N

N

Interferon-associated therapies toward HIV control: The
back and forth

Nicolas Noel, Béatrice Jacquelin, Nicolas Huot, Cécile Goujard, Olivier
Lambotte, Michaela Miiller-Trutwin

» To cite this version:

Nicolas Noel, Béatrice Jacquelin, Nicolas Huot, Cécile Goujard, Olivier Lambotte, et al.. Interferon-
associated therapies toward HIV control: The back and forth. Cytokine and Growth Factor Reviews,
2018, 40, pp.99-112. 10.1016/j.cytogfr.2018.03.004 . pasteur-01969821

HAL 1Id: pasteur-01969821
https://pasteur.hal.science/pasteur-01969821

Submitted on 4 Jan 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - ShareAlike 4.0 International
License


https://pasteur.hal.science/pasteur-01969821
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/
https://hal.archives-ouvertes.fr

INTERFERON-ASSOCIATED THERAPIES TOWARD HIV CONTROL : THE BACK AND FORTH

2,3,4

[*234 Béatrice Jacquelinl, Nicolas Huot!, Cécile Goujard2’4'5, Olivier Lambotte™™”,

Nicolas Noé

Michaela Miller-Trutwin®

1 : Institut Pasteur, Unité HIV, Inflammation & Persistence, Paris, France

2 : Assistance Publique — Hopitaux de Paris, Service de Médecine Interne et Immunologie Clinique,

Hopitaux Universitaires Paris Sud, Le Kremlin-Bicétre, France

3: INSERM/CEA U1184, Immunologie des Maladies Virales et Autoimmunes, Le Kremlin Bicétre,

France

4 : Faculté de Médecine Paris Sud, Le Kremlin-Bicétre, France

5 : CESP, INSERM U1018, Le Kremlin Bicétre, France

Corresponding authors

-Dr Nicolas Noel, MD, PhD

APHP, Service de Médecine Interne et Immunologie Clinique - Centre Hospitalier Universitaire Bicétre

78, rue du Général Leclerc — 94275 Le Kremlin-Bicétre cedex

Phone : +33145212757 ; nicolas.noel@aphp.fr

-Dr Michaela Miller-Truwtin, PhD

Unité HIV, Inflammation & Persistance — Institut Pasteur

25-28 rue du Docteur Roux — 75015 Paris

Phone : +331 ; mmuller@pasteur.fr

Count : Abstract 321 words, Manuscript 7172 words, 2 tables, 1 figure, 133 references

Key words : Interferon ; immune activation ; HIV ; cure ; reservoirs


mailto:nicolas.noel@aphp.fr
mailto:mmuller@pasteur.fr

O [ oY o Yo [T o o TP PSRN 6
2. IFN therapy in the early history of the AIDS-pandemics : « A new hope ».....cccccceeevvveeeiniieeeeinnnen. 8

3. Lessons from IFN-associated therapies during the modern HIV era : « The empire strikes back »
10

3.1. The limit of (Pegylated-)IFN monotherapy: basal ISG production and the viral replication .. 11

3.2. Lessons from clinical trials and studies in HIV1-infected human subjects in the cART era.... 11

3.3. Lessons from IFN-I trials in non-human primate models.........ccccceeeiiieeeeiiiee e, 13
3.4. Limits and lessons from IFN-I associated therapies........cccceeeecieeeicciiee e e, 15
4. Controlling the IFN-induced signalling cascade to control HIV : « The return of the Jed-I »......... 16
4.1. Optimizing the antiviral action of IFN: pre-clinical data of innovative strategies .................. 16
4.1.1. Non-a2 IFN-I subtypes to target anti-HIV infection...........ccoecoieeieciie e, 16
4.1.2. IFN-I based strategies to control HIV infection at the mucosal surfaces including non-a
TYPE 1 AN NON-LYPE T IFN ettt e e e e e e e e e e st e e e e s abeeeesabaeeesnbeeeeennrenas 18
4.1.3. TLR agonists to optimize the induction of IFN .......ccceeiiiiiiiiiiiicc e 20
4.2. Arevised paradigm : counteracting IFN pathway to control HIV infection ? ......................... 21
4.2.1. Hydroxychloroquine to limit production of IFN : results from clinical trials ................... 21
4.2.2. Anti-INFAR antibodies : results from pre-clinical studies in mice.........cccccceeeeevveeeicnnnnnn. 22
4.2.3. Anti-JAK-STAT targeted therapies : news from the bench .........ccccoeeiiiiiiniininee, 23
SR o] o 1o [T (o T o IF- [ ool o J=T £ o J=Tot £ 1V PSPPI 25






Highlights

e Historical overview of the results obtained with Interferon type | - based therapeutic
strategies from the early days of the HIV pandemic up to now

e Lessons drawn from previous Interferon type | - associated pre-clinical and clincial studies

e Overview of innovative strategies for optimizing the antiviral action of IFN-I

e Combination of Interferon type | - based therapeutic strategies with other anti-viral or
immunomodulatory agents in the context of HIV cure

e Qverview of attempts to counteract IFN-I in view of reducing HIV-induced inflammation



ABSTRACT

Human immunodeficiency virus (HIV) induces a persistent and incurable infection. However, the
combined antiretroviral treatment (cART) has markedly changed the evolution of the infection and
transformed a deadly disease into a manageable chronic infection. Withdrawal of cART generally
leads though to resumption of the viral replication. The eradication of the virus from its cellular and
anatomical reservoirs remains a goal-to-achieve for a cure. In this context, developing novel
therapies contributing to this aim are an important field of research. Type | IFN has antiviral activity,
which, before the presence of efficient anti-HIV drugs, has led to the testing of IFN-based therapeutic
strategies during the early years of the pandemic. A historical overview of the results and its
limitations that were put into light are reviewed here. In addition, several lessons could be drawn.
For instance, the efficacy of the IFN-I depends on the timing of its administration and the context.
Thus, the persistence of an endogenous IFN-signature, such as that generally observed in viremic
patients, seems to be associated with a lower efficacy of IFN. Based on the lessons from previous
trials, and in the context of cART and research for a cure, type | Interferon has regained interest and
novel therapeutic approaches are currently tested in combination with cART, some with
disappointing, other with encouraging results with regard to a reduction in the size of the HIV
reservoir and/or delays in viral rebound after cessation of cART. Additional strategies are currently
developed in addition to improve the antiviral function of the IFN-I, by using for instance other IFN
subtypes than IFN-I « 2. In parallel, the development of innovative strategies aimed at counteracting
the excessive activation of the IFN-pathways have been continued and their results are reviewed
here as well. Altogether, the use of IFN-I in anti-HIV therapies has gone through distinct phases and
many lessons could be drawn. Novel combinations are currently be tested that might provide

interesting results.



1. Introduction
Since the past 35 years, the human immunodeficiency virus (HIV) is being responsible for a severe

pandemic and is currently an incurable infectious disease [1]. This retrovirus infects CD4 expressing
cells such as CD4 T cells in the vast majority of cases, but also macrophages and dendritic cells and
eventually, at a low rate, other non immune cells such as astrocytes. In the middle of the 1990’s, the
use of combined antiretroviral therapy (cART) with high efficacy on HIV replication has offered new
hopes in the evolution and outcomes of HIV-infected patients. However, cART does not allow for an
eradication of the virus for several reasons, including its capacity to persist in a latent form and the
residual replication in some tissular sanctuaries (lymph node follicles, brain, gut mucosa, adipose
tissue...) in which cART often remains incompletely biodisponible and effective [2—4]. Therefore,
active research for additional or alternative therapies to cART allowing the reduction or eradication
of HIV reservoirs is a major field of current research in view of strategies toward HIV remission and

cure [5].

In this context, the role of Interferons (IFN) as potent anti-HIV weapons has been extensively studied.
These proteins were described in 1957 [6] and belong to the first set of cytokines produced after a
viral infection. Three families of IFN have been described, namely IFN type I, Il and Ill. In humans,
type | IFN comprise 12 subtypes of IFNa, and the IFNB, k, € and w. The similarities and differences of
these different subtypes have been recently reviewed in [7]. The IFN-I family is involved in the
regulation of the innate and adaptative immune responses in the setting of viral infections. Type Il
IFN consists in the single IFNy and is important for its immunoregulatory and inflammatory
properties [8]. The type Ill family comprises IFN A1, A2 and A3 and is the most recently described
[9,10]. Its role seems more important in the epithelial-mucosal surfaces to polarize the antimicrobial

immune responses [11].

During the first steps of HIV infection, the IFN-Is are mainly produced by plasmacytoid dendritic cells
(pDCs) after HIV sensing by toll-like receptors (TLRs, in particular TLR7/9), but also intracellular

sensors such as RIG-I or MAVS/STING [12] (Figure 1). Circulating IFN a/B then link their common



receptor (IFNAR) and signal through a JAK-STAT pathway leading to the expression of numerous IFN-
stimulated genes (ISG) [13]. These ISG participate in the antiviral immune defense by coding for
many immunomodulatory factors impacting both innate and adaptive immune cells (such as NK cells
and CD8+ T cells) and some proteins that might be directly involved in the antiviral response by

interfering at multiple steps of the HIV viral cycle [12,14,15].

Due to their potency to modulate the innate and adaptive immunity, type IFN have been developed
as therapeutic tools in different conditions. Currently, three main molecules are available : IFNa2a,
IFNa2b, and IFNB. IFNa2a and 2b have been extensively studied in the field of HCV infection until
recent direct active antiviral therapies have been approved, relegating IFN to a secondary role in the
setting of resistant situations or economic considerations [16]. IFNB has been rather employed as an
immunomodulatory drug in multiple sclerosis [17]. All these type | subtypes have been shown
globally well tolerated. However, some adverse effects such as mood disorders, thyroiditis, anemia,

or lung damages might limit their use.

The antiretroviral therapeutic effect of IFN-I has been studied in HIV-infected patients. Different from
HCV infection, the benefit of IFN-I on HIV infection is less clear. Indeed, contrasting outcomes have
been reported depending on the characteristics of patients at treatment introduction, the associated
molecules, but also the readout considered (e.g. control of the viral replication/ the viral reservoirs,
preservation/alteration of immune functions, potency to discontinue antiviral therapies...). Also,
caveats in the anti-HIV response induced by IFN have progressively come to light, and viral evolution
as well as cellular susceptibility might impair the IFN-I response (recently reviewed in [18]). We

review here the back and the forth of IFN-associated therapies toward HIV control.



2. IFN therapy in the early history of the AIDS-pandemics : « A new

hope »
Before 1996 and the availability of cART, few molecules were shown effective in the fight against HIV

but all of them had only a transient effect. Due to his known role as strong antiviral cytokine, the use
of IFN alpha as therapeutics has been considered as a new hope to block the pandemic in the early
HIV/AIDS era. The first studies evaluated the impact of recombinant IFNa in AlIDS-related Kaposi’s
sarcoma related to HHV8-virus. DeWit et al [19] showed the reduction of plasma HIV-p24 antigen in
seven responders out of 28 patients treated with high-dose IFNa2a (subcutaneous injections, 27-36
MU daily for 8 weeks). Lane et al [20] reported similar changes in circulating levels of p24 antigen in 8
out of 21 patients treated with IFNa2b (35 MU daily during 12 weeks, possible dose-reductions
depending on the tolerance) with KHSV-AIDS. In these two studies, recombinant IFN was used as
monotherapy in immunocompromised patients with AIDS-related severe comorbidities. In 1990, the
study by Lane et al [21] evaluated for the first time in a randomized, double-blind trial the early
administration of IFNa2b (35 MU/d for 12 weeks) vs. placebo in 34 HIV-infected patients. This
therapy was globally well tolerated except for neutropenia and flu-like symptoms in a dose-
dependent manner. Also, Rivero et al evaluated the benefit of IFNa2b (3 million IU, 3 times a week)
during the early stages of infection [22] in 71 HIV-infected patients vs. 79 on placebo. The endpoints
were the appearance of any CDC group IV symptoms and disease progression. Overall, IFNa therapy
allowed for a reduction of the proportion of patients meeting these endpoints. Development of AIDS
was observed in 12/71 patients on IFNa2b vs. 27/79 control patients. Moreover, the long-term
evaluation of these patients [23] revealed prolonged benefit of IFNa2b on event-free periods, leading
to a question of the timing: could IFNa treatment given from the early stage of infection - but not

after the appearance of AIDS symptoms - prolong survival ?

However, the beneficial potential of IFNa2 therapy in HIV/AIDS was limited by the side-effects of this
therapy. Since 1988, Lane et al already noted that although encouraging, their results on KHSV-AIDS

patients had to be interpreted with caution. Responders were patients with preserved immune



functions (CD4 count > 500/mm?) after a long term IFN-therapy. Moreover, the tolerance of high-
dose IFNa was bad, with congestive cardiomyopathy, flu-like symptoms and cytopenias leading to
withdraw therapy in nine out of 21 patients [20]. These effects were presumably heightened by a
reduced bioavailability and the need of high doses with adverse immunological and clinical
consequences, as shown by Skillman DR et al [24] in a study evaluating the safety of recombinant
IFNan3 (biosynthetized after stimulation of pooled human leucocytes with Sendai virus) in early

stages of infection.

Studies with IFNB were also developed as an alternative to IFNa therapy. In the late 80’s, association
of IFNB with zidovudine revealed promising effects on the reduction of HIV p24 in vitro [25].
Moreover, this study suggested synergic action with AZT allowing for a reduction in the dose of
zidovudine to limit side effects. Michaelis et al also suggested that IFNB could block HIV replication in
vitro at low doses (limited to 100 U/mL in vitro) [26]. However, these results were not confirmed in
vivo in studies evaluating the effect of IFNB monotherapy at low doses (1 million IU twice a week,
[27]) in early stages of the infection. In the setting of Kaposi’s sarcoma, high dose IFNB monotherapy
(90 to 180 million 1U/d, 5 days a week, [28]), as well as low dose IFNB (6 million IU/m2 three times
per week) associated with IL-2 [29], or even dose-escalation therapy (22.5-45-90 million IU daily) with
zidovudine [30], did not lead to major effects on the tumor size as well as on the overall survival,
although transient reduction of HIV viral load were observed. However, the reported tolerance

seemed better that the one of IFNa2 (but no studies compared both therapies).

In most of these studies, summarized in Table 1, the use of IFN-I as monotherapy has shown his
potency to reduce the burden of HIV, but the impact was moderate (1 to 2 log HIV RNA copies/mL)
and transient (a couple of months maximum). These early studies also already revealed some of the
major limits of its use, in particular the risk of CD4 T cell loss when high doses of IFNa were used.
Also, these studies showed very limited improvement in terms of overall survival, maybe because of

the already-late stage of the infection for the majority of the included patients. Finally, the landscape



of the HIV pandemic was profoundly transformed in the mid-1990’s thanks to the development of
the highly-active antiretroviral combinations with rapid, robust and durable effects on both the
immunovirological control and the overall clinical outcome of the patients, leading to transiently

interrupt the development of IFN-based therapies for HIV/AIDS patients.

3. Lessons from IFN-associated therapies during the modern HIV

era : « The empire strikes back »
During the cART era, the outcome of HIV-infected patients has progressively improved with

therapeutics allowing for a highly efficient and persistent control of the HIV replication, a significant
regain of CD4 T cells and an extraordinary increase in lifespan. A number of studies from the early
2000’s evaluated the impact of standardized therapeutics’ interruptions (STI) as a measure for
reducing drug toxicities, decreasing costs and increasing welfare in people living with HIV (PLWH) in
terms of adverse events and control of the viral load. However, it rapidly became clear that these
regimens could not be withdrawn without any resumption of the HIV viral load due to the existence
of the HIV reservoirs and sanctuaries [31-33]. Thus, even highly active, cART could not easily access
some tissues and infected cells in a latent state, responsible for a reseeding of the HIV burden in case
of ART cessation [2,33]. In this context, the adjunction of IFN-I to combined ART has been
investigated with various outcomes. However, one limit of the wide use of recombinant IFN reported
in the earlier studies was the adverse side effects, which were mainly dose-dependent. The
development of pegylated molecules (PEG-IFN) revealed more favorable pharmacokinetic and safety
profile than previously available IFNa formulations in the setting of HCV and HBV infections and were

tested in HIV-infected patients [34,35].

If - globally - the effects were not as positive as expected, the issues and limits raised by these studies

are of peculiar interest to improve the further design and rationale of IFN therapeutic use.
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3.1. The limit of (Pegylated-)IFN monotherapy: basal ISG production and the viral
replication
In 2010, Asmuth et al reported on the effect of PEG-IFNa monotherapy in eleven chronically infected

HIV1-patients treated during 12 weeks [36]. The aims were to limit side effects by using the PEG-
molecule rather than high-dose recombinant IFNa, and to detect changes in the plasma HIV viral
load. The authors also sought to correlate the effect with the concentration of the PEG-molecule.
These patients were ART-naive with a viral load > 5000 copies/mL at enrollment, but not severely
immunocompromised (CD4 > 300/mm? at baseline, no AIDS-defining illness), contrasting with
previous studies. A decrease in viral load was observed during therapy, with no sustained response
after withdrawal. The most interesting result was that this decrease was correlated with the potency
of ISG induction, but not with the PEG-IFN plasma concentrations. Also, no response was observed in
patients who had a baseline elevated ISG-expression. Probably the existence of an elevated « basal
state » of ISG expression prevents from the possibility to further increase their expression, suggesting
that a fold-increase in the antiviral response was not achievable in patients with persistent chronic
inflammation. The patients with chronically elevated ISG expression had probably reached a state of
tolerance against IFNa. This could explain the only transient impact on viral load in this study as in
the previous ones. In addition, it has been shown that HIV can escape from IFNa and evolve into IFN-|
resistant strains [37]. In chronically HIV-infected patients, high basal levels of ISG expression has been
linked with intense viral replication in ART-naive patients, which nowadays cannot be considered as
good candidate for IFN trials, as stated above. Since the level of inflammation during HIV infection
strongly correlates with viral load, the lesson taken was that IFN-I should be rather administered in

virologically suppressed patients.

3.2. Lessons from clinical trials and studies in HIV1-infected human subjects in
the cART era

Between 2000 and 2012, the use of IFN was considered as an adjunct therapy during successive

treatment interruption (STI)-periods to limit the rebound in HIV replication. In 2008, Dianzani et al
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studied HIV1-HCV-coinfected patients controlled on cART, in which PEGylated-IFNa was given during
the planned drug-free periods [38]. Interestingly, a reduction of the magnitude of viral rebound as
well as a delay in the rebound was observed. However, no significant effect on HIV-DNA - a
measurement used to assess the size of the HIV reservoir — was observed in the IFN group, and the
HIV replication returned to similar levels than patients in the control group. The INTERVAC-ANRS 105
trial, published in 2011, was the first randomized controlled trial evaluating the impact of PEG-IFNa
during STIs [39]. This study enrolled 168 HIV1-infected patients, with planned STl-periods (twelve
weeks on ART followed by a four week interruption, three courses), associated or not with a 4-week-
PEG IFNa therapy during STI (n=84). The follow-up was planned between week 48 and 72, and the
primary endpoint was the occurrence of a criteria for treatment resumption at week 72 (VL > 30000,
CD4< 350). No significant difference was observed between the two groups. Moreover, a detrimental
effect in the IFN arm was observed when patients had low CD4 T cell counts and/or high HIV-DNA

levels at baseline.

Also, the INTERPRIM-ANRS 112 trial [40] compared three strategies in HIV1-infected patients
diagnosed during primary HIV infection (n=91): cART during 72 weeks continuously, vs. cART during
36 weeks followed by planned STIs, vs. cART + PEG-IFNa2b injections during 36 weeks followed by
planned STIs in which PEG-IFN injections were given. In all patients, therapy was discontinued at
week 72 with the aim to observe the kinetics of T cell counts, HIV RNA and HIV DNA evolution until
week 96. Antiviral effects of IFN could be observed on HIV replication (lower HIV viremia during
rebounds in the ART-STI-IFN group during each of the three cART interruption), without any impact
though on the HIV DNA. Predictive factors of virological outcome were HIV-RNA and HIV-DNA levels
at PHI and HIV-DNA levels at treatment interruption. Overall, no better outcome was observed in the
IFN group since at the end of the follow up (6 months after the last treatment interruption), all
virological readouts were similar between the groups. The authors concluded that it might be
possible that the administration of IFN during periods with active viral replication could have masked

its role as an adjunctive treatment to ART in the search for HIV cure.
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Subsequent studies have investigated IFN as a weapon against the HIV reservoirs in association with
active cART. Azzoni et al reported a proof-of-concept clinical trial in which 23 treated and
virologically suppressed patients were randomized to receive PEG-IFNa2a as an add-on therapy to
CART during five weeks before cART withdrawal [41]. PEG-IFN was continued until week 12 to 24 as
monotherapy. They showed that in some patients, PEG-IFN could induce a decrease in the HIV-DNA
levels in CD4 T cells, thus indicating for the first time a positive effect on the reduction of the HIV
reservoir. These results were supported by studies in HCV/HIV co-infected patients, in which HIV-

DNA levels decreased during periods on cART associated with IFN+ribavirine therapy [42,43].

3.3.  Lessons from IFN-I trials in non-human primate models
Some fundamental clues regarding the role of IFN-I in HIV infection came from studies in non-human

primate models (review in [44,45]). In particular, disease-susceptible macaques experience chronic
inflammation similar to PLWH when infected with SIVmac, including strong ISG responses. In
contrast, natural hosts of SIV, such as African green monkeys (AGM) and sooty mangabeys (SM),
resolve chronic inflammation at the end of acute infection and are protected against disease
progression [46—48]. If IFN-I was hold responsible for the ISG induction and/or contributes
significantly to chronic inflammation, one could think that an IFN-I treatment in natural hosts might
lead to an increase of the signs of a deleterious immune activation and disease progression. Two
studies tested this hypothesis by injecting high doses of recombinant IFNa during either the acute or
chronic phase of SIV infection in AGM and SM, respectively [49,50]. For the study in the acute phase,
recombinant simian IFNa2-IgFc was administered starting from the day of endogenous peak of IFNa
until the day 9 to 24 post-infection (p.i.) to maintain high IFNa levels throughout the acute phase of
infection. For the study in chronic phase, the same IFNa molecule was administered weekly for 16
weeks. A strong ISG upregulation and a 1-log decrease in HIV viremia persisting through day 35 of
treatment was observed when the treatment was given in the chronic phase, but not in the acute
phase. This suggests that the animals are not reactive to exogenous IFNa when administered in late

acute infection after the peak viremia. Moreover, the IFN treatment whether in acute or chronic
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phase, had no major impact on immune activation and nor pathogenesis. These studies suggested
that in untreated SIV infection: (i) IFNa levels are already high during acute infection and cannot be
significantly increased through exogenous administration when administered after the eclipse phase,
(i) a state of tolerance against exogenous IFNa is induced after several weeks or months of
treatment, similar to what has been observed in humans infected by HIV, (iii) to study if IFNa has a
long term impact on inflammation and disease progression, several rounds of intermittent
treatments for long periods would probably be necessary and (iv) high levels of IFNa in acute
infection are not solely responsible for the harmful inflammation observed in pathogenic HIV/SIV
infections.

The opposite approach, i.e. treating SIV-infected macaques with an antagonist of IFNAR to block IFNa
action was also studied [51]. The antagonist was administered during the first four weeks of
infection. This treatment revealed to be detrimental because it reduced antiviral gene expressions,
increased SIV reservoir size and accelerated CD4 T-cell depletion with progression to AIDS [51].
Collectively, these data suggest that IFN-I signaling early in SIV infection is critical for innate immune
control of virus replication. Based on these findings, it was hypothesized that very early IFN-I therapy
could improve the viral control. Macaques were treated with pegylated IFNa2a starting 1 week
before challenge until 4 weeks p.i. [51]. Treatment significantly reduced susceptibility to infection.
However, the animals that got infected despite treatment with IFNa before challenge showed a
worse outcome characterized by increased CD4 T-cell-associated virus load and greater CD4 T-cell
loss with preferential depletion of the CCR5" subset. This might be explained by the state of
tolerance toward IFN-I induced in a critical phase of infection.

All these studies highlighted that the impact of IFN-I treatment on the infection strongly depends on

the timing of administration and the level of control of inflammation in the environment in vivo.
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3.4. Limits and lessons from IFN-I| associated therapies
Altogether, these studies show that the use of IFN might have some beneficial effects and that the

contrasting outcomes reported depend on many distinct factors. As stated above, the first one is the
timing of the treatment: IFN-based therapies seem to have better impact on the early phases of the
infection, before the occurrence of excessive inflammation and immunodepression [51]. A second
factor if the magnitude of viral replication at time of IFN-I administration [39,40]. The administration
of IFN during periods of intense viral replication might be responsible for the weak impact of this
strategy [40], perhaps due to the existence of IFN resistant strains [37]. In line with this, the third
factor to be taken into account if the level of persistent inflammation. Virological suppression could
reduce systemic inflammation and increase the susceptibility to IFN-I treatment [36]. However, I1SG
expression might remain relatively elevated in a few patients with undetectable viral loads (on
therapy or in HIV-controllers) [52-56]. In these settings, the role of non-measurable HIV replication in
lymph nodes and tissues, as well as other sources of immune activation (such as microbial
translocation, co-infection with hepatitis viruses, cancer...) must be taken into account in designing
the trials [55,57,58]. Another factor concerned the fact that the effects of IFN-I depended on the cell
type and its differentiation/activation state. For example, chronic HIV infection might reduce the
expression of IFNAR at the membrane surface leading to desensitize cells to IFN [59]. Also, negative
regulation of the IFN-IFNAR signaling pathway downstream of the receptor has been suggested, due
to the induction of SOCS1/3 [59-61], or other negative regulators such as Foxo3a [51]. Lastly, latently
infected cells might be less responsible to IFN, with significant impairment in the induction of potent

antiretroviral ISG, although these data have to be confirmed on human primary cells [62].

While it appears that IFN plays a beneficial role in the early antiviral battle against HIV, the benefit of
the use of IFN-I in therapy is still uncertain and clearly needs additional studies with improved

experimental design based on the high number of lessons gained from the previous trials.
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4. Controlling the IFN-induced signalling cascade to control HIV :

« The return of the Jed-| »
Another important goal to achieve is to optimize the balance between the enhancement of the

immune response and the deleterious induction of excessive systemic inflammation. In this context,
reflexions has been conducted in the recent years on how to improve efficacy of IFN-I, including (i)
the use of non-alpha2 subtypes during HIV infection, (ii) the induction of endogenous production of
IFN by modulating the HIV-sensors and (iii) the modulation of IFN-pathways by hydroxychloroquine,
anti-IFNAR and anti-JAK/STAT strategies. These distinct strategies, currently developed in pre-clinical
and sometimes clinical models, will be discussed below.

4.1.  Optimizing the antiviral action of IFN: pre-clinical data of innovative
strategies

4.1.1. Non-a2 IFN-I subtypes to target anti-HIV infection
As mentioned above, IFN-I does not only consist in a2a/b or B types. In humans, twelve a subtypes
have been described (al, a2, a4, a5, a6, a7, a8, al0, ald, al6, al7, a2l) [63]. These subtypes are
encoded by separate genes on human chromosome 9 and all bind to the same IFN receptor. It is not
totally clear how the signaling could differ from one subtype to the other despite the use of a same
receptor. There is evidence though that each subtype has a different binding capacity to the IFNAR
[64,65], modulating the signaling transduction events and the biological effects in the target cells. In
non-HIV condition, the distinct efficacy of the different a subtypes has been described in mice
models of HSV, influenza or CMV [66—68]. Recently, the impact of distinct IFN alpha subtypes has
been investigated in vitro in the field of HIV. Harper et al [69] showed that the anti-HIV potency of
the IFNa subtypes was distinct in a model of human intestinal cell culture in vitro. Thus, IFNa8, a6,
al14 and al17 reduced the infection capacity of the cells better than the commercially available IFNa2
and the widely expressed IFNal. This potency was correlated with the binding affinity to IFNAR2 and
the capacity to induce ISG known to restrict HIV (Mx2, BST2). One step further, Lavender et al [70]
confirmed the significantly greater impact of IFNa14 over IFNa2 to suppress the HIV1 replication in

vivo in a model of TKO-BLT mice treated with these subtypes. This was associated with the induction
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of BST2 and Mx2 and a higher frequency of TRAIL-expressing NK cells. Interestingly, the mice not only
had less viral replication but also less inflammation as measured by IP10 quantification at 11 and 45

days p.i..

Non-a2-subtypes therapeutic strategies are limited by the difficulties to produce these molecules
because of their extensive sequence homology. This has led to gene therapy strategies using
plasmids encoding IFNa2, a6, a8, al4 and IFNB in a model of humanized PBL-mice [71]. The injection
of such plasmids to the mice before infection by HIV1 led to an effective control of the viral

replication by IFNa14 and IFN.

Overall, these studies lead to imagine that one novel direction of the IFN-based therapy could be the
development of non-a2 subtypes with a stronger antiviral impact on HIV. Especially, IFNal4 seems
interesting in that respect. However, the question of the excessive immune activation and/or
immune tolerance induction, cellular exhaustion and CD4+ T cell loss in case of therapeutic exposure

to these subtypes is not known and might be raised.

One question that also remains is the « competition » between the endogenous circulating IFNa
subtypes. Several studies have addressed the quantification of the distinct IFN-I subtypes in HIV and
SIV infections [72—75]. These approaches remain however difficult due to the limit of available
guantification technologies to correctly distinguish the sequences displaying high homology and the
lack of specific antibodies against each of the distinct subtypes. The improvement of methods able to
measure the multiple subtypes is warranted to take into account their basal production in the
conception of IFN-based strategies. Also, the question of the potential competition on IFNAR
between endogenous IFN and the exogenous administration of the molecule remains unadressed.
Finally, until recently, the dosage of IFN-I in the blood during chronic infection has been difficult due
to the lack of sensitive methods for IFN-I measurement. New approaches such as the ultrasensitive
quantification by single-molecule array digital ELISA technology (SIMOA) will be helpful in future

studies on HIV [76].
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4.1.2. IFN-I based strategies to control HIV infection at the mucosal surfaces including
non-a type | and non-type | IFN

IFN a/B has been administered by systemic subcutaneous injections in all studies published in the
setting of HIV-infection in humans. We have mentioned above the limitation of the drug doses by
systemic adverse side effects such as thyroiditis, lung damages, mood disorders and cytopenias.
Targeting the innate mucosal immune responses by topical treatments without excessive systemic
side effects might thus be interesting. Indeed, the mucosal transmission and the alteration of the
epithelial-mucosal surfaces in the early steps of HIV infection play major roles in the pathophysiology
of the infection. In this context, Veazey et al evaluated the impact of topical IFNB treatment applied
to the vagina of Rhesus macaques before intravaginal challenge with pathogenic SHIV [78]. This
allowed for a significant prevention from vaginal SHIV transmission, with local induction of T-cell
activation and the recruitment of macrophages. Interestingly, no difference in the expression of
activation markers such as CD38 or HLA-DR were noted in the peripheral blood T cells [77]. This
contrasts with the outcome of an intravaginally treatment with either a TLR7 or TLR9 agonist before
viral challenge, which was not sufficient to prevent infection [78]. While both immune modifiers
rapidly induced IFNa, they also resulted in multiple other types of immune activation, including
massive infiltration of activated CD4+ T cells and dendritic cells, which might have enhanced

susceptibility to infection.

IFNe, another IFN-I, is constitutively expressed in the female reproductive tract and contributes to
the immune protection against sexually transmitted infections [79]. Similar to other IFN-I, it is
encoded by a gene on human chromosome 9. The protein then binds to IFNAR with a striking affinity
preference for the IFNAR1 subunit, and enhances the canonical JAK-STAT1 signaling to induce the
expression of I1SG [80]. It has recently been shown that IFNe could impair cellular infection by HIV at
different steps of the viral cycle (post-entry, protein translation) by induction of restriction factors
such as IFITM3 in distinct cell lines as well as human peripheral lymphocytes in vitro [80,81], and

might reduce the primary macrophages susceptibility to HIV infection [82].
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Another interesting IFN acting at the step of mucosal surface infection is type Il IFNA. The family of
IFNA comprises three entities, namely IFNA1 (IL29), IFNA2 (IL28A) and IFNA3 (IL28B). All these
members are structurally common to the IL10 family and act through the binding to a heterodimeric
receptor comprised of IFNAR1 and IL10R2 to induce the activation of JAK-STATs and the expression of
ISG [9-11]. The induction of type IIl IFN following viral infection is globally similar than type [, but
some distinctions exist in the fact that the STING-peroxysomal sensing plays a greater role in type Il
induction. Also, type Il IFN are produced more abundantly at mucosal sites by epithelial and myeloid
cells [83,84]. Moreover, while IFN-I is generally produced in largest amounts by plasmacytoid
dendritic cells during HIV infection, the expression of IFNAR1 is more restricted to epithelial cells,
subsets of myeloid cells such as macrophages, and neuronal cells [85]. This confers a greater
potential for the antiviral response of IFNA at the mucosal surfaces. So far, analyses on the impact of
IFNA on HIV infections are limited to in vitro studies. IFNA1, A2 and A3 exposure of human monocyte-
derived macrophages limited HIV infection through activation of the JAK-STAT pathways [86—88].
Exposure of human primary CD4 T cells to IFNAL or A2 reduced HIV infection at integrational and
posttranscriptional steps [89]. Interestingly, activation of endothelial cells by poly I:C was able to
diminish HIV infection of human macrophages in coculture models, by inducing IFNA production by
endothelial cells and ISG expression by macrophages [90], opening an interesting view for a potential
anti-HIV activity at the blood-brain-barrier. Lastly, it has been shown that IFNA could efficiently
inhibit macrophages infection by HIV and enhance the antiviral activity of antiretroviral drugs such as

zidovudine or efavirenz [91].

Overall, IFNA seems to be an interesting tool to enhance the anti-HIV immune responses at mucosal
surface and the blood-brain-barrier. It would be interesting also to evaluate its capacity to reduce the
infection of macrophages and in general to prevent the reseeding of HIV reservoirs. Of note,
PEGylated IFNAla is available and has been investigated as a therapy for HBV/HCV infections in
humans [92,93]. No approval has been currently given by the FDA, and an evaluation is ongoