV, the possibility of
inducing such NAbs have been compromised when it was discov-
ered that they possess unusual characteristics (heavy long chain
HCDR3, significant numbers of somatic mutations) that require
a long maturation and makes them difficult to induce. The matu-
ration of progenitor B-cells is unlikely to be reproduced by a short
stimulation with a single immunogen (8). Vaccination strategies
based on a succession of immunogens that would be able to mimic,
step by step, the process of maturation, and activation of B-cell
clones are currently being tested. However, this approach of vac-
cination has never been implemented previously and in view of
the complex mechanisms that are involved, it is unclear whether it
will be successful.

In view of the major, constraints linked to the in vivo induc-
tion of NAbs, vaccine approaches involving the optimization of
inhibitory Abs, induction of additional immune mechanisms, are
currently being examined. These are similar to approaches fol-
lowed in cancer research, and attempt to modify the Fc region of
Abs in order to increase their inhibitory activity. Moldt et al. gen-
erated by mutagenesis and by modifying the glycosylation of the
Fc region, a panel of mutants of the NAb b12, which retained the
neutralizing activity of the Fab region but had different affinity the
FcyRs (190, 191). These Fc modifications increased the affinity of
Abs for FcyRs as well as the associated in vivo inhibitory func-
tions (phagocytosis, ADCC, etc.). However, no improvement of
protection was observed in experimentally challenged macaques.

By inducing inhibitory Abs directly at the sites of infection
(anal mucosa, genital tracts, etc.), it might be possible to limit
viral replication earlier and in many target cells. New immunogens
are currently being formulated in order to redirect the humoral
response to mucosal sites (192). A phase 1 clinical trial has recently
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started (European collaborative project EuroNeut41) in order to
test this new concept (193). However, these protocols are based on
information gathered from the mouse model and local mucosal
immune activation could not be reproduced in humans. Unfortu-
nately, our current knowledge on how we could bring the immune
response to converge toward mucosa is extremely limited and the
mechanisms of action of anti-HIV Abs at mucosal sites are also
poorly understood.

In addition to their central role in vaccination, Abs are also
being investigated as possible therapeutic agents. Recent studies
demonstrate that combinations of cocktails of two or more mon-
oclonal Abs significantly reduced viremia in chronically infected
macaques, suggesting that such therapies might be effective in
humans (17, 19, 32). By combining diverse Abs properties to
potentiate the protective effects of anti-HIV-specific Ab-based
strategies, it might be possible to enhance what was achieved
with antiviral compounds by inducing complementary inhibitory
potentials gathered by Abs inhibitory functions. A combination
of conventional multi-hits antiretroviral therapy with NAbs ther-
apy might be successful and could generate revolutionary drug
combinations that may lead to an HIV cure.

SUMMARY AND CONCLUSION

The last decade has witnessed enormous advances in our knowl-
edge of HIV vaccine designs and trials. Although alarge number of
broadly and potent NAbs have been recently discovered (Figure 2),
inducing such bNAbs by vaccination is likely to be very diffi-
cult (5, 7, 10). Data from in vivo studies and recent findings
following clinical assays have demonstrated the importance of
Fc-mediated Ab-dependant mechanisms in achieving protection
against HIV. Therefore, new vaccination strategies including the
induction of such type of activities, in addition to NAbs, should
be developed. As HIV transmission at mucosal sites involves spe-
cific HIV targets, vaccination should induce an immune response
that protects all the different potential mucosal target cells (i.e.,
using Abs that display different inhibitory activities). Moreover,
vaccination should induce Abs and B-cell responses directly at
mucosal level in order to rapidly interfere with the early events of
HIV infection. Almost nothing is known about the local immune
induction at mucosal sites, known to be involved in induction
of tolerance. Strategies to develop local immune responses should
therefore be encouraged as well as specific adjuvants and immuno-
gens active at the mucosal site leading to a strong and long-lasting
response. Furthermore, the protective role of HIV-specific Abs
against cell-to-cell transmission should be evaluated by analyz-
ing the transfer of transmitted/founder HIV. It is hoped that
improved understanding of HIV transmission via cell-free or
cell-associated models and of different functionalities of HIV-
specific Abs may lead to a new generation of immunogens and
immunotherapeutics for the development of protective and safe
vaccine approaches.
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INTRODUCTION

A new paradigm of mucosal vaccination against human immunodeficiency virus (HIV) infec-
tion has been investigated in the macague model. A vaccine consisting of inactivated simian
immunodeficiency virus (SIV)mac239 particles together with a living bacterial adjuvant
(either the Calmette and Guerin bacillus, Lactobacillus plantarum or Lactobacillus rhamno-
sus) was administered to macaques via the vaginal or oral/intragastric route. In contrast to
all established human and veterinary vaccines, these three vaccine regimens did not elicit
SIV-specific antibodies nor cytotoxic Tlymphocytes but induced a previously unrecognized
population of non-cytolytic MHClb/E-restricted CD8™ T-regulatory cells that suppressed
the activation of SIV-positive CD4* T-lymphocytes. SIV reverse transcription was thereby
blocked in inactivated CD4™ T-cells; the initial burst of virus replication was prevented and
the vaccinated macaques were protected from a challenge infection. For 3-14 months after
intragastric immunization, 24 macaques were challenged intrarectally with a high dose of
SIVmac239 or with the heterologous strain SIV B670 (both strains grown on macaques
PBMC). Twenty-three of these animals were found to be protected for up to 48 months
while all 24 control macaques became infected. This protective effect against SIV challenge
together with the concomitant identification of a robust ex vivo correlate of protection sug-
gests a new approach for developing an HIV vaccine in humans. The induction of this new
class of CD8* T-regulatory cells could also possibly be used therapeutically for suppressing
HIV replication in infected patients and this novel tolerogenic vaccine paradigm may have
potential applications for treating a wide range of immune disorders and is likely to may
have profound implications across immunology generally.

Keywords: inactivated SIV, bacterial adjuvants, BCG, lactobacilli, SIV replication, SIV vaccine, HIV vaccine, HIV
tolerogenic vaccine

For the last 30 years, our group tried to suppress HIV replication

Since the first vaccination against the small pox virus by Edward
Jenner in 1796, all efficient vaccines against a viral infection have
been shown to elicit virus-specific neutralizing antibodies and
sometimes also cytotoxic T-lymphocytes (CTL) that prevent virus
infection or eradicate the virus rapidly after it enters the body (1).
So far, however, this process seems not to work for the human
immunodeficiency virus (HIV) type 1 infection since, despite
the tremendous advances in immunology and molecular biology
accomplished since HIV discovery in 1983 (2), results of vaccine
trials against HIV have indeed remained extremely poor (3). Only
one trial out of more than one hundred showed a modest and
short-lasting protection (4) while all the others did not induce any
protective immunity (antibodies or CTL) against the virus includ-
ing sadly the latest three randomized vaccine trials where more
volunteers were infected in the vaccine arm than in the placebo arm
(5-7); combining data from the three studies, there was an overall
hazard ratio of 1.33 (P < 0.01) associated with vaccination (8).

and fight HIV infection by pursuing several alternative immuno-
logical approaches. As early as 1986, we speculated that T4-cell
activation (whether triggered by the virus, viral proteins, or by any
other stimulus) was an absolute requirement for significant viral
replication (9). This suspicion, which is now commonly accepted
by scientists who study the pathogenesis of simian immunode-
ficiency virus (SIV) in macaques and of HIV in humans (8, 10,
11) suggested to us that it might be possible to inhibit virus repli-
cation by suppressing CD4™ T-cell activation (9). We tested the
possibility that viral replication might be controlled by adminis-
tering the immunosuppressive drugs cyclosporine or prednisolone
to infected patients. Both drugs were found to stabilize or increase
CD4™ T-cell counts in HIV-infected patients (12—15), probably by
preventing activation-induced apoptosis of non-infected CD4*
T-cells (16), but they did not control HIV-1 replication.

Since it was not possible to control viral replication by systemic
non-specific immune suppression, we then explored the capacity
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of dendritic cells loaded with ex vivo-inactivated virus to stimulate
HIV-specific cellular immunity (17, 18). Using this approach, we
were able to demonstrate that a therapeutic vaccine based on inac-
tivated HIV-loaded dendritic cells had a favorable impact on HIV
replication (19), a finding that was recently confirmed in HIV-
infected patients who had interrupted their antiviral therapy (20).
However, we did not pursue this project because the preparation of
dendritic cell-based vaccine was cumbersome and expensive and
was incompatible with a large scale use.

Instead of activating dendritic cells by loading them ex vivo with
inactivated HIV, we then investigated possibility of developing a
prophylactic anti-SIV vaccine by directly stimulating mucosal den-
dritic cells in vivo. We describe here the attempts we made during
the last 10 years to develop prophylactic mucosal vaccines using
inactivated SIV mac239 (iSIV) adjuvanted by non-pathogenic liv-
ing bacteria potentially able to cooperate with mucosal dendritic
cells. These experiments were performed in macaques of Chinese
origin, which best mimics HIV infection in humans (21, 22).

MATERIALS AND METHODS

ANIMALS

Colony-bred rhesus macaques (Macaca mulatta) of Chinese origin
were housed in accordance with the regulations of the National
Institutes of Health “Guide for the Care and Use of Laboratory
Animals.” The committee for animal studies of the Tropical Med-
icine Institute, Guangzhou, University of Chinese Medicine, has
approved the study and confirmed that it has been done appro-
priately. All animals were in good health, 2—4 years old, weighed
4-6 kg, and were seronegative for SIV, simian retrovirus, simian
T-cells lymphotropic virus 1, hepatitis B virus, and Herpes virus
simiae.

VACCINE PREPARATION

The vaccines used throughout this study were a mixture of
two components: the iSIV and a bacterial adjuvant, which was
either the Bacillus of Calmette & Guerin (BCG), the Lactobacillus
plantarum (LP), or the Lactobacillus rhamnosus (LR).

Bacterial preparations

Three bacterial preparations were used: the BCG, the LP, and the
LR. The BCG (strain SSI 1331, Sanofi-Pasteur) was used at a final
dose of 5 x 10% or 7.5 x 107 cfu for each (intravaginal or intra-
gastrical) vaccination or boost. Each dose of vaccine was freshly
prepared in 1 mL of RPMI. The LP (ATCC8014) was cultivated at
37°C in MRS medium with a rotation rate of 200 rpm until reach-
ing a final LP concentration of around 10'° cfu/ml (i.e., an optical
density of 1.0 at 600 nm). The LR (lcr35, Probionov, 15000 Auril-
lac, France) was received in lyophilized form at a concentration of
around 1 x 10" cfu/g.

Inactivated virus preparation

The virus production was performed in CEM174 cells inoculated
with SIVmac239 [see Lu et al. (23)]. Culture supernatants were
collected at peak viral production. In order to check what could
be the simplest and safest inactivation system, we tested three dif-
ferent modalities: when associated with the BCG, the virus was
inactivated with 250 wM aldrithiol-2 (AT-2) in the same manner

as we did previously (18); when associated with LP, the virus was
inactivated with AT-2 and then by heat (56°C for 30 min) [see Lu
et al. (23)]; finally, when associated with LR, the virus was inacti-
vated in the simplest as possible manner, by heat (56°C for 30 min)
twice at 30 min-interval. The iSIV was inoculated to CEM 174 cells
to verify the 100% inhibition of viral infectivity.

DELIVERY OF THE VACCINES

Monkeys were anesthetized with tiletamine hydrochloride
and intramuscular zolazepam (0.7 mg/kg) (after having fasted
overnight for those which were immunized via the intragastric
route).

Intravaginal immunization with iSIV+ BCG

Monkeys were administered intravaginally 5 ml of a vaccine com-
prising 10° particles of iSTV and 5 x 10° cfu of BCG (strain SSI
1331). A booster intravaginal immunization with the same dose
was applied 2 months later. Control animals remained naive until
challenge.

Intragastric immunization with iSIV+ BCG

Monkeys after having fasted overnight were anesthetized. They
were administrated intragastrically with 25 ml of PBS buffer and
half an hour later with 5 ml of a viral-bacterial preparation con-
taining 10° copies/ml of iSIV and 1.5 x 107 cfu/ml of BCG in
maltodextrin (20%) solution. A booster intravaginal immuniza-
tion with the same dose was applied 2 months later. Control
animals received the same doses of BCG alone according to the
same protocol.

Intragastric immunization with iSIV+ LP or LR
The macaques were administrated intragastrically 30 ml of a
first preparation containing 4 x 107 copies/ml of iSIV and
3 x 10° cfu/ml of LP or LR in maltodextrin (20%) solution. Mon-
keys then received intragastrically 25ml of the same prepara-
tion each 30 min for 3 h; the same protocol was performed over
five consecutive days. Overall, each macaque received a total of
3.5 x 10'0 copies of iSIV and 2.6 x 10'2 cfu of LP or LR. Control
animals received the same doses of LP alone, LR alone, or iSIV
according to the same protocol.

Overall, 37 macaques were vaccinated by one of the above-
mentioned protocols and 45 animals served as control.

SIV SUPPRESSION ASSAY: EX VIVO ANTIVIRAL ACTIVITY OF
VACCINE-INDUCED CD8* T-CELLS

Autologous CD4™" T-cells from each animal purified by mag-
netic positive-labeling (MicroBeads, Miltenyi Biotec) were acutely
infected with SIVmac239 (10~ multiplicity of infection) in the
presence or the absence of magnetically purified CD8" T-cells
at a CD4/CD8 ratio of 1:3 and then stimulated with staphylo-
coccal enterotoxin B (SEB) and anti-CD3/anti-CD28 antibodies
for 16 h. After washing, the cells were cultivated in quadrupli-
cates in 96-well plates. Cultures were maintained in a final volume
of 200 1 per well of RPMI 1640 medium containing 100 IU of
human rIL2 (Roche Diagnostics GmbH, Mannheim, Germany)
for 5 days. Viral loads were measured by a real-time RT-PCR in
culture supernatants collected at day 5 [see Lu et al. (23)]. Ex vivo
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antiviral activity was the ratio of geometric means of viral concen-
tration in the culture supernatants from the infected CD4™ target
cells only over the geometric means of viral concentration in the
supernatants from the mixed CD8% and CD4™ T-cells.

VIRAL CHALLENGES

For 3-14 months after the administration of the vaccine or the
controls, vaccinated and control animals were inoculated intra-
venously with 50 MID1gy (200 TCIDsg) or intrarectally with 2,500
MIDj g (100,000 TCIDsg) of pathogenic STVmac239 (cultivated
on macaques PBMC). Monkeys were rechallenged by intravenous
or intrarectal route with the same high doses of infectious SIV-
mac239. Eight macaques were intrarectally rechallenged with
100,000 TCIDs of pathogenic SIVB670 (a distinct strain of SIV
provided by E. Villinger, Emory University School of Medicine,
Atlanta, Georgia). SIVB670 was propagated in vitro using macaque
PBMC and the first passages of the original viral stocks were used
for challenge.

OTHER METHODS

For details on other methods used in this study (MHC class I
typing, assay for antibody responses to SIV, flow cytometry, SIV-
specific cell proliferation assay, SIV-specific ELISPOT assay, T-cell
suppression assay, T-cell cytotoxicity assay, viral loads measure-
ments, depletion of CD8* T-cells in vivo, and statistical analysis),
see Section “Experimental Procedures” in Lu et al. (23).

RESULTS

MUCOSAL VACCINATION WITH INACTIVATED SIV AND BCG

We first tested a vaccine including iSIV as immunogen and the
BCG as a bacterial adjuvant (24). We chose the BCG because it
had been shown to interact with dendritic cells (25, 26) as well as
to stimulate cellular immunity in some types of cancers (27, 28).
Moreover, BCG had been given orally to several millions of people
in Brazil until 1974 without serious side effects (29).

Intravaginal immunization followed by intravenous challenge

Six macaques were administered intravaginally 5ml of a vaccine
comprising 10° particles of iSTV and 5 x 10° cfu of BCG (strain SSI
1331). A booster intravaginal immunization was applied 2 months
later. Two months later (i.e., 4 months after the initial vaccination),
the six animals were challenged by intravenous route with 200
TCIDs5 of SIVmac239. Simultaneously five vaccine-free control
animals were also challenged with the same dose of STVmac239. Al
control macaques showed a typical primary infection with plasma
viral loads peaking at 10°~107 viral copies/ml between days 10 and
14 post-challenge and then remaining high (>10° copies/ml) over
the next 60 days. They also developed high levels of PBMC SIV
DNA and became seropositive with high titers of SIV antibod-
ies. Among the six animals that received the intravaginal vaccine,
plasma viral RNA loads of two of them, after the usual peak (>10°
copies/ml), decreased to lower set-point (<10 copies/ml) than
normal whereas their SIV DNA remained <1,000 copies/ 10° in
PBMC or lymph node cells. More surprisingly, the four remaining
macaques showed very low viral RNA and DNA peaks (<10° STV
RNA copies/ml and <10° SIV DNA copies//10® PBMC) by days
10-14, which dropped down to undetectable/hardly detectable
levels thereafter (Figures 1A,B).

Intravaginal immunization followed by intrarectal challenge

Seven new macaques were then administered intravaginally the
same vaccine with the same boosts while five controls ani-
mals remained vaccine-free. Four months later, the 12 animals
were challenged via the intrarectal route with 100,000 TCIDs
of SIVmac239. The five control animals showed the same typ-
ical primary infection as described above. Moreover, three out
of the seven vaccinated animals showed also a primary infec-
tion resembling the usual one but with viral RNA and DNA
load set-points significantly lower than those observed in con-
trol animals. The new information was that four out of the seven
vaccinated macaques remained with undetectable levels of plasma
SIV RNA (<10 SIV RNA copies/ml) and PBMC proviral DNA
(<1 SIV DNA copies/10° PBMC) over the 60 days post-challenge
(Figures 1C,D).

Protection against repeated intravenous or intrarectal challenges
after intravaginal immunization

Among the four animals with undetectable viral loads follow-
ing intravenous challenge, three were tested for their long-term
capacity to fight new SIV challenges. For 2 and 8 months after
their initial intravenous challenge (i.e., 6 and 12 months after their
immunization), these three monkeys received a second and a third
intravenous challenge with the same dose of STV239 (200 TCID5y).
After each of these viral challenges, similar low plasma RNA SIV
peaks were observed at day 10 but by day 30, viral loads of all
three macaques had dropped down to undetectable levels. For 21
and 27 months after initial vaccination, the three macaques were
further challenged with SIVmac239, this time via the intrarec-
tal route (100,000 TCIDsg) and the three animals showed again
no detectable plasma virus (<10 SIV RNA copies/ml) while their
PBMC SIV DNA levels remained at the limit of positivity. Overall,
viral replication of these three vaccinated macaques remained sta-
bly suppressed as long as we tested it (28 months) in spite of five
SIV239 challenges (Figure 1E).

Oral (intragastric) immunization followed by intrarectal challenges
Four new macaques were then administered through a gastric tube
5ml of a vaccine comprising iSIV and BCG. Vaccine administra-
tion was preceded and followed by the injection of 15 ml of 0.1 M
sodium bicarbonate in the macaques gastric tube. Booster vac-
cinations with the same preparations were repeated at days 30
and 60. Four control animals received BCG alone according to
the same protocol. An intrarectal viral challenge (100,000 TCIDs5
of SIVmac239) was then given to the eight animals at day 90.
The four control animals showed a typical primary infection with
a plasma viral peak between days 10 and 14 post-challenge. In
strong contrast, the four animals that received the vaccine were
sterilely protected as shown by their plasma SIV RNA and PBMC
SIV DNA loads, which remained undetectable from day 1 to 60
(Figures 1EG).

In light of these unexpected mucosal vaccination successes,
we tested the SIV-specific antibody and cellular responses of
vaccinated macaques. Surprisingly again, SIV-specific antibodies
responses in intravaginally or intragastrically vaccinated macaques
were undetectable or extremely weak while all control mon-
keys raised anti-SIV antibodies and became seropositive. SIV
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FIGURE 1 | Plasma viral loads and PBMC and lymph nodes proviral
loads of rhesus macaques immunized with inactivated SIV and
BCG. (A,B) Plasma viral loads (A) and PBMC proviral loads (B) following
a challenge performed intravenously with SIVmac239 (200 TCID50) in six
macaques intravaginally immunized with iSIV and BCG and five control
monkeys; (C,D) plasma viral loads (C) and PBMC proviral loads

(D) following a challenge performed intrarectally with SIVmac239
(100,000 TCID50) in seven macaques intravaginally immunized with

inactivated SIV and BCG; (E) Plasma viral loads of three macaques
intravaginally immunized with inactivated SIV and BCG following three
intravenous and two intrarectal SIVmac239 challenges; (FG) Plasma viral
loads (F) and PBMC and lymph nodes proviral loads (G) following a
challenge performed intrarectally with SIVmac239 (100,000 TCID50) in
four macaques intragastrically immunized with inactivated SIV and BCG
and four control monkeys immunized with inactivated BCG alone (ctrs:
control, vacs: vaccinated, LN: lymph nodes).
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Gag p27-specific interferon y-releasing T-cell responses were
also undetectable by ELISPOT in vaccinated macaques (data not
shown).

Ex vivo antiviral activity of CD8+ T-lymphocytes in vaccinated
macaques

This surprising immunovirological picture, characterized by a
sterile immunity after intrarectal challenge, or complete virus
replication control after intravenous challenge in the majority
of mucosally vaccinated animals, in the absence of SIV-specific
humoral and cellular immune responses, prompted us to examine
whether SIV-specific non-conventional cellular responses could
exist. For that purpose, CD4" and CD8" T-cells were purified
from fresh PBMC of vaccinated or control animals. CD4™" T-cells
were then acutely infected with STVmac239 and CD4™" T-cells and
CD4™ plus CD8™ T-cells were stimulated overnight with SEB plus
anti-CD3 and anti-CD28 antibodies and cultivated for 5 days. The
antiviral activity of the CD8" T-cells was expressed as the ratio of
SIV RNA concentration in the supernatants of SIV-infected CD4™
T-cell cultures in the absence of CD8™ T-cells over the SIV RNA
concentration in corresponding cultures in the presence of CD8™
T-cells [for details, see “Method” in Ref. (23)]. Results of these
assays showed that CD8" T-cells from the four out of seven intrav-
aginally vaccinated animals that were shown later to be protected
against intrarectal challenge, showed a strong antiviral activity
(ratio over 100), whereas CD8T T-cells from the three animals,
which were later shown not to be protected against SIV infection
as well as CD8™ T-cells from those which were not vaccinated had
baseline levels of antiviral activity (ratio <50) (Figure 2A). Simi-
larly, in the four orally vaccinated macaques, which were all found
to be protected from an intrarectal challenge some weeks later,
the antiviral activity was over 100 (Figure 2B). Altogether, in this
group of vaccinated macaques, we observed a complete correla-
tion between the pre-challenge ex vivo antiviral activity of CD8*
T-cells and the protection observed after SIV challenge suggest-
ing that the CD8* T-lymphocytes antiviral activity of vaccinated
macaques is an excellent predictive marker of protection against
SIV challenge.

Suppression of activation of SIV-specific CD4* T-cells by
vaccine-induced CD8* T-cells in vaccinated macaques
Since, the initiation of replication of SIV in macaques (or HIV in
humans) in vivo, as well as SIV (or HIV)-specific antibody and
CTL induction needs SIV (or HIV)-specific CD4" T-cell activa-
tion (11), we suspected that the suppression of both SIV replication
and SIV-specific immune responses observed after mucosal vac-
cination with iSIV plus BCG could be the consequence of the
suppression of SIV-specific CD4™ T-cell activation [for details on
the method of CD4™" T-cell activation suppression, see “Method”
in Ref. (23)]. It was therefore reassuring to observe that SIV-
positive CD4™ T-cell activation was suppressed in the PBMC of
vaccinated macaques while remaining at the high level observed
in control samples when CD8% T-cells were omitted from the test
sample (Figure 2C).

Altogether, the intravaginal co-administration of BCG and
inactivated SIV protected four out of six monkeys from an intra-
venous SIVmac239 challenge and four out of seven monkeys from
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FIGURE 2 | Ex vivo antiviral activity and suppression of SIV positive
CD4+ T-cell activation generated by vaccine-induced CD8* T-cells of
rhesus macaques immunized with inactivated SIV and BCG. (A,B)
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FIGURE 2 | Continued

rhesus macaques intravaginally immunized with inactivated SIV and BCG
and five control macaques (A) and in four rhesus macaques intragastrically
immunized with inactivated SIV and BCG and four control macaques

(B); (C) percentage (mean + SD) of the activation marker Ki-67 within SIV
Gag p27+ cells on the gated CD4* T-cells in AT-2 SIV-pulsed PBMC
(depleted or not of CD8* T-cells) taken from animals orally immunized with
inactivated SIV plus BCG or those immunized with BCG alone.

an intrarectal challenge while the intragastric administration of
the same vaccine preparation protected four out of four macaques
from an intrarectal challenge. Long-term protection (28 months)
associated with this new type of vaccine was maintained after
repeated intravenous and intrarectal challenges in the three ani-
mals where it was tested. In contrast, infection was observed in all
control animals. In the four out of six macaques protected from
an intravenous challenge, viral replication was completely con-
trolled but PBMC chronically harbored the provirus; in contrast,
in the 8 out 11 macaques protected from an intrarectal challenge,
plasma SIV RNA and PBMC and lymph node cellular STV DNA
were both undetectable suggesting that SIV infection was blocked
at entry by mucosal immunity or eradicated post-entry by sys-
temic immunity. Surprisingly, we did not observe any SIV-specific
antibodies or interferon y-producing T-cells in the macaques that
were shown to be protected after intrarectal challenge. Moreover,
CD8™ T-cells isolated from PBMCs of the same macaques strongly
suppressed the replication of virus in acutely infected autologous
CD4T T-cells ex vivo.

ORAL (INTRAGASTRIC) VACCINATION WITH INACTIVATED SIV AND
LACTOBACILLUS PLANTARUM

Confirmatory studies and new information

Results observed after mucosal vaccination with BCG and iSIV
were very striking, particularly because BCG, an anti-tuberculosis
vaccine given worldwide for more than 90 years to more than a
billion infants and children has never been even suspected to
induce anergy/unresponsiveness or oral tolerance, either to its
own constituents or to those of an immunogen given together.
In view of these unexpected results, we decided to test an oral
vaccine including iSIV and a bacterial adjuvant such as a Lac-
tobacillus strain, a non-pathogenic intestinal commensal bac-
terium that had previously been suggested to potentially favor
immune tolerance (30-32). We started by exploring the activity
of an oral vaccine made of iSIV and LP (33). A group of eight
macaques was immunized via the intragastric route with iSIV for-
mulated with LP while eight control animals received LP only
(four macaques) or iSIV only (four macaques). Results of this
study (23) confirmed and extended several immunological and
virological features already observed in iSIV 4+ BCG-vaccinated
macaques, viz: (1) both SIV-specific antibodies and interferon y-
secreting T-cells upon SIV Gag p27 stimulation were suppressed
in iSIV + LP-vaccinated macaques; (2) SIV-positive CD41 T-cell
activation and SIV replication in infected CD4™" T-cells were also
suppressed (through a non-lytic process) by the CD8* T-cells of
iSIV + LP-vaccinated macaques; moreover, ex vivo, suppression
of CD4™" T-cell activation as well as virus replication suppres-
sion did not occur when CD8™ T-cells were omitted from the test

samples; (3) extending our previous work, we also showed that
CD8™ T-cells isolated from the PBMC of vaccinated macaques,
when added to the test samples at a time where SIV-specific CD4™"
T-cells activation was already established, no longer inhibited viral
replication; this new information suggested a link of causality
between the suppression of SIV-specific CD4™ T-cell activation
and the suppression of viral replication by CD8" T-cells. We
further demonstrated that CD8™" T-cell-mediated antiviral activ-
ity required cell-to-cell contact and that vaccine-induced CD8*
T-cells operated through a non-classical MHC-restriction mecha-
nism that was dependent on MHC-IB/E. We also showed that clas-
sical Tregs (CD4+CD25+FoxP3+) had no role in this suppression
process; (4) finally, we demonstrated that, similar to iSIV 4+ BCG-
vaccinated macaques, the eight iSIV + LP-vaccinated macaques
orally were sterilely protected from high dose intrarectal chal-
lenge (100,000 TCIDsgp) of SIVmac239 (without any detectable
level of plasma SIV RNA or PBMC proviral DNA) while the eight
control animals were infected. This sterile protection was fully
confirmed by the results of a second intrarectal challenge per-
formed in four out of eight vaccinated macaques. We also showed
the same virological picture as that observed in iSIV 4+ BCG-
vaccinated macaques in the four out of eight macaques, which
were rechallenged via the intravenous route; a slight peak of
SIV replication (<200 DNA copies/million PBMC and 200 SIV
copies/ml of plasma) was observed at day 10 post-challenge, but
by day 30, plasma SIV RNA loads had dropped back to unde-
tectable level (<10 copies/ml) while PBMC SIV DNA were <10
copies/million cells showing the latent presence of SIV proviral
DNA but the absence of virus replication in vivo. Finally, we
showed that the eight iSTVmac239 + LP-vaccinated macaques (the
already four intrarectally rechallenged and the already four intra-
venously rechallenged ones) remained fully protected against an
heterologous intrarectal challenge with 100,000 TCIDsq of the
antigenically distinct SIVB670, which suggested that the vaccine
was cross-protective, presumably through preventing the activa-
tion of CD4*" T-cells infected by another SIV strain [see Figure
4 in Ref. (23)]. Results of oral vaccinations with iSIV + BCG and
iSIV + LP are summarized in Table 1.

Role of CD8" T-cells in protecting macaques against intrarectal SIV
challenge

To better identify the in vivo role of CD8' T-cells in the
macaques protection, the four macaques sterilely protected after
three intrarectal challenge were given a fourth intrarectal chal-
lenge with 100,000 TCIDsq of SIV239; these four macaques were
at the same time depleted of their CD8" T-cells from periph-
eral blood and lymphoid organs by a cytotoxic anti-CD8 antibody
[see “Method” in Ref. (23)]. At the nadir of CD81 T-cell count
(day 15), plasma viral loads of the four animals peaked around
10*-10% RNA copies/ml and 10°~10* copies STV DNA/10° PBMC,
respectively, and all animals became infected and SIV-seropositive.
However, by weeks 4—7, when the CD8™" T-cell levels of the four
monkeys had recovered to almost normal, plasma SIV RNA and
PBMC and lymph node SIV DNA dropped to baseline levels. This
in vivo experiment demonstrated the central role of CD8* T-cells
in immunized animals to prevent initial infection at the mucosal
barrier. When CD8" T-cells were depleted at the moment of
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Table 1 | Summary of immunovirological results observed in orally
vaccinated monkeys.

Intragastric immunization iSIV  iSIV+BCG iSIV+LP
Production of anti-SIV antibodies Yes Suppressed  Suppressed
Induction of SIV-specific Yes Suppressed  Suppressed
IFNy-releasing T-cells

Proliferation of CD4* T-cells NT* NT Suppressed
toward SIV antigens

Activation of SIV*CD4* T-cells Yes Suppressed  Suppressed
Ex-vivo suppressive CD8* Tregs No Yes Yes

Sterile protection after intrarectal No Yes Yes
homologous SIV challenge

Sterile protection after intrarectal No NT Yes
heterologous SIV challenge

Absence of SIV replication after No Yes Yes

intravenous SIV challenge

*NT not tested.

the intrarectal challenge, the virus replicated freely in lymphoid
organs; but as soon as the vaccine-induced CD8™' T-cell popu-
lation recovered, they again strongly controlled viral replication.
Interestingly, recovered animals now contained SIV DNA in target
cells, but without obvious viral replication (23).

Longevity of the vaccine-induced protection

To study the longevity of the vaccine protection, we immunized
a new group of eight macaques with iSIV/LP in parallel with
eight control macaques (four with iSIV and four with LP). We
observed that seven of the eight animals that received the vac-
cine maintained a high ex vivo antiviral activity ratio (>200) for
up to 14 months while in one vaccinated macaque the antiviral
activity decreased from month 12 to the baseline ratio (<100)
seen in the eight control animals treated with iSIV or LP alone.
By 14 months post-immunization, all 16 animals (vaccinated and
controls) were challenged intrarectally with 100,000 TCIDsq of
SIVmac239. Seven out of the eight iSIV/LP-immunized animals
had a sterile immunity as indicated by the absence of any SIV
RNA and DNA emergence in plasma, PBMC, rectal mucosa, or
pelvic lymph nodes lymphocytes. Interestingly, the one vacci-
nated macaque, which lost its ex vivo antiviral activity became
fully infected in the same manner as the eight control monkeys
[see Figure 5 in Ref. (23); Figures 3A,B]. Thus, the evolution
of the ex vivo antiviral activity of the eight vaccinated mon-
keys allowed us to predict, from day 360 post-immunization (i.e.,
60 days before their challenge) the one out of eight monkeys that
would not be protected. To control further the long-term effi-
cacy of our vaccine, the seven protected macaques were intrarec-
tally rechallenged by 36 months after vaccination; by 48 months
post vaccination, we showed that all of them remained fully
protected from infection (Figures 3A,B); importantly, we con-
trolled that the repetition of viral challenges had no role in
the long-term protection of the vaccinated macaques since their
CD8™ T-cells conserved the same high level of ex vivo antivi-
ral activity before as well as after being rechallenged (data not
shown).

A Challenge (i.r.) of SIVmac239
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£
8 105 y Y
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FIGURE 3 | Long-term follow-up of eight macaques intragastrically
immunized with iSIV and LP and eight control monkeys immunized
with iSIV alone (four macaques) or LP alone (four macaques).
(A,B) Plasma viral loads (A) and PBMC proviral loads (B) of eight macaques
submitted to two successive intrarectal challenges performed at 14 and
36 months post-immunization with SIVmac239 (100,000 TCID50).

ORAL (INTRAGASTRIC) VACCINATION WITH INACTIVATED SIV AND
LACTOBACILLUS RHAMNOSUS

Because the Lactobacillus plantarum strain ATCC8014 used to vac-
cinate macaques along with iSIV had never been used in humans,
we tested the common probiotic strain Lactobacillus rhamnosus
(LR) as bacterial adjuvant (34). Four macaques were vaccinated
orally with iSIV and LR; at the same time, four control macaques
received LR only (two animals) and iSIV only (two animals). All
macaques were vaccinated according to the protocol used for
iSIV + LP vaccination. The ex vivo antiviral activity following
vaccination increased progressively to reach a ratio >200 in all
vaccinated macaques by 2 months post vaccination (Figure 4A).

Moreover, all vaccinated animals were sterilely protected from
an intrarectal challenge (100,000 TCIDsy of SIVmac239) per-
formed 12 weeks post vaccination (Figures 4B,C).

In summary, in the macaque model, we have demonstrated
the prevention of SIV infection by inducing immunological tol-
erance against the infectious agent. The administration of iSIV-
mac239 with bacterial adjuvants such as BCG, LP, or LR, stimulated
macaques to develop a thus far unrecognized type of SIV-specific
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FIGURE 4 | Ex vivo antiviral activity induced by CD8* T-cells of four
macaques intragastrically immunized with iSIV plus LR and viral loads
of the four macaques following an intrarectal challenge. (A) Ex vivo
antiviral activity induced by CD8* T-cells of four macaques intragastrically
immunized with iSIV and LR and four control monkeys immunized with iSIV
alone or LR alone; (B,C) plasma viral loads (B) and PBMC proviral loads
(C) following an intrarectal challenge performed intrarectally with
SIVmac239 (100,000 TCID50) at day 90 post-immunization.

immune tolerance characterized by the activation of a previously
unrecognized population of non-cytolytic MHCIb/E-restricted
CD8™ T-regulatory cells that have the apparent ability to sup-
press the activation of SIV-positive CD4+ T-cells. This suppression
resulted in the blocking of SIV reverse transcription in CD4™
T-cells thereby preventing the initial burst of virus replication
and thus protecting macaques from infection. Out of 24 intra-
gastrically vaccinated macaques challenged with a high dose of
SIVmac239 or the heterologous strain SIVB670 3 to 14 months
later via the intrarectal route, 23 were sterilely protected for up to
48 months while all control macaques became infected.

DISCUSSION
We have identified three areas of research that will be required to
establish the mechanisms involved in the observed protection.

CHARACTERISTICS OF VACCINE-INDUCED CD8* T-REGULATORY CELLS
The suppressive non-cytolytic MHC-IB/E-restricted CD8 T T-cells
identified in the present study represent a new class of CD8"
T-regulatory cells (CD8™ Tregs) that has not been described pre-
viously in the context of any antiviral vaccination or in SIV or
HIV infection. Thus far, the only T-regulatory cells described in
HIV infection were classical Tregs (CD25"FoxP3TCD4™ T-cells)
known to be involved in some models of immune tolerance (35).
Their role in HIV infection is not clearly understood; on the one
hand, the expansion of Tregs has been shown to be associated
with the suppression of HIV-specific CD41 T-cell responses and
disease progression (36, 37) while on the other hand, Tregs have
been associated with protection from productive infection, CD4*
T-cell activation and disease progressions in both humans (38,
39) and non-human primates (40). In the present study, the ex
vivo removal of CD25%FoxP3TCD4" T-cells by an anti-CD25
antibody did not modify either the suppression of CD4™ T-cell
activation or that of viral replication. Except for the fact that
they are non-cytolytic, the CD8" Tregs observed here resem-
ble those which targeted and eliminated abnormally activated
antigen-specific CD4" T-helper cells in the mouse model (41, 42)
where the inhibitory interaction depends on recognition of surface
Qa-1, corresponding to MHC-IB/E in macaques and to HLA-E
in humans (43), expressed by aberrantly activated target cells (44,
45). Similar CD8* Tregs have also been implicated in the control of
autoimmune type 1 diabetes in humans (46). Interestingly, we also
found CD8" Tregs with the same characteristics in human elite
controllers, a small percentage of HIV-infected patients (<1%)
who have naturally long-term undetectable viral loads but harbor
the virus in their target cells (Wei Lu and Jean-Marie Andrieu,
manuscript in preparation). So far, we have not been able to iden-
tify the CD antigens specifically associated with these CD8" Tregs
and their phenotypic and molecular characteristics require further
studies.

ROLE OF CD8* T-REGULATORY CELLS

Because vaccinated macaques challenged via the intrarectal route
were negative for both SIV RNA in plasma and proviral SIV
DNA in PBMC, our results suggest that virus infection was
arrested before nuclear integration. In quiescent CD4™ T-cells,
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virus penetration is followed within 2 h by the presentation at the
plasma membrane of Gag/Pol and other protein epitopes derived
from incoming virions (47) while Env and Nef protein presen-
tation requires de novo synthesis (48). The subsequent phases of
the infectious process including reverse transcription and proviral
DNA integration, develop very inefficiently in quiescent CD4™
T-cells but very efficiently in activated CD41 T-cells (49-51).
This is in keeping with the notion that the early activation of a
small founder population of infected CD4™" T-cells at the por-
tal of entry is required for the local expansion and establishment
of systemic infection (52, 53). This early event potentially gives
our vaccine-induced CD8" T-cells the opportunity to arrest the
infectious process before proviral DNA integration. We observed
that the withdrawal of our vaccine-induced CD8% T-cells from
PBMC cultures before CD4™ T-cell activation, allowed CD4™ T-
cells to become activated and thereby viral replication to proceed.
Similarly, in vivo depletion of the CD8% T-cells performed at the
time of intrarectal challenge allowed CD4™" T-cells to be activated
and the virus to replicate. Such replication, however, was brought
under control as the novel CD8" T-cells recovered in lymphoid
organs and the blood stream. We showed in ex vivo cultures that
the inhibition of viral replication was directly attributable to this
new class of CD8™ Tregs. This is also highly likely to be the case
in vivo although direct evidence for this is lacking since we depleted
the whole CD8™ T-cell population rather than specifically the Treg
subset. In monkeys intravenously challenged, the transient peak of
viral replication followed by the residual presence of cellular SIV
DNA suggested that infectious SIV particles that entered the body
by this route encountered activated CD4+ T-cells, probably in
secondary lymphoid organs, which allowed the virus to complete
the first cycles of replication. However, it cannot be excluded that
non-activated (quiescent) CD4" T-cells, which were penetrated by
newly released virions, were prevented from becoming activated
by the vaccine-generated CD8" Treg. An in-depth understand-
ing of the results presented here will require extensive exploratory
studies of cellular and molecular immunovirology.

INDUCTION OF SIV-SPECIFIC CD8* T-REGULATORY CELLS

This remains the most mysterious unanswered question. When
iSIV, a particulate immunogen was administered alone via the
intragastric route, it stimulated the intestinal immune system
to induce the activation and proliferation of SIV-CD4" T-cell
as well as the generation of SIV-specific antibodies and inter-
feron y-producing cells according to the classical vaccine para-
digm. However, this iSIV-only vaccination did not induce any
in vitro or in vivo viral suppression nor any protection in chal-
lenged macaques. On the other hand, a soluble protein such as
SIV P55, when intragastrically administered in its own, did not
induce any immunological response nor any challenge protec-
tion (data not shown). In surprising contrast, when iSIV was
administered along with BCG, or LP or LR, the reaction of the
macaque intestinal immune was totally different. SIV-CD4 ™" T-
cells proliferation and activation were abolished (through the
contact between the TCRap of the vaccine-induced CD8* T-
regulatory cells and the MHCIb/E of SIV positive CD4+ T-cells).
A first consequence of this vaccine-induced SIV-positive CD4+
T-cell unresponsiveness/anergy is most likely the suppression of
any help to the induction of SIV-specific antibody- and interferon

y-producing cells; the observation of such an antigen-specific
immune tolerance opens a vast array of research on the sup-
pressive arm of the immune system and its potential manipu-
lation in human and veterinary medicine. The other consequence
of this vaccine-induced SIV-positive CD4™ T-cell unresponsive-
ness/anergy is of unique importance for vaccinologists since it is
responsible for the suppression of in vitro and in vivo SIV reverse
transcription and for the sterile protection of macaques against
SIV challenge, bringing the experimental confirmation of our ini-
tial suspicion that suppression of CD4™ T-cell activation is able to
suppress viral replication (9).

The mechanism of this extraordinary immunological switch is
so far unknown. BCG itself has never been suspected to possess
tolerogenic properties. Only in Brazil, have infants been given BCG
via the oral route (over a period of 50 years from the 20s to the
70s) and Brazilian scientists found that oral BCG protected against
childhood tuberculosis, meningitis, and miliary disease with the
same efficacy as intradermic BCG (54). However, orally vacci-
nated infants remained generally unresponsive/anergic to the post
vaccination tuberculin test, which became generally positive after
classical intradermic vaccination (55). In the same line, oral BCG
vaccination inhibited delayed-type hypersensitivity to purified
protein derivative (while at the same time it induced interferon y-
secreting T-cells upon Mycobacterium antigens stimulation) (56).
Moreover, it has also been observed that when the central ner-
vous system of mice was infected with BCG, the mice were able to
overcome experimental autoimmune encephalomyelitis, a classi-
cal mice model of autoimmune disease (57). The possibility that
BCG may possess certain unexplored tolerogenic properties seems
worthy of further research inasmuch as CD8 ™ Tregs have been very
recently shown to dominate suppressive phenotype and function
after BCG activation of human cells (58).

On the other hand, there is some experimental evidence sug-
gesting that LP and LR may have some tolerogenic properties (30—
32), which may be involved in their probiotic ability to fight human
inflammatory bowel disease (59). However, the mechanism of
induction of such a tolerance seems to be via the generation of
classical CD25" FoxP3+CD4™ Tregs (60, 61) and not through the
intervention of CD8™ Tregs.

It must be mentioned that recombinant BCG expressing viral
antigens including HIV and SIV proteins has been tested via the
mucosal route in non-human primates. These recombinant BCGs
induced IgA against BCG-expressed viral proteins but were never
found to induce any humoral or cellular sign of virus-induced
immune tolerance (62). Similarly, lactobacilli and lactococci engi-
neered to express antigenic proteins also including SIV antigens
have been mucosally administered to different animal models
including non-human primates; whatever the antigen expressed,
the immunological result of the mucosal administration was
always the production of specific of antigenic protein-directed
antibodies and particularly of IgA by the intestinal immune
system (63).

Our results demonstrate that an oral vaccine comprising iSIV, a
particulate immunogen adjuvanted by BCG, LP, or LR admin-
istered intragastrically to a large number of macaques stimu-
lated their intestinal immune system and generated a new class
of CD8" Tregs that suppressed the activation of mucosal and
systemic SIV-positive CD4" T-cells. This suppression of CD4*
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T-cell activation inhibited viral replication and thereby prevented
SIV infection in the macaque model. The protective effect of this
innovative immunization regimen against SIV challenge, together
with the identification of a correlate of protection ex vivo, is quite
striking. Given that SIV and HIV require activated CD4™ T-cells
in which to replicate, this tolerogenic vaccine approach may offer
an exciting new avenue in preventive HIV vaccine research. We are
preparing a randomized phase 1 trial where a small population
of non-at-risk volunteers will receive the vaccine or a placebo;
the vaccination success will be defined by the increase of the ex
vivo antiviral activity of CD8' T-cells (ratio >200) in the vac-
cinated group while it will remain low and stable (ratio <100)
in the placebo group. On the other hand, the de novo induction
of this class of CD8" Tregs could potentially be used therapeuti-
cally to maintain HIV replication suppression in infected patients
in whom antiviral treatments have been interrupted. We are now
preparing a phase 1 trial where infected volunteers with unde-
tectable viral loads under antiviral therapy will be orally vaccinated
with heat-inactivated HIV and LR; the antiviral treatment of
infected volunteers will be suspended at week 24. The success of
this trial will be ascertained by the increase of ex vivo antiviral
activity of CD8% T-cells (ratio >200) by 8 weeks post vaccina-
tion and by permanent undetectable plasma viral loads from week
24 (antiviral treatment withdrawal). The new tolerogenic vaccine
paradigm described in the present study, beside its potential use in
the HIV vaccine field, could potentially be exploited in the man-
agement of a wide range of immune disorders and could uncover
so far unrecognized immunological mechanisms.
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A commentary on

Mucosal SIV vaccines comprising inacti-
vated virus particles and bacterial adju-
vants induce CD8+ T-regulatory cells
that suppress SIV positive CD4+ T-cell
activation and prevent SIV infection in
the macaque model

by Andrieu JM, Chen S, Lai C, Guo W,
Lu W. Front Immunol (2014) 5:297. doi:
10.3389/fimmu.2014.00297

In the current issue of Frontiers in
Immunology, Jean-Marie Andrieu and col-
laborators, report results from non-human
primate experiments designed to explore
a new vaccine concept aimed at induc-
ing tolerance to the simian immunode-
ficiency virus (SIV) (1). This approach,
which is significantly different from other
vaccine concepts tested to date, resulted in
a surprisingly high level of protection. If
the results are confirmed and extended to
the human immunodeficiency virus (HIV),
this approach may represent a game chang-
ing strategy, which should be welcomed
by a field that has been marred by mostly
disappointing results.

When HIV was discovered and estab-
lished as the cause of the Acquired Immune
Deficiency Syndrome (AIDS) in 1983—
1984, there was an expectation that a pre-
ventive vaccine would be rapidly developed
(2).

Vaccines against several major human
viral diseases (polio, measles, mumps,
rubella, etc.) were successfully developed
during the preceding two or three decades,
mostly using live-attenuated viruses, and
designed to induce the same type of pro-
tective immune responses that develop
after natural infection. Moreover, recent

advances in molecular biology and recom-
binant DNA technologies were offering
exciting new opportunities for vaccine
development, first achieved with the licen-
sure in 1986 of a recombinant vaccine
against hepatitis B (3, 4).

Since the use of whole-inactivated or
of live-attenuated vaccines was considered
too risky for a pathogen such as HIV, the
molecular approach was the one selected
by early HIV vaccine developers. That deci-
sion was also based on the confidence that
new knowledge on the structure and func-
tion of the virus, as well as of the pathogen-
esis of the disease, will provide the informa-
tion needed for the rational development
of a much needed HIV vaccine (5).

In that environment of optimism, the
first phase I clinical trials of HIV vac-
cines started in the United States in 1988.
Since then, more than 200 clinical trials
have been conducted globally, the major-
ity of them phase I and II trials, to assess
the safety and immunogenicity of different
vaccine candidates. Those candidate vac-
cines were developed and tested according
to prevailing paradigms that sequentially
explored the role of neutralizing antibod-
ies, cell-mediated immunity (CMI) and,
more recently, other potential mechanisms
of immune protection (2, 6).

Although much has been learned from
those small-scale clinical trials, the results
from phase IIb/III efficacy trials are the
ones that have driven major changes on
how HIV vaccine research is advanced.
Those trials have also given us a few sur-
prises. Fortunately, the field has been able
to learn from those lessons and steadily
move forward.

Perhaps the first major surprise was
when in 1994 we learned that field isolates

of HIV were more difficult to neutralize
in vitro than laboratory-adapted strains,
and that proposed existing candidate vac-
cines could not induce the appropriate type
of neutralizing antibodies, a problem that
we are still struggling to solve. Nevertheless,
in the early 2000s, two gp120 candidate vac-
cines from VaxGen were tested in efficacy
trials and, as many predicted, they failed to
protect. That failure shifted the field to CMI
vaccines and to the suggestion that perhaps
the best that an HIV vaccine could do is
to decrease virus load in vaccinated indi-
viduals who became infected (7). Unfor-
tunately, the STEP study, which tested the
CMI concept using an adenovirus 5 vec-
tor, and which was a favorite approach of
the HIV vaccine community, was halted in
2007 because of lack of efficacy (8). That
was a major surprise that led to calls to slow
down clinical trials and to go back to basic
science (9).

The next major surprise came in 2009,
when the results from the Thai RV144
were announced. The trial, which evaluated
a canarypox prime followed by a gp120
boost, was strongly opposed by some of
the leading HIV vaccine scientists (10).
Unexpectedly, the trial showed for the first
time that prevention of HIV infection was
achievable by an HIV vaccine (11). In a
commentary authored by the late Nor-
man Letvin (12), who himself expressed
concerns about the conduct of the RV144
trial, he indicated that the findings were
not expected based on preclinical stud-
ies and human immunogenicity data, con-
cluding with the lapidary remark that “we
have learned to expect the unexpected in our
efforts to generate an effective HIV vaccine.”

Although the observed protection in
RV144 was modest (31.2%), those results
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not only brought new optimism to the field,
but also triggered a major collaborative
effort to try to identify immune correlates
of protection (13). In this regard, novel and
more promising vaccines are being devel-
oped that may result in higher levels of
protective efficacy, including the use of vec-
tors based on adenovirus 26 (Ad26) and
cytomegalovirus (CMV) (14, 15).

Another surprise came when a careful
statistical analysis of the step study con-
firmed that vaccination in fact enhanced
HIV acquisition among a subset of the
volunteers (16), an observation that was
also been made in the Phambili study con-
ducted in South Africa using the same
vaccine as in the step study (17). The
most likely explanation of the observed
enhancement is a specific immune acti-
vation induced by the adenovirus 5 vec-
tored vaccines. Although the mechanism
is poorly understood, it does not seem to
be present with another adenovirus 5 vec-
tored HIV vaccine (18), and it is not clear
how relevant it could be to other vaccine
approaches (19). Nevertheless, it is well-
known that activation of CD4* cells is
important for HIV replication, which cre-
ates a dilemma for vaccinologists, who have
to thread a compromise between the desire
to induce strong vaccine responses and, at
the same time, avoid the immune activa-
tion that may enhanced HIV acquisition. In
this and other regards, HIV/AIDS is differ-
ent from other viral diseases for which vac-
cines have been developed, because forces
vaccine developers to explore mechanisms
that nature has not developed, especially
when dealing with chronic infections (20).

It is in this context that Jean-Marie
Andrieu and collaborators report in this
journal (1) additional results from an
approach that they first reported in 2012
(21,22).

The investigators used Chinese
macaques to explore the concept that
the induction of immune tolerance to SIV
induces protective immunity in the absence
of usual humoral or cellular immune
responses. To achieve that goal, inacti-
vated SIV was intragastrically administered
together with living bacterial adjuvants
(BCG, Lactobacillus plantarum, or Lac-
tobacillus rhamnosus) with the goal of
inducing tolerance to the SIV antigens. In
a series of experiments, the investigators
showed that their approach protected the

experimental animals from mucosal and
parenteral challenges. Vaccination neither
elicit SIV-specific antibodies nor cytotoxic
T-lymphocytes but induced a previously
unrecognized population of non-cytolytic
MHCIb/E-restricted CD8T T regula-
tory cells that suppressed the activation
of SIV positive CD4" T-lymphocytes.
Although the number of monkeys is rel-
atively small, the levels of protection are
impressive, with 23 out of 24 animals pro-
tected in one of the experiments, when
animals were challenged 48 months after
vaccination.

The 2012 publication from this group
(21) had very little impact in the field, per-
haps because it was received with a degree
of skepticism. After all, 30 years of intense
vaccine research had not resulted in a prac-
tical effective vaccine, although an HIV
vaccine is sorely needed to bring the HIV
epidemic under control. No stone should
remain unturned in its search, and the
approach reported in this journal should
not be dismissed a priori. Instead, it should
be carefully considered by other scientists
and appropriately confirmed or refuted by
additional research.

In order to accelerate the develop-
ment of an HIV vaccine, one of us has
proposed a number of actions, includ-
ing the suggestion to establish a pro-
gram of truly innovative research with
protected funding to explore out-of-the-
paradigm approaches, perhaps allocating
to this program not <10% of the total
HIV vaccine investment (23). Out-of-the-
paradigm approaches, such as the one pro-
posed by Andrieu et al., should be further
explored (24).

Paraphrasing Dean K. Simonton (25),
the University of California psychologist
who has dedicated his professional life to
the study of creativity: good science con-
tributes ideas that are original and useful,
and we have plenty of those in the HIV vac-
cine field. However, the solution to the HIV
vaccine challenge will require genius which,
according to Simonton, is characterized not
only by originality and usefulness, but also
by surprising results.
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INTRODUCTION

Many attempts have been made or are ongoing for HIV prevention and HIV cure. Many
successes are in the list, particularly for HIV drugs, recently proposed also for prevention.
However, no eradication of infection has been achieved so far with any drug. Further, a
residual immune dysregulation associated to chronic immune activation and incomplete
restoration of B andT cell subsets, together with HIV DNA persistence in reservoirs, are still
unmet needs of the highly active antiretroviral therapy, causing novel “non-AIDS related”
diseases that account for a higher risk of death even in virologically suppressed patients.
These "ART unmet needs” represent a problem, which is expected to increase by ART
roll out. Further, in countries such as South Africa, where six millions of individuals are
infected, ART appears unable to contain the epidemics. Regretfully, all the attempts at
developing a preventative vaccine have been largely disappointing. However, recent thera-
peutic immunization strategies have opened new avenues for HIV treatment, which might
be exploitable also for preventative vaccine approaches. For example, immunization strate-
gies aimed at targeting key viral products responsible of virus transmission, activation,
and maintenance of virus reservoirs may intensify drug efficacy and lead to a functional
cure providing new perspectives also for prevention and future virus eradication strate-
gies. However, this approach imposes new challenges to the scientific community, vaccine
developers, and regulatory bodies, such as the identification of novel immunological and
virological biomarkers to assess efficacy end-points, taking advantage from the natural his-
tory of infection and exploiting lessons from former trials. This review will focus first on
recent advancement of therapeutic strategies, then on the progresses made in preventa-
tive approaches, discussing concepts, and problems for the way ahead for the development
of vaccines for HIV treatment and prevention.

Keywords: HIV-1 vaccine, therapeutics, HAART, functional cure, clinical studies, preclinical and clinical
proof-of-concept studies

laboratory monitoring and the commitment of large human and

The HIV epidemic represents one of the major health challenges
worldwide, with important social and economical implications for
public health. Approximately 34 million people are currently liv-
ing with HIV, with a total of 24 million accumulated AIDS-related
deaths, and 2.6 million new infections (1). With an estimated 6.1
million people living with HIV, South Africa’s epidemic remains
the largest in the world. Worldwide, the pace of ART roll out
to provide universal coverage is outpaced, especially in develop-
ing countries, by the number of new infections, rendering the
objective almost impossible to achieve (2). Moreover, since ART
alone cannot eliminate HIV-1 infection, the therapeutic regi-
men must be maintained for the lifetime, and this represents a
major challenge for the patient (need of strict adherence, poor
drug tolerability, drug interactions among antiretroviral agents,
and other medications), which may lead to virologic failure and
development of drug resistance, and an unbearable economical
burden for the National Health Systems. Further, implementa-
tion of HAART therapeutic regimens requires a close clinical and

financial resources with an increasing economic burden for both
developing as well as developed countries. This imposes major
logistic obstacles to most developing countries, including an insuf-
ficient HIV testing, particularly in rural areas, the lack of infra-
structures and socio-economical barriers (3—5). Finally, ART alone
is unable to eliminate HIV-1 infection. In fact, there is evidence of
persistent viral replication in compartments and reservoirs insen-
sitive even to HAART (6). The discrete, though persistent, viral
replication as well as HAART-resistant cell-to-cell virus transmis-
sion and homeostatic proliferation of infected memory T cells
maintain the replenishment of HIV-1 reservoirs (7—16) ensuring
virus persistence, while sustaining a residual immune dysregula-
tion, which is associated to chronic immune activation, incomplete
restoration of CD4 T cell counts, and lack of replenishment of cen-
tral memory CD4 and CD8 T cells, which collectively represent
the unmet therapeutic needs of ART. In turn, these unmet needs
contribute to the residual disease and clinical complications. As
a result, HIV-1 infection in the HAART era remains a chronic
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progressive disease and is now associated with novel syndromes,
termed non-AIDS-associated diseases, including atherosclerosis,
cardiovascular diseases, kidney and liver diseases, tumors, early
aging, and drug-resistant co-infections (17, 18). These are life-
threatening diseases reducing the quality of life of patients still
experiencing a high-risk of hospitalization and death. The unmet
needs of HAART have a heavy social impact and represent a
considerable economic burden for National Health Systems.

Thus, novel, most effective therapeutic strategies are essen-
tial to allow a containment of the human, social, and financial
resources necessary for the delivery of an effective health care
against HIV/AIDS. Indeed, new approaches capable of targeting
key pathogenic mechanisms of the virus life cycle, including the
establishment and maintenance of virus reservoirs, are urgently
needed to circumvent these problems and more effectively attack
the virus, either as cART intensification or as an alternative to
cART. To this end, novel drugs targeting additional steps in the
virus life cycle, gene therapy approaches to render host cells resis-
tant to infection, purging (“shock and kill”) strategies to empty
viral reservoirs, as well as several different therapeutic immu-
nization approaches are presently being investigated [reviewed in
Ref. (19)].

THERAPEUTIC IMMUNIZATION STRATEGIES

In recent years, a growing attention has been given to the devel-
opment of therapeutic HIV vaccines for treating people already
infected with HIV-1. The development of an effective therapeutic
vaccine might help at either intensifying ART efficacy, thus fulfill-
ing the ART unmet needs, or, hopefully, at substituting the anti-
retroviral treatment (Table 1). The achievement of either objective
might represent a considerable progress beyond the “state of art” of
current therapeutic strategies against HIV infection, while ensur-
ing a most favorable cost/efficacy ratio. In addition, an effective
therapeutic vaccine may offer a promising alternative strategy to
the recurrent failure of preventive HIV vaccines, based on the con-
sideration that it can reduce HIV replication and transmission to
healthy individuals. Moreover, therapeutic vaccination may apply

Table 1| Rationale for therapeutic immunization of HIV-infected
individuals.

In HIV-infected Drug-Naive individuals
Delay or block of progression to AIDS or ARV Therapy
In HIV-infected individuals in need of therapy or ARV-treated
1. cART intensification to:
a) Accelerate time-to-response to therapy
b) Block or reduce virus transmission

c) Help reduce reservoir size in patients given intensive ARV in acute
infection

d) Solve unmet needs of ART (immune activation, immune defects,
and proviral DNA)

2. Drug simplification

3. Therapy interruption after ARV intensification

to different intervention strategies according to its efficacy, ranging
from cART intensification to drug simplification or, for the most
effective ones, therapy interruption, or no cART initiation (see
Tables 1 and 2). Thus, therapeutic vaccination has several advan-
tages on the preventative counterpart, including a rapid and cost—
effective proof-of-concept assessment of efficacy even in small
phase I/II trials, the possibility to rapidly identify relevant bio-
markers of protection, and it may be worth to develop even if not
fully effective, since it may be used in association with antiretro-
viral drugs (see Tables 1 and 2). In fact, HIV therapeutic vaccines
have been the topics of a conference recently held in Bethesda,
MD, USA (20) underscoring the renewed and growing interest
to pursue these types of immune interventions, whose potential
and feasibility is becoming increasingly appreciated. However, a
potential limitation of therapeutic vaccination as compared to the
preventative one is that HIV-1 infected individuals may have a
reduced immunocompetence, which may hamper both the elici-
tation and the strength of protective immune responses induced
by the vaccine. As immune competence in HIV-1 infected individ-
uals progressively declines over time, therapeutic vaccination early
in the course on infection may be required to ensure best efficacy.
As discussed later, this might also limit reservoir establishment and
promote virus eradication.

Although no therapeutic vaccine has been market approved,
a growing number of vaccine candidates are being evaluated in
phase I/II clinical trials conducted in both naive and/or ART-
treated patients [reviewed in Ref. (21) a comprehensive list of
vaccine candidates available at: http://www.pipelinereport.org/
sites/g/files/g575521/£/201407/Cure%20Immune%20Based %20
and%20Gene%?20Therapies.pdf]. Here, we briefly review the most
representative of the diverse approaches undertaken.

InnaVirVax — (a spin-off of INSERM, Evry, France) is develop-
ing VAC-3S, a vaccine constructed to induce a humoral immune
response against a highly conserved region of the envelope pro-
tein gp41 of HIV-1 known as 3S. The 3S domain has been shown
to induce the expression of NKp44L on uninfected CD4 T cells,
rendering them susceptible to lysis by NKp44™ activated NK cells,
thus contributing to the massive T cell loss, which far exceeds the
number of HIV-infected lymphocytes (22). Upon promising data
in monkeys (23), it has recently been announced the start of a
randomized, double-blind, placebo-controlled phase II study in
90 cART-suppressed adult subjects, with the primary endpoint
being the induction of anti-3S antibodies, while overall tolerance
and clinical safety, together with a comprehensive evaluation of
the immunological end-points, inflammatory biomarkers, and
vaccine’s immunogenic characteristics, represent the secondary
end-points (Clinical Trials.gov Identifier:NCT02041247).

Bionor Pharma (Oslo, Norway) is developing Vacc-4x, a
peptide-based vaccine consisting of four synthetic peptides based
on the HIV-1 p24 protein, injected multiple times intradermally
together with GM-CSE. The results from a double-blind, random-
ized, phase II study conducted in 135 patients on effective cART
showed that Vacc-4x is sae, immunogenic, and contributes to viral
load reduction after cART interruption. However, the proportion
of participants resuming cART before the end of the study and
the CD4 T cell counts recorded during the treatment interrup-
tion showed no benefit of vaccination. In addition, it requires a
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Table 2 | HIV/AIDS preventative and therapeutic vaccine . ... the continuum.

Status HIV-negative Asymptomatic At cART initiation Upon cART initiation
Vaccine efficacy
Low R High

Goal Prevention of Block of progression Faster and more efficient | cART cART cART

infection (no cART need) response to therapy intensification simplification interruption

(functional cure, eradication)

Primary (short-term) HIV test CD4 counts CD4 counts CD4 counts
end-points Viral load Viral load Viral load Viral load

CD4 counts Time to cART initiation | Time to infection control
Secondary (long-term) None Proviral DNA (Integrated, non-integrated, total)

end-points

Neutralization of Tat/Env entry in DCs
Markers of immune activation and reconstitution

long and complex vaccination schedule while providing a limited
impact on viral load (24).

SEEK (London, UK) is developing PepTcell, a T cell epitope
HIV vaccine consisting of synthetic peptides derived from the con-
served regions of Vpr, Vif, Rev, and Nef. A randomized, placebo-
controlled, dose finding Phase Ib/II trial was recently completed
in 55 HIV-positive volunteers. After just a single subcutaneous
injection, a significant reduction in viral load was observed in a
minority of vaccinees who had received the high dose and had
mounted both B and T cell responses to the vaccine (25).

FIT Biotech (Tampere, Finland) is developing GTU® MultiHIV
multi-gene, a vaccine based on six viral HIV proteins. The vaccine
(clade B) has been tested in 60 untreated, asymptomatic, HIV-1
subtype C infected adults enrolled in a single-blinded, placebo-
controlled Phase II trial in South Africa. The vaccine was safe
and well tolerated. Significant declines in plasma HIV-RNA load
and increases in CD4™" T cell counts were observed in the vaccine
group compared to placebo, which were more pronounced after
intramuscular (IM) administration (26).

Similarly, Profectus Biosciences (Baltimore, MD, USA) is devel-
oping TheraVax, a multi-antigen HIV vaccine in which a plasmid
DNA encoding Env, Gag, Pol, Nef, Tat, and Vif is administered
by electroporation, in combination with interleukin-12 plasmid
DNA followed by a boost with same the antigens vectored by a
recombinant vesicular stomatitis virus (rVSV) delivered intramus-
cularly. A randomized, double-blind, placebo-controlled phase
I study in cART-treated patients (n=>50) has started in USA
and results are expected by November 2016 (ClinicalTrials.gov
Identifier: NCT01859325).

Genetic Immunity (Budapest, Hungary) is developing Der-
maVir, a DNA vaccine encoding 15 HIV proteins administrated
by skin patches. A randomized, placebo-controlled, dose-ranging
Phase II study in 36 HIV-infected individuals naive to cART con-
firmed that the vaccine, administered three times, 6 weeks apart,
is safe and immunogenic (27). A 0.5 Logo reduction of plasma
RNA copies per milliliter was seen in the arm immunized with the
intermediate DermaVir dose (0.4 mg). However, no amelioration
of CD4™" T cell counts was recorded (27).

GeoVax (Atlanta, GA, USA) is developing MVA/HIV62B, a two
components’ vaccine: a recombinant DNA vaccine and a recombi-
nant MVA (modified vaccinia Ankara) vaccine. Both produce non-
infectious virus-like particles displaying HIV clade B Env, Gag, and

Pol proteins. An open label phase I study in HIV-1 infected adults
on successful ART who initiated therapy within 18 months from
seroconversion (n=19) is ongoing (ClinicalTrials.gov Identifier:
NCTO01378156).

Theravectys SAS (a spin-off of the Pasteur Institute, Paris,
France) is developing THVO1, a vaccine based on lentiviral vectors
(01 and 02), both encoding HIV-1 Clade B Gag, Pol, and Nef pro-
teins and exploiting the HIV DNA flap sequence, which permits
the nuclear import of HIV in non-dividing cells, including den-
dritic cells (DCs), thus optimizing antigen immunogenicity. Upon
promising efficacy data in macaques (28), Theravectys recently
announced the initiation of a Phase I/II randomized, double-blind,
placebo-controlled trial of 36 patients in 6 clinical centers aimed at
assessing the safety and tolerance of the vaccine and measure the
quality and intensity of the induced immune response, which, in
perspective, should allow therapy interruption (ClinicalTrials.gov
Identifier: NCT02054286).

Argos Therapeutics (Durham, NC, USA) is developing tailor-
made vaccines in that autologous DCs, loaded ex vivo with RNA
encoding four (Gag, Nef, Rev, and Vpr) of the patient’s own HIV
antigens plus CD40L, are reinjected into the patient intradermally,
four times, 4 weeks apart. Results from the Phase Ila (n = 24) study
indicate delay of cART resumption in treated subjects, but no
improvement of CD4™ T cell counts (29).

Of note, none of these vaccine candidates is aimed at intensi-
fying HAART efficacy in order to attack the virus reservoirs and
restore the immune homeostasis. To this aim, the Italian National
AIDS Center is developing a vaccine based on the biologically
active HIV Tat protein. Results from phase I preventative (ISS P-
001, ClinicalTrials.gov identifier: NCT00529698) and therapeutic
(ISS T-001, ClinicalTrials.gov identifier: NCT00505401) studies
have indicated that the Tat vaccine is safe and immunogenic (30—
32) and more recently results from a randomized phase II trial (ISS
T-002) in virologically suppressed HAART-treated subjects (Clin-
icalTrials.gov NCT00751595) indicate that Tat vaccination exerts
a positive impact on immune activation and T and B cell dysregu-
lation [Ref. (33, 34) and Ensoli et al., manuscript submitted], con-
firming the role of Tat in the pathogenesis of the HAART unmet
needs. Tat immunization induced a restoration of CD41 and
CD8™ T cell number and functional central memory T cell subsets,
of B and NK cell number and a reduction of immune activation as
compared to subjects under effective HAART (33). Of importance,
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Tat immunization induced a statistically significant reduction of
blood HIV-1 DNA load [Ref. (34) and Ensoli et al., manuscript
submitted]. Effects were greatest with Tat 30 g, given three times
at monthly intervals,and under Protease Inhibitors (PI)-based reg-
imens, with a predicted 70% HIV-1 DNA decay after 3 years from
vaccination and a half-life of 88 weeks. HIV-1 DNA decay was asso-
ciated with anti-Tat Abs and neutralization of Tat-mediated entry
of oligomeric Env in DCs, which predicted HIV-1 DNA decay. A
phase II randomized, placebo-controlled clinical trial (ISS T-003,
ClinicalTrials.gov Identifier: NCT01513135) of the Tat vaccine has
just been completed in South Africa in 200 HAART-treated indi-
viduals and the results are expected by the end of 2014. Strategies
are in development for phase III registrative trials.

More recently, also Biosantech SA — France (a spin-off of ANRS)
started developing a vaccine based on a synthetic form of Tat
derived from Tat Oyi, an attenuated clade B HIV field isolate.
Based on results in monkeys (35), Biosantech recently announced
the start of a therapeutic phase I study in 48 patients under cART.
The strategy is aimed to therapy interruption.

Asan alternative to therapeutic vaccines strategy, Sangamo Bio-
Sciences (Richmond, CA, USA), is developing SB-728-T, an ex vivo
gene therapy approach by which CD4™ T cells drawn from HIV-
infected patients are modified ex vivo to disrupt the CCR5 gene in
autologous CD4™" T cells, expanded, and reinfused to the patient.
Results from a phase I study indicate that both CCR5 alleles have
to be disabled to make the treatment effective (36). However, the
complexity and costs of this approach, together with serious safety
issues represent a major disadvantage, rendering the immune ther-
apy, even if it was effective, accessible only to a small fraction of the
HIV population (37). Nevertheless, alternative strategies to render
the patient’s cells resistant to infection are being developed and
may turn out to be more feasible than at present (38—40).

Altogether, the above studies demonstrate that the HIV/AIDS
therapeutic vaccine field is rapidly expanding and portraits a
substantial variety of approaches, which differ sensibly in many
aspects, the most relevant being the antigen chosen (unlike pre-
ventative vaccines, regulatory and accessory genes are frequently
targeted; in some cases almost the entire HIV genome is targeted),
and the delivery systems, which range from simple subcutaneous,
intradermal, or intramuscular vaccine administration to reinfu-
sion of autologous DCs loaded ex vivo with the selected anti-
gen(s), or, for the gene therapy approaches, of genetically modified
autologous target cells.

As compared to preventative approaches, the therapeutic set-
ting provides the unique opportunity to evaluate vaccine efficacy
in a more rapid and convenient manner, hopefully speeding up
the identification and development of effective vaccine candidates.
However, key clinical end-points and appropriate virological and
immunological biomarkers to properly assess the therapeutic effi-
cacy in more advanced trials still need to be established and agreed
upon. To address these issues is a priority to grant advancement
of therapeutic, and possibly preventative, vaccines.

PREVENTATIVE VACCINATION STRATEGIES
Despite almost 30 years of efforts, a preventative HIV vaccine is
still lacking and only four types of HIV vaccines have been tested
in six HIV vaccine efficacy trials so far (41, 42).

The first efficacy trials were conducted in high-risk populations
immunized with a mixture of monomeric form of gp120 Env from
two different clade B (VAX004) or from clade B and E (VAX003).
Both vaccines, aimed at inducing neutralizing Abs (NAbs), failed to
prevent infection (43, 44) and investigators turned their attention
and hopes to vaccines aimed at inducing CD8 T cell responses.

The MRK rAd5 vaccine consisted of HIV-1 Gag, Pol, and Nef
delivered by three different recombinant adenovirus 5 (rAd5) vec-
tors and aimed at inducing protective CD8™ T cell responses. The
phase IIb “test-of-concept” STEP trial (also termed HVTN 502 or
Merck V520-023 study) was stopped due to evidence of enhanced
risk of acquisition of infection, especially in those uncircumcised
and with pre-existing antibodies to the vector. Because of this seri-
ous safety concern, the companion Phambili trial (HVTN 503)
conducted in South Africa was also halted (45, 46). A very recent
analysis confirmed that also in the Phambili trial the rate of acqui-
sition of HIV infection was higher among vaccinees, especially
during the long-term follow-up, for unknown reasons, although
early unblinding due to trial stop might have influenced risk
behavior (47). Of note, the temporal windows of increased risk
of acquisition were the opposite in HVIN 502 (early after vac-
cination) and HVTN 503 (late after vaccination), underscoring
the complexity of the factors involved, including differences in
the risk populations targeted. A detailed analysis of these rAd5-
based trials showed a strong activation of Ad5-specific (but not
HIV-specific) CD4 T cells in the gut mucosa of vaccinees, which
may explain their enhanced susceptibility to infection (48), a find-
ing reproduced in the monkey model (49). Nevertheless, post hoc
“sieve” analysis of breakthrough infections demonstrated that the
vaccine had exerted some immune pressure, as indicated by the
appearance of virus-escape mutants (50). However, the immune
pressure was against HIV-1 epitopes contained predominantly in
highly variable regions infrequently targeted in the course of the
natural infection, domains which can presumably tolerate escape
mutations (51). Thus, vaccines aimed at generating CD8™ T cell
responses may still be a valid option, provided that better strategies
and vectors are identified.

In fact, another rAd5-based preventative phase III trial was
stopped in 2013 due to evident lack of efficacy (52). The HVTN
505 vaccine consisted of HIV-1 Gag, Pol, Nef, and three differ-
ent Env from clade A, B, and C, delivered as DNA for priming
followed by boosting with rAd5 vectors coding for all but Nef anti-
gen. Despite these rAd5 vectors were less immunogenic than those
used in the STEP trial and despite individuals seropositive for rAd5
were excluded from the trial, breakthrough infections were slightly
higher among vaccinees as compared to placebo, casting serious
doubts on whether to proceed further with adenoviral vectors
(53) and, more in general, with vectors whose immune activating
properties may exceed the capability to induce protective immune
responses, thus favoring, rather than blocking, susceptibility to
infection (48).

So far, only one efficacy trial has provided some evidence of
low and transient (60% at 12 months but 31% at 42 months)
protection from acquisition of infection. The RV144 Thai trial
was an Env-based vaccine consisting of a priming with the
CD41 T cell-stimulating ALVAC canarypox expressing HIV-1
gag/pr/gp41/gp120 followed by the VAX004 gp120 Env of B and
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E clade, the very same used in the AIDSVAX trial reported above.
Intriguingly, protection correlated with titers of IgG against the
V1V2 loop of Env, which were not neutralizing but mediating
ADCC, whereas, when present, high titers of IgA against the C1
domain of Env actually abolished the IgG effect by interfering with
the IgG binding to V1V2 (54). Of note, mostly low to medium-
risk individuals were enrolled in the RV144 Thai trial, and vaccine
efficacy dropped to 3.7% when only high-risk individuals were
considered (55). Nevertheless, this was considered an important
step ahead in vaccine development and stemming from these
results, several new trials have been designed to reproduce and
possibly increase the efficacy (56).

It is worth considering that the Env-protein based vaccines
tested so far in clinical trials have utilized gp120 Env monomers
or a truncated form of gp160 (HVTN 505), although the spikes
present on the infectious virion are constituted by trimers of
gp160, which differ from monomeric gp120 Env in terms of anti-
genic properties and conformational epitopes displayed (57). This
further emphasizes the concept that vaccine design should be more
“pathogenesis-driven” in order to effectively target key virus mole-
cules, a notion to carefully consider in future vaccine development.
An oligomeric Env that closely resembles the native protein has
been recently generated, which may represent a better immunogen
and a useful tool to detect valuable anti-Env Abs (58).

On the other hand, approaches based on vaccines aimed at
inducing protective CD8™ T cell responses only (HVTN 502 and
503) or in association to anti-Env antibodies (HVTN 505) have
been largely disappointing. However, recent data obtained in the
macaque model provided some encouraging results, although not
necessarily easily transferable to human. This type of vaccine it is
not expected to protect from infection acquisition, but rather to
contain infection (i.e., low to undetectable plasma viral load and
no CD4™ T cell loss), preventing progression to disease as well as
virus transmission (Figure 1).

Strong control and apparent clearance of infection upon
mucosal challenge with the pathogenic STVmac239 was obtained
with a replication competent simian cytomegalovirus (CMV) vec-
tor engineered to express SIV Gag, Tat, Rev, Nef, Env, and Pol
(59-61). This strategy induced effector memory CD8 T cells which
localized in peripheral tissues, including the mucosal portal of
entry of the virus, thus providing the opportunity for the CTLs to
attack the virus prior to dissemination. In fact, protected macaques
experienced a reduced peak viremia, which rapidly subsided to
undetectable levels, no CD4 T cell loss, no seroconversion, poor
establishment of virus reservoirs in lymphoid tissues and effector
tissues, eventually disappearing, a finding consistent with eradica-
tion of the infection (59—61). Protection appeared to be mediated
by effector T cells present at the site of infection, although they were
able to protect only 50% of the vaccinated monkeys, with the other
half experiencing an infection comparable to controls (59-61).
Intriguingly, CD8 T cells the effectors were restricted prevalently
by class II rather than class I MHC antigens, and responses were
very broad and persistent, features that appear to be peculiar to
the replication competent modified CMV vector used (62). Besides
underscoring the importance of the vector in the response to a vac-
cine, which also poses safety issues that will have to be exhaustively
addressed before testing in human, this strategy provides a further

— None
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—— Slow eradication
2 — Rapid eradication
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Time after infection (d)

FIGURE 1 | Control of HIV-1 by vaccines that stimulate CTLs. Effect of
various T cell-stimulating vaccines (key) on viral load over time (with
infection on day 0) during natural infection with HIV or SIV, showing the
decrease in viral load achieved without a vaccine (none), by CTL responses
[partial control; as in Ref. (92), for examplel, by the RhNCMV vaccine (slow
eradication) (60, 61) and by a hypothetical vaccine that targets the virus at
the site of infection (rapid eradication). Reproduced with permission from
Ref. (61).

indication that, to be effective, T cell responses have to be already
in place at the portal of entry when the virus attacks. Still, if this
defense line is overcome, the infection proceeds unaffected, indi-
cating that effector T cells are necessary but not always sufficient
to afford protection.

While the above strategy was aimed at inducing a specific type
of effector cell, others are focusing on the selection of relevant epi-
topes [reviewed in Ref. (63)]. Mosaic antigens (64) and conserved
antigens (65, 66) represent two potential strategies to address the
challenges of global HIV-1 diversity (Figure 2). The first takes
advantage of bioinformatics to generate mosaic antigen to cover
most of the variants of each epitope displayed by circulating viruses
with the aim of increasing the breadth of humoral and cellular
immune responses, whereas conserved antigens aim to focus cel-
lular immune responses on the most conserved viral sequences.
Although the mosaic antigen approach seems more promising and
has shown some efficacy in preclinical models (67), both strategies
needs major improvements (better targeting of relevant epitopes,
superior immunogenicity, durable immunity, and identification
of correlates of protection) prior to progress to clinical trials.

A further approach based on a “pathogenetic” assumption,
and thus aimed at inducing effective immune responses against
a key HIV virulence factor, has been developed by targeting
the HIV Tat protein. Tat vaccination represents an example of
a “pathogenic-driven” intervention potentially effective for both
preventative and therapeutic objectives, since it is aimed at block-
ing virus transmission/spreading. The rationale is based on the
evidence that HIV-1 Tat, which is necessary for HIV gene expres-
sion, replication, and cell-to-cell transmission, appears also to be
critical in the initial steps of virus acquisition. In fact, it has been
recently shown that Tat, which is present on virus particles, binds
to Env spikes promoting HIV infection of DCs and spreading
to T lymphocytes even in the presence of anti-Env NAbs and that
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anti-Tat Abs are necessary to restore neutralization (Figure 3) (68).
This evidence provides some explanation to the repeated failure
of preventative vaccines based solely on Env and indicates that

Viral epitopes

Mosaic vaccine
O O, O. O O, 0. 0.

o0

Conserved region vaccine

FIGURE 2 | Vaccines that deal with HIV-1 variability. Construction of
vaccines based on viral sequences in four viral isolates (top; simplified
representation): horizontal lines indicate viral sequences; circles indicate
sites of greatest variability between isolates (and potential escape
mutations from CTL pressure; there may be more than two alternative
sequences at each spot); and blue lines indicate regions of relative
conservation (although in reality no region of HIV-1 is invariant). The mosaic
vaccine (middle) is constructed to include the most common variants from
the isolates in as few strands as possible while conserving naturally
occurring sequence stretches. In the conserved region-containing vaccine
(bottom), the relatively conserved regions (blue) are excised and then are
“stitched” together (which creates an unnatural junctional region). The
regions typically vary from 30 to 120 amino acids in length. Reproduced
with permission from Ref. (63).

Tat may represent an optimal target for preventative interventions
either alone or in combination with oligomeric Env.

Preclinical studies in cynomolgus monkeys have shown that
immunization with a biologically active Tat protein or tat DNA
is safe, elicits a broad and specific immune response and, most
importantly, induces a long-term protection against infection with
a highly pathogenic SHIV-89.6P encoding Tat of HIV-1, which
rapidly causes AIDS and death in these monkeys (69, 70). Both
Tat protein and tat DNA elicited memory Tat-specific Abs, CD4*,
and CD8™" T cell responses in protected monkeys, which did not
show signs of systemic infection throughout a 104-week follow-up
or even upon a further boosting with tetanus toxoid (71), provid-
ing clear evidence of long-term containment of virus replication
and spread in blood and tissues (72). A retrospective analysis of
112 Mauritian cynomolgus macaques from different preclinical
trials, vaccinated (n = 67) or not (n =45) with Tat and challenged
with the SHIV-89.6P, showed that vaccination induced a signif-
icant reduction of the rate of infection acquisition at 10 MIDs
(P < 0.0001), and contained acute CD4™" T cell loss at 15 MIDs
(P =10.0099). Of importance, vaccination also contained CD4™ T
cell depletion (P =0.0391) during chronic infection, irrespective
of the challenge dose (73).

In a different approach, rhesus macaques primed mucosally
with two replicating adenoviruses expressing HIV-1 Env and Tat,
respectively, and boosted with the Tat and Env proteins became
all infected following high dose intravenous SHIV-89.6P chal-
lenge. However, the Tat/Env vaccinated monkeys reduced chronic

Anti-Env bnAb
(againsthigh mannose
determinants)

° Tat

FIGURE 3 | Outcome of DC infection in the absence or presence of Tat,
anti-Env, and/or anti-Tat antibodies. Tat redirects HIV to RGD-binding
integrins evading neutralization by anti-Env Abs and both anti-Env and anti-Tat
Abs are required to block infection. Extracellular Tat released by infected
neighbor cells binds to trimeric Env on HIV, decreasing recognition of C-type
lectin receptors and promoting engagement of RGD-binding integrins, which
are expressed by inflammatory DCs, macrophages, and endothelial cells

High mannose chains
Block of Env-mediated
HIV entry
Anti-Tat :
(RGD-blocking)
: NO infection ortrans-infection

APC
(DC, EC, Mo)

DC-SIGN
SIGN-R
MR

RGD-binding Integrins

aybs
ashy
avbS
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N

Tat/Env complex integrin-
mediated HIV entry

Block of Tat-mediated HIV entry

(ECs) present at the site of infection. As a result, virions escape neutralization
by anti-Env Abs directed against high mannose determinants and enters
target cells upon binding to RGD-binding integrins. Anti-Tat Abs neutralize this
binding, preventing virus entry through RGD-binding integrins. DC-SIGN:
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin;
SIGN-R: homolog of DC-SIGN present on ECs; MR: mannose receptor
[modified from Ref. (68)].
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viremia by four logs as compared to controls (P < 0.0001). Of note,
control of infection correlated with Tat and Env binding Abs (74).

Protection or containment of infection were also observed in
cynomolgus macaques co-immunized with HIV-1 Tat and Env
proteins and challenged intrarectally with a high dose (70 MIDsq)
of the R5-tropic SHIVsp162pacy (68). In this case, the macaques
had been primed twice intranasally with HIV-1 Tat and Env, given
together with the LT-K63 mucosal adjuvant, and then boosted
subcutaneously with Tat plus Env in Alum. No infection or a sta-
tistically significant reduction of viral loads and proviral DNA
were observed in the vaccinated monkeys as compared to con-
trols. Notably, proviral load in the inguinal lymph nodes was
significantly lower in vaccinated monkeys as compared to controls,
whereas it did not differ significantly in rectal biopsies, strongly
suggesting the block of virus dissemination from the portal of
entry (68).

In a further approach, the sterilizing immunity or control of
infection observed in rhesus macaques immunized with a multi-
component vaccine (multimeric HIV-1 gp160, HIV-1 Tat, and SIV
Gag-Pol particles) delivered either systemically or mucosally and
challenged orally or intrarectally with the C clade r5-tropic SHIV-
1157ip correlated only with anti-Tat Abs against the N-terminus
of Tat, as determined by a novel biopanning strategy which, using
recombinant phages encoding random peptide libraries, allows a
complete and unbiased profiling of the antibody repertoire and
identification of epitopes associated with vaccine protection (75).

These studies strongly suggest that the induction of anti-Tat Abs
may be key to achieve protective immunity against HIV/AIDS. In
this regard is worth to note that in natural HIV infection, anti-Tat
Abs are produced by only a small fraction of individuals (76, 77),
while, in contrast, high Ab titers are produced against all other
viral products (78). The reason for such a limited anti-Tat Ab
response is unclear. However, when present, anti-Tat Abs correlate
with the asymptomatic state and lower or no disease progression
(79-83). In particular, a cross-sectional and longitudinal study,
on 252 HIV-1 seroconverters, with a median follow-up time of
7.2 years, indicated that the presence of anti-Tat Abs is predic-
tive of a slower progression to AIDS or immunodeficiency (83).
Progression was faster in persistently anti-Tat Ab-negative than
in transiently anti-Tat Ab-positive subjects, whereas no progres-
sion was observed in individuals persistently anti-Tat-Ab positive
(83). Thus, anti-Tat Abs may have a protective role and represent
a predictive biomarker of slower progression to AIDS.

The effects of anti-Tat Abs on the immunological, virologi-
cal, and clinical outcome of HIV-infected subjects were recently
assessed in a prospective observational study (ISS OBS T-003, Clin-
icalTrials.gov NCT01029548) conducted in asymptomatic drug-
naive HIV-infected adult volunteers (84). A significant association
between the presence of anti-Tat Abs and a slower disease progres-
sion was found. In particular, anti-Tat Ab-positive patients showed
a remarkable preservation of CD4™ T cells and containment of
viral load for the entire follow-up (3 years), and no individuals
with high levels of anti-Tat Abs initiated HAART during follow-
up (84). Of note, the association of increasing anti-Env IgG titers
with a lower risk of starting HAART occurred only in the pres-
ence of anti-Tat Abs, suggesting that anti-Tat and anti-Env Abs
combined have increased HIV neutralizing effects by blocking the

Tat/Env complex formation and virus entry, as shown earlier both
in vitro and in vivo (68). Thus, both anti-Tat and anti-Env Abs
appear to be required to efficiently block HIV disease progres-
sion. In contrast, anti-Env or anti-Gag Ab titers had no significant
effects on CD4™ T cell counts and viral load in patients naive to
therapy with or without anti-Tat Abs (84).

Of importance, the results of a phase I safety and immuno-
genicity clinical trial (ISS P-001, ClinicalTrials.gov identifier:
NCT00529698), indicate that Tat immunization is safe in HIV-
negative healthy individuals and highly immunogenic, as it
induced high titers of cross-clade, neutralizing anti-Tat Abs [(30—
32), and unpublished results]. More recently a phase I, open label
trial was conducted to assess the safety and immunogenicity in
HIV uninfected healthy adult volunteers of a preventative vac-
cine based on the association of recombinant HIV-1 biologically
active Tat and oligomeric Env deleted in the V2 region proteins
(ISS P-002, ClinicalTrials.gov identifier: NCT01441193), which is
currently under analysis.

DISCUSSION AND PERSPECTIVES

An innovative targeting for HIV vaccine development should
exploit lessons from former trials and pathogenetic mechanisms,
taking advantage of the natural history of infection in humans
(epidemiology, spontaneous control of infection). In fact, they
provide valuable information: either the vaccine did not induce
the responses desired and the immunization strategy has to be
improved or changed, or it did it, but the responses were not
protective, and the immunogen must be redesigned or the target
antigen changed.

So far, HIV vaccine design based on structural knowledge has
not been successful, nor have been empirical vaccines, reinforcing
the concept that a rational pathogenetic approach must be under-
taken to identify key virulence factors to be exploited for vaccine
targeting. A “pathogenesis-driven” approach should be aimed at
targeting key viral products responsible of virus transmission, acti-
vation and maintenance of virus reservoirs. Stemming from these
considerations one may then argue whether a preventative vaccine
should actually be different from a therapeutic one: a preventative
vaccine capable of blocking virus entry and transmission should
also be able to block virus spread within the infected host and,
vice versa, a therapeutic vaccine targeting key steps of the virus life
cycle and/or replication may rapidly control intra-host spread-
ing after acquisition and hopefully eradicate the infection. In both
cases, the rationale for vaccine design is to target key HIV virulence
factor(s) required for virus entry/transmission and/or spreading.
This is true in both healthy and already infected people, even those
on suppressive HAART. In fact, in considering these two extremes,
it appears that the viral dynamics is very similar. For infection
acquisition, the virus must find/induce optimal conditions for the
infection to occur, as indicated by the low transmission rate and
the existence of individuals who remain uninfected despite being
repeatedly exposed (85, 86). In fact, during the initial steps of
viral infection the virus needs to overcome the mucosal barrier
and to find proper target cells such as DCs, macrophages, acti-
vated CD4 T cells, to rapidly replicate and spread (87, 88). The
presence of intraepithelial DCs, capable of sampling the “outside”
and to rapidly bring and transfer the virus to neighbor CD4 T
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cells and activate them seems to be pivotal to infection estab-
lishment (87, 88). Accordingly, inflammation, immune activation
and mucosal lesions (mostly due to other sexually transmitted
infection, STT) enormously enhance sexual transmission (89, 90).
From this first focus of infected cells and through discrete rounds
of cryptic infection, virus establishes itself and initiates a pro-
ductive infection. Strikingly, evidence of ongoing residual virus
replication or reactivation have been reported even during sup-
pressive HAART, which somewhat recapitulate and mimic the
difficulties HIV encounters in the primary infection (91) Thus,
understanding and blocking the mechanism(s) of virus trans-
mission in primary as well as in chronic infection, in individuals
either asymptomatic and naive to drug or on HAART, will conceiv-
ably lead, respectively, to protection from infection and to virus
eradication.

Thus, a “pathogenic-driven” strategy targeting a key virulence
factor might be effective in both the preventative (healthy people)
and the therapeutic approach (either in subjects naive to drugs
or on cART), by acting with the same mechanisms, in prevent-
ing/controlling HIV infection/progression to disease. The out-
standing control and apparent eradication of infection conferred
by CTL responses elicited upon preventative immunization with
a CMV-vectored vaccine in a macaque model (58-60) is perhaps
one of the best examples of a successful prevention obtained with a
strategy aimed at inducing cellular responses (i.e., effector memory
CTL) known to be associated to non-sterilizing immunity. There-
fore, the distinction between preventative and therapeutic vaccine
concepts and strategies should not necessarily be considered in
terms of the development of different approaches, but rather in
terms of targeting distinct populations (i.e., uninfected individuals
vs. HIV-infected subjects) (Table 2). In considering this, it should
be noted that the conduction of therapeutic trials may prove very
useful and cost—effective in providing a first proof-of-concept of
efficacy of a vaccine design and better define specific end-points
and laboratory biomarkers to be assessed, before advancing to the
very expensive and time-consuming preventative trials (Table 2).
To these goals, novel immunological and virological biomark-
ers (in addition to viral load and CD4 T cell counts) should be
taken into consideration in trial design in order to assess the
achievement of efficacy end-points (i.e., assessment of functional
T and B cell subsets, cellular and biochemical immune activation
biomarkers, proviral DNA in reservoirs, cell-to-cell virus trans-
mission, and virus neutralization). This approach imposes new
challenges to the scientific community, vaccine developers and
regulatory bodies, which require new paradigms and a new “way
ahead.”

CONCLUSION

New paradigms must be applied to develop efficacious preven-
tative/therapeutic intervention strategies against HIV. These new
concepts may also serve to combat epidemics by other agents.
“Pathogenesis-driven” approaches should be considered with an
open-minded attitude and should constitute the basis for a ratio-
nale vaccine design, taking also into account that structures do not
always translate in immunogenicity and immunogenicity does not
always translate in efficacy. The disappointing results from efficacy
trials together with difficulties in translating preclinical studies to

clinical trials, including, but not limited to, the uncertain predic-
tivity of the results obtained in non-human primate models, also
indicate that vaccine candidates should first be tested in infected
individuals. This will provide a solid proof-of-concept to advance
to the very expensive and time-consuming preventative trials. Fur-
ther, new vaccine concepts and clinical trial designs should be
considered and supported with proper funding. This also requires
new methods for evaluation of projects where innovation is a key
indicator. In fact, new vaccine design may require different end-
points and biomarkers of efficacy as well as new testing for safety.
Thus, regulatory bodies must be involved at an early stage of devel-
opment and should be available to discuss the proper planning and
conduction of innovative approaches.
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Antiretroviral therapy (ART) currently
enables long-term survival of persons liv-
ing with HIV (PLWH), but the respite
from escalating pandemic AIDS-related
deaths is undermined by both emer-
gence of drug-resistant HIV and failure to
develop HIV vaccines (1). Such reliance
on drugs instead of vaccines is arguably
a defeatist strategy against infectious dis-
eases in the face of inevitable pathogen
drug resistance. Still, the development of
anti-infective vaccines is presently con-
strained by the exclusion of host self epi-
topes from candidate vaccine components.
This aims to avoid inducing autoreactive
host immune responses, some of which
might yet be exploited to prevent or control
infection by disrupting key host—pathogen
interactions, notably using antibodies that
bind critical epitopes and thereby steri-
cally hinder molecular recognition (e.g.,
between virus and host cell). Classic
vaccine-induced antibody responses are
intended to target only pathogen-derived
antigens or analogs thereof (e.g., recom-
binant or synthetic fragments); however,
pathogen immune evasion may occur
especially where epitope variability gen-
erates immunodominant decoy epitopes
that elicit non-protective and possibly even
harmful (e.g., infection-enhancing) anti-
body responses. Although vaccine design
might be attempted to elicit protective
antibody responses only against carefully
selected pathogen epitopes, this is bio-
logically unrealistic if based on a reduc-
tionist approach whereby individual epi-
topes are evaluated in isolation from
one another, neglecting their functional

interdependence in the context of host
infection and immunity (2). Extending the
notion of synergistic simultaneous target-
ing of structurally distinct epitopes, both
pathogen-derived and host self epitopes
are plausible targets of antibody-mediated
protective immunity. As both pathogen
and host contribute to pathogenesis of
infectious disease (3), vaccination poten-
tially can limit overall host damage due to
both pathogen-associated (i.e., virulence)
and host-associated (i.e., immune) factors,
with some degree of host-induced dam-
age being acceptable in place of more
extensive pathogen-induced damage. An
HIV vaccine thus might elicit antibodies
that bind the gp120 receptor (CD4) or
co-receptors (CCR4 and CCR5) to inter-
rupt the viral replication cycle. This would
be self-defeating if it resulted in excessive
harm due to autoimmune host damage
(e.g., manifest as quantitative or qualitative
deficits of CD4+ cells, resulting in severe
immunodeficiency), but tantalizing alter-
native scenarios are suggested by cases of
natural resistance to HIV-1 infection that
feature anti-CD4 autoantibodies (4).
Although binding of host self anti-
gens by antibodies risks host damage,
such binding may occur without result-
ing in appreciable harm. In support of
this view, an apparent lack of pathologi-
cal manifestations has been noted among
healthy individuals who developed cir-
culating antiplatelet autoantibodies (e.g.,
binding the platelet glycoprotein complex
gplb-IX) subsequent to immunization
with recombinant HIV gpl160 (5); and
certain rare broadly neutralizing HIV-1

antibodies (e.g., to the 2F5 and 4E10 epi-
topes of HIV gp4l) have been shown
to exhibit polyspecific autoreactivity [e.g.,
such that the 2F5 and 4E10 antibodies
bind the host phospholipid cardiolipin (6)
yet also bind other human autoantigens
including kynureninase and splicing factor
3b subunit 3, respectively (7)]. Such bind-
ing of host self antigens by autoantibodies
entails broken self tolerance, which is typ-
ically difficult to induce (consistent with
the rarity of 2F5- and 4E10-like antibod-
ies, presumably reflecting an evolutionary
adaptation that avoids autoimmune host
damage); but in spite of this,immunization
with recombinant constructs comprising
CCR5-derived sequences recently has been
shown (using murine and simian models)
to elicit apparently non-deleterious anti-
CCRS5 antibody responses that block HIV
(8) or SIV (9) infectivity, which points to
the prospect of developing safe and effi-
cacious HIV vaccines that induce protec-
tive immunity based on antibody targeting
of judiciously selected host self epitopes
(rather than whole autoantigens).

Hence, functional epitope mapping
conceivably could delineate host self epi-
topes as targets for antibody binding
in vivo, to block infection without pro-
ducing excessive damage. Such targeting
of host self epitopes might be suffi-
cient to block infection (e.g., if binding
of the epitopes by antibodies in itself
imposed steric hindrance that directly pre-
cluded crucial biomolecular interactions);
otherwise, infection still might be blocked
by simultaneous binding of both host
self- and pathogen-associated epitopes by
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synergistically acting antibodies (e.g., with
sufficient steric hindrance realized only
between host- and pathogen-bound anti-
bodies). Furthermore, host self epitopes
tend to be highly conserved, which could
facilitate vaccine design for entire host
populations. The risk-benefit trade-off
posed by host-reactive antibody-mediated
immunity could be explored initially
through passive immunization with mon-
oclonal antibodies (mAbs), before com-
mitting to active-immunization strategies
(e.g., that employ prophylactic or thera-
peutic vaccines). The mAbs could be devel-
oped in tandem with specific antidotes
(e.g., anti-idiotypic constructs that pre-
vent antibody binding of host self epi-
topes) for treating any adverse reactions
that might occur, for instance, due to
effector mechanisms such as complement
activation and antibody-dependent cell-
mediated cytotoxicity (ADCC). Antibody-
mediated complement activation might be
minimized by avoiding the juxtaposition
of target epitopes (e.g., by targeting only
one epitope per antigen), whereas dam-
age due to any activated complement could
be mitigated by complement-inactivating
agents (e.g., eculizumab); and damage due
to ADCC might be addressed by sup-
pression of natural killer (NK) cell activ-
ity. Such complications could pose barri-
ers to regulatory approval, albeit perhaps
less so for therapeutic versus prophylac-
tic vaccines particularly where net benefit
(e.g., gained by obviating ART for PLWH)
would be strongly compelling. Neverthe-
less, either or both complement activation
and ADCC still might contribute to net
benefit if they actually decreased pathogen
replication [e.g., possibly with antibod-
ies to the scavenger receptor CD36, which
have been shown to inhibit HIV-1 release
from infected macrophages by clustering
newly formed virions at their site of bud-
ding (10)].

Beyond HIV, other medically challeng-
ing infections likewise might be con-
trolled through antibody targeting of host
self epitopes. In a manner analogous to
the blocking of HIV infection by anti-
bodies that bind CD4, CCR4, or CCR5,
infection due to other pathogens can be
blocked by antibodies and antibody-like
constructs that bind appropriate target epi-
topes on host cells; this is exemplified by
the anti-infective activity of multivalent

recombinant antibody fusion proteins that
bind intercellular adhesion molecule 1
(ICAM-1), particularly against human rhi-
novirus (for which ICAM-1 serves as
the major host receptor) (11). Anti-
infective immunity also may be medi-
ated by antibodies that selectively tar-
get modified-self epitopes of infected host
cells, such as band-3 neotopes of para-
sitized erythrocytes in falciparum malaria
(12). Yet another strategy might be the
use of anti-idiotypic antibodies against
infection-enhancing antibodies, which is
potentially applicable where antibody-
dependent enhancement (ADE) of infec-
tion [e.g., with HIV, a wide variety of other
viruses and even cellular pathogens includ-
ing bacteria and protozoa (13)] contributes
to pathogenesis, although caution would
be warranted to avoid adverse iatrogenic
effects (e.g., autoimmune damage medi-
ated by antibodies produced against the
anti-idiotypic antibodies, resulting from
molecular mimicry of host self epitopes by
the anti-idiotypic antibodies).

The scheme described herein thus
shifts the focus of immunity-oriented
approaches in health care, from immune
destruction of specific targets back to the
original object of vaccination, namely host
protection against disease. This widens the
scope of vaccines and immunotherapeu-
tics, by placing due emphasis on immune
targeting of host self epitopes as a poten-
tial means for host protection associated
with negligible or justifiably limited host
damage. More generally, immune target-
ing of epitopes may be broadly concep-
tualized in terms of high-level functional
outcomes including both familiar con-
sequences of conventional immunization
regimens (e.g., for prophylaxis or ther-
apy primarily based on targeted immune
destruction of microbial pathogens and
host-derived malignant cells) as well as
less obvious and possibly even counter-
intuitive but nonetheless beneficial results
(e.g., host resistance to infections that is at
least partly based on non-destructive bind-
ing of antibodies to host self epitopes).
Such a perspective provides the basis for
an expanded paradigm of biomedically
enhanced immune function, the essence of
which is concisely expressed as the idea
of epitopes for protective immunity tar-
geting antigens of pathogen and/or host
(EPITAPH).
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