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ABSTRACT

Purpose of the review:

This review recalls recent findings regarding the induction of vaccinal effects by HIV-1 broadly
neutralizing antibodies (bNAbs) and highlights potential therapeutic strategies to exploit such
immunomodulatory properties.

Recent findings:

Studies in different animal models have shown that monoclonal antibodies can generate long-lasting
protective immunity. Induction of this vaccinal effect by HIV-1 bNAbs has also been more recently
reported in animal models of HIV-1 infection. Notably, bNAbs treatment of macaques infected with
the SHIV chimeric virus improved both humoral and cellular adaptive immune responses that
contributed to disease control. Importantly, this concept has been extended to HIV-1 infected patients
as enhancement of humoral responses was recently reported in HIV-1 patients treated with bNAbs.
Studies aiming at elucidating the mechanisms underlying these immunomodulatory properties of
bNAbs have identified a role for immune complexes in shaping immune responses against HIV-1.
They also highlight different Fc effector functions that might be required for the enhancement of HIV-
1 immune responses upon bNADbs treatment.

Summary:

HIV-1 bNADbs can elicit protective adaptive immune responses through mechanisms involving
multiple cellular and molecular actors of the immune system. Harnessing these mechanisms will be

crucial to achieve protective immunity against HIV-1 infection by bNAbs.

Key-words:
mAb-based immunotherapy, vaccinal effect, immunomodulation, adaptive immunity, immune

complexes



Introduction

Monoclonal antibodies (mAbs) offer new therapeutic opportunities for the treatment of viral infections
[1]. Recent clinical data have demonstrated the efficacy of several broadly neutralizing antibodies
(bNAbs) to control viremia in HIV-infected patients, supporting the idea that bNAbs could broaden

the therapeutic arsenal against HIV-1 infection [2-5].

Beyond their neutralization capacity through the binding of their Fab fragment to viral antigens, the
biological activity of mAbs is also mediated by the Fc moiety upon interaction with the complement
system and Fcy receptors (FcyRs) expressed by many of the immune system’s cells. Much attention
has been paid to the potential of bNAbs to clear free virions from the blood as well as to guide host
immune effector cells to kill HIV-1 infected cells by several Fc-mediated mechanisms (i.e.
complement-dependent cytotoxicity, antibody-dependent cellular phagocytosis, antibody-dependent
cell-mediated cytotoxicity,...) [6,7]. However, the opsonization of viral particles and/or infected cells
by antiviral mAbs generates immune complexes (ICs) that can bind complement receptors (CRs) and
FcyRs expressed on antigen-presenting cells which in turn modulate the antiviral adaptive immune
response [8—10]. There is now accumulating evidence that mAbs can enhance antiviral immune
responses by recruiting the endogenous immune system of infected individuals. Studies in murine
models of retroviral infection have reported the generation of long-lasting protective immunity
following mAb-based immunotherapies [11-14], revealing the potential of antiviral mAbs to elicit
vaccinal effects. Such studies in mice have since been extended to different preclinical models of viral
infections (reviewed in [15]) and more recently in HIV-1 infected patients [16**]. These observations
have led to a change in the paradigm on the therapeutic effect of bNAbs as this concept of vaccinal
effect induction by antiviral antibodies is now being considered by the scientific and medical

communities.

This review summarizes the studies supporting the notion of the vaccinal effects of HIV-1 antibody
therapy. It also focuses on the main mechanisms involved in such immunomodulatory properties and
discusses the major issues at stake in the elaboration of efficient treatment of HIV-1 infected patients

by bNADbs to enhance host immune responses.



HIV-1 bNADbs elicit antiviral host immune responses

Antiviral immune responses induced by antibody-based immunotherapies have been observed in
several models of HIV-1 infection in NHP (i.e. infection of macaques by different strains of simian
immunodeficiency virus (SIV) or the chimeric virus SHIV) [17]. Treatment of SIV-infected adult
macaques with neutralizing polyclonal IgG (SIVIG) effectively controlled viremia and accelerated B
cell responses resulting in reduced pathogenesis [18]. SIVIG-treatment of infected macaques was also
shown to drive enhanced CD4" and CD8" T-cell responses allowing a T cell-based SIV control for up
to 2 years [19-21]. Similarly, early treatment of SHIV-infected infant macaques with polyclonal HIV-
neutralizing IgG accelerated a de novo neutralizing antibody production that was associated with
disease protection [22,23]. These observations might have important therapeutic implications if
transferable to humans. Supporting this possibility, enhancement of humoral responses by bNAbs has
been recently reported in HIV-1 infected patients [16**]. Thus, the administration of the 3BNC117
bNAb to HIV-1 infected individuals elicited host humoral responses in both viremic and virally
suppressed subjects on antiretroviral therapy (ART). Significantly, viremic patients showed stronger
levels of endogenous anti-HIV-1 antibodies suggesting, as previously reported, that viremia might

contribute to the development of antibody responses [24*,25].

HIV bNADbs have also been shown to enhance adaptive cellular responses in SHIV-infected macaques,
both in terms of magnitude (by inducing Gag-specific CD4" and CD8" T-cells proliferative responses)
[26] and quality (by decreased expression of the exhaustion marker PD-1 on Gag-specific CD4" and
CD8" T-lymphocytes) [27]. Improved T-cell function was observed upon bNAbs treatment 9 months
after SHIV infection and was associated with a moderate increase in neutralizing antibody titers.
Moreover, long-term viral control in the absence of further bNAbs infusions was achieved in a subset
of animals. Importantly, these data show that bNAbs might induce vaccinal effects when administered
after establishment of chronic infection. Recently, bNAbs-mediated induction of a protective virus-
specific CD8" T-cell response has been reported after administration of two bNAbs (3BNC117 and
10-1074) to SHIV-infected macaques [28*]. In this study CD8" T cells depletion led to viral rebound

suggesting an essential role of this T-cell subset in controlling viral infection. However, neither the



polyfunctionality of CD8" T cells nor the distribution of CD8" T-cell memory subsets differed in
controllers versus non-controllers. Importantly, very recent exciting results in clinical trials suggest
that enhancement of virus-specific T-cell responses might also occur in bNAbs-treated, HIV-1-
infected patients. Notably, two out of nine patients treated with a combination of two bNAbs
(3BNC117 and 10-1074) during analytical treatment interruption [2] showed long-term HIV-1 control
that was associated with improved HIV-1-specific CD4" and CD8" T-cell responses (unpublished

observation, [29]).

These results highlight the potential of HIV-1 bNAbs in boosting adaptive immune responses.
However, the elucidation of the mechanism involved and whether such enhanced immune responses

might lead to long-term protection in HIV-1 infected patients still needs further investigations.

Mechanisms involved in the enhancement of adaptive immune responses by antiviral mAbs

Evidence shows that the immunomodulatory action of therapeutic mAbs depends on Fc-FcyR
interactions [13,14,30]. Several studies point to a role for ICs in enhancing antigen uptake and
presentation by dendritic cells (DCs) via FcyRs binding. DCs are in turn strongly activated and drive
enhanced immune responses [9,10]. In agreement with this, DCs activated in vitro with antibody-
opsonized SIV virions improved antiviral T-cell responses. IC-mediated DC stimulation resulted in
increased virus-specific CD4" T-cell responses [19] and enhanced cross-presentation of viral proteins
in an Fc-dependent manner [31] (Figure 1). In contrast, DCs activated in vitro with polyclonal I1gG-
opsonized HIV-1 virions showed a decreased capacity to stimulate HIV-specific cytotoxic T
lymphocytes (CTL) [32]. However, the nature of the antibody (neutralization capacity, isotype, ...) as
well as that of the antigen (viral proteins, virions, infected cells) used for the generation of ICs are
important parameters affecting the immune response outcome [9]. Taking this into consideration, the
question whether ICs generated with HIV-1 bNAbs and different viral determinants might improve T-

cell responses deserves further investigations.



Vaccine approaches also support a role for ICs in shaping antibody responses against HIV-1 [33-35].
Immunization of mice with ICs formed with different recombinant HIV-1 envelope gp120 proteins
(rgp120) and a panel of anti-gp120 antibodies directed against different sites of vulnerability led to
enhanced serum levels of HIV-1-specific antibodies. Interestingly, IC-mediated modulation of
humoral responses led to a marked skewing to the VIV2 or V3 regions of the HIV-1 viral envelope
which was dependent on the gp120 strain and the specificity of the mAb used to form the ICs [36%*].
Additional mice immunization studies showed that ICs formed with rgp120 proteins and polyclonal
antibodies from HIV-neutralizers induced higher HIV-specific antibody titers, higher-avidity
antibodies and expanded germinal centers (GC) B-cell reactions as compared to mice vaccinated with
ICs from non-neutralizers [37**]. These enhanced humoral responses occurred via the acceleration of
antigen deposition within B-cell follicles and were dependent on ICs interaction with CRs (Figure 1).
These observations are consistent with the role of the complement system in modulating humoral
immunity via IC-mediated antigen deposition on follicular dendritic cells (FDC) [38]. Importantly, the
glycosylation pattern of the antibodies used to generate the ICs was determinant to modulate humoral
responses: notably sialylated ICs drove enhanced antigen deposition on B cells and FDC within the

GC in a complement-dependent manner [37**] as compared to non-sialylated ICs.

IC-based immunization studies, while informative, do not reflect the viral and immunological
environment associated with HIV-1 infection (i.e. viral replication, immune cells activation,
immunosuppression, ...). In this regard, it is worth mentioning that virus-driven inflammation has
been associated with bNAbs development in spontaneous controllers of HIV-1 [24*]. Moreover, ICs
used for vaccination studies were mostly generated with rgp120. However, in an ongoing infection
bNAbs can also opsonize viral particles and infected cells. This different composition of ICs
associated with the lysis of opsonized viral determinants by immune effector cells might generate a
broader spectrum of danger signals able to modulate the host immune response. Supporting this
notion, HIV-1 infected cells are stronger inducers of innate immunity than cell-free virions [39]. Thus,
an important issue is to elucidate the immunological mechanisms that drive protective adaptive

immune responses in a context of antibody therapy in HIV-1 ongoing infection. Addressing this issue



may be challenging because it requires relevant in vivo experimental settings that permit an in-depth
study of host immune responses but ethical, technical and cost reasons still limit this type of
investigations in humans and NHP. However, in vivo studies in retrovirus-infected mice allowed to
characterize and conceptualize several molecular and cellular mechanisms involved in the induction of
protective humoral and cellular responses by antiviral mAbs [15] (Figue 1). First, ICs formed with
infected cells, rather than virions, lead to antiviral CTL responses through FcyR-mediated binding to
DCs [13]. This is due to the fact that CTL immunodominant epitopes expressed on infected cells are
poorly incorporated into virions [40]. Second, antiviral mAb treatment counteracts the induction of
immunosuppressive responses by preventing the expansion of regulatory T cells (Tregs) via an Fc-
dependent mechanism [41]. Importantly, Tregs depletion leads to improved humoral and cellular
antiviral responses [41—43]. Third, mAb-mediated induction of high levels of virus-specific antibodies
contribute to the long-term maintenance of CD8" T-cell responses and is crucial to achieve long-term
protection [13,44*]. Forth, neutrophils are essential innate cells for the induction of protective
immunity via the acquisition of B-cell helper functions that lead to strong primary and memory
humoral responses [44*]. These recent findings show a hitherto overlooked immunomodulatory role
of neutrophils in mAb-based therapies. They are consistent with previous studies reporting B-cell
helper functions of neutrophils in other experimental settings [45,46] and with recent works describing
the role of neutrophil-mediated phagocytosis in the protective effect of antiviral mAbs [47—49]. Taken
together, these mouse studies highlight the importance of boosting both T-cell and B-cell responses to
achieve long-term protective immunity. They also identify several immune actors that come into play.
A key question now is to assess whether these mechanisms of antibody-mediated immunomodulation

also apply to HIV-1 bNAbs-based immunotherapies.

How can the vaccinal effect be improved?

A fine dissection of the immune actors at play in the boosting of adaptive immune response by bNAbs
will be required to translate this concept of vaccinal effect into efficient HIV-1 treatment. However,

the immunological mechanism involved in this process already identified in preclinical studies might



help the design of improved immunotherapies. Two distinct but complementary approaches might be
considered: the improvement of bNAbs properties [50] and appropriate host-directed therapies (HDT)
[51] (Figure 2). Both approaches might be guided by immune correlates of protection (identified either
from vaccine strategies [52—54*] or from analysis of cohorts of HIV-1-infected subjects with or
without disease progression [55,56*]) that point to a key role of the quality of antibody responses (i.e.

polyfunctionality, glycoforms, ....) rather than the quantity.

Improvement of bNAbs properties might be achieved by exploiting optimal Fc-FcyRs/CRs
interactions. This will require the identification of Fc-dependent effector functions needed for the
induction of vaccinal effects together with the identification of the main immune cells and molecular
effectors involved. In keepin with this, defined Fc effector functions involving both FcyRs and CRs
might predict the development of HIV-1-neutralizing antibody responses [56*,57*]. Antibody
subclass selection together with Fe-glycoengineering may represent a major asset to induce vaccinal
effects, as both isotype and Fc-glycosylation pattern regulate antibody activity. Due to its enhanced
affinity for FcyRs, most HIV-1 bNAbs tested in clinical trials are of the IgG1 isotype. Reflecting the
antiviral efficiency of this antibody subclass, IgG1 responses against HIV-1 antigens have been shown
to be the best predictor of HIV-1 neutralization breadth in plasma of chronically-infected patients [58].
However, highly-functional HIV-1-specific IgG3 have been shown to correlate with vaccine efficacy
[59] and to contribute to disease control in spontaneous HIV-1 controllers [60]. This suggests that
bNADbs of IgG3 isotype might also be considered, alone or in combination with IgG1, to exploit

multiple Fc effector functions [55].

Fc-engineering to enhance neonatal Fc receptor (FcRn) binding might represent another interesting
approach. This Fc modification leads to increased bNAbs half-life in vivo [61**] and improved
protection against SHIV infection in macaques [62]. It could also potentially promote the induction of
vaccinal effects due to the role of FcRn in the regulation of immune responses [63]. Fc-
glycoengineering might also be exploited to enhance protective immune responses by bNADbs as

antibody glycosylation alters the affinity of antibodies for Fc receptors and has immunomodulatory



properties (reviewed in [64]). Supporting this notion, as above-mentioned, sialylated HIV-1 bNAbs
used in IC-based immunization studies enhanced humoral responses [37**]. A refined understanding
of Fc glycosylation profiles linked to the associated Fc effector functions and FcRs/CRs interactions

will guide the engineering of therapeutic antibodies with enhanced immunomodulatory properties.

The combination of improved bNAbs with HDT might also be rewarding to enhance host immune
responses. However, prior to treatment it would be necessary to take into consideration the viral and
immunological status of HIV-1-infected patients because virus-driven inflammation, immune cells-
activation, function and counts as well as immunosuppression mechanisms differ between acute versus
chronic infection. Host intrinsic factors such as gender, genetic landscape and gut microbiome might

also be considered [65-67].

One approach might rely on counteracting immunosuppressive immune responses already established
in infected subjects. To this end, inhibition of Tregs-mediated immunosuppression has been attempted
by several therapeutic approaches aiming at their modulation and/or depletion [68-71]. It is
noteworthy that treatment intensification (5-drug ART) in HIV-1-infected patients has been recently
associated with reduced frequencies of Tregs and broad HIV-1-specific CD8" T cell responses [72].
Release of immunosuppression might be also achieved by targeting ‘immune checkpoints’ molecules
that play a critical role in the exhaustion/dysfunction of immune responses (i.e. PD-1, CTLA4, TIM-3,
CD160, ... reviewed in [73,74]). Inhibiting the PD-1-PD-1L interaction has been shown to enhance
virus-specific cellular responses in animal models of HIV-1 infection [75] and in HIV-1-infected
patients [76]. Notably, a drastic and sustained decrease of the HIV-1 reservoir was associated with an
increase in HIV-1-specific CD8" T cells in a HIV-positive lung cancer patient under anti-PD1 therapy.
Interestingly, PD-1 blockade has also been shown to improve HIV-specific CD4" T cells [77] and NK
cells function [78**] as well as to enhance HIV-1-specific immunoglobulin production [79]. Finally,
the simultaneous blocking of PD-1 and the immune checkpoints BTLA and TIM-3 enhanced
proliferation of HIV-1-specific T cells and cytokine production in response to Gag and Nef peptides

[80].



Combo therapies with bNAbs and immunostimulatory agents might also be considered to induce
vaccinal effects. Targeting T-cell co-stimulatory receptors such as CD40, 0X40, GITR, and CD137
[73,81] has been shown to improve antiviral immune responses in different infection settings [82—84]
and to synergize with PD-1 blockade [73]. An alternative approach would reside in the use of agonists
of Toll-like receptors (TLRs) as their activation is essential for the development of antiviral responses.
Supporting this idea, the administration of the PGT121 bNAb together with the TLR7 agonist
vesatolimod (GS-9620) during ART delayed viral rebound following discontinuation of ART in
SHIV-infected monkeys [85**]. GS-9620 administration resulted in the activation of CD4" T cells,
NK cells and monocytes as well as increased plasma levels of proinflammatory cytokines. TLR7
agonists also induced transient viremia and reduced the viral reservoir in SIV-infected macaques on
ART [86**]. Interestingly, TLR7 agonists not only activated multiple innate and adaptive immune cell
populations (i.e. CD4 T-cells, CD8" T-cells, NK cells and B cells) but also induced expression of SIV
RNA, suggesting that TLR7 agonists may facilitate reduction of viral reservoirs. Comparable effects
on HIV-1 reservoirs reactivation and immune activation were reported by the TLR3 agonist poly (I:C)
[87*]. Overall, these data point to the potential of bNAbs administration together with innate immune
stimulation as a possible strategy for both targeting the viral reservoir and enhancing antiviral host
responses. Similarly, combining bNAbs therapy with latency-reversing agents, other than TLR
agonists, might lead to the release of viral antigens that should favor the formation of ICs and, thereby,
the stimulation of anti-HIV-1 immunity [88,89]. Along with this, the contribution of PD-1 to the
establishment and maintenance of HIV latency has recently been shown [90], suggesting that this

immune checkpoint might be also explored as a target to reverse latency.

While the above-mentioned immunomodulation strategies seem promising, the achievement of
protective immune responses allowing a HIV functional cure will certainly need combinatorial

interventions involving multiple HDT and bNADbs with improved properties.
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Conclusion

Evidence shows that bNAbs can elicit protective adaptive immune responses. This highlights the need
to revisit the concept of bNADs as only “passive” immunotherapies. However, converting bNAbs into
“active” immunotherapies will require the rethinking of the design of antiviral bNAbs-based
immunotherapies. A major challenge ahead of us is to elucidate the molecular and cellular
mechanisms driving vaccinal effects by bNAbs, such as they might be harnessed and efficiently

exploited in therapeutic applications to achieve protective immunity against HIV-1 infection.

To achieve this aim, it is likely that the induction of protective immune responses by HIV bNAbs will
require not only the development of new generations of bNAbs with enhanced efficacy, but also the

improvement of their use, alone or in combination therapies.

Key points:
e DbNADbs can elicit protective adaptive immune responses
e DbNAbs shape immune response through the formation of immune complexes that bind to Fc
receptors expressed by different immune cells
e bNAbs-induced vaccinal effects might be potentiated by therapeutic interventions including
engineering of bNAbs with improved properties combined with host-directed therapies
e A refined understanding of the multiple mechanisms involved in the boosting of immune

responses by bNADbs is required to optimally exploit their immunomodulatory properties
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Figure legends

Figure 1. Mechanisms involved in the enhancement of adaptive immune responses by antiviral
mADbs. Antiviral mAbs can opsonize both virus and infected cells. The resulting ICs can be recognized
by different Fc receptors (FcyRs/CRs) expressed on multiple immune system’s cells and regulate
immune responses : (i) ICs recognition by DCs through FcyRs binding leads to enhanced antigen
uptake and presentation, allowing the induction of stronger cellular antiviral immune responses, (ii)
ICs can also drive enhanced antigen deposition on B cells and FDC in a complement-dependent
manner resulting in improved humoral responses, (iii) upon mAb treatment of infected individuals,
splenic neutrophils can acquire B-cell helper functions in a FcyR-dependent manner leading to
improved humoral responses, and (iv) mAb treatment of infected individuals prevents the expansion
of Tregs in a Fc-dependent manner via mechanisms still to be elucidated. Tregs depletion allows the
restoration of both cellular and humoral responses. The potential role of other innate immune cells (i.e.
NK cells, monocytes, ...) in the induction of vaccinal effects by antiviral mAbs, by either direct or

indirect mechanisms [90,91] , needs to be further investigated.
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Figure 2. Potential therapeutic interventions to improve the vaccinal effect of HIV-1 antibody

therapy.

The elucidation of the immunological mechanism that drive the induction of vaccinal effects by
bNAbs will guide the design of efficient therapeutic interventions. Two distinct but complementary
approaches might be considered: the improvement of bNAbs properties combined with adapted HDT.
Improvement of bNAbs properties might rely on isotype selection as well as on Fc-engineering to
enhance Fc receptors-specific binding. Regarding HDT, prior to any therapeutic intervention, the viral
and immunological status of infected patients as well as host intrinsic factors will have to be taken into
consideration. HDT might rely on counteracting immunosuppressive responses and/or promoting
potent antiviral immune response through the use of different immunostimulatory molecules and

latency-reversing agents.
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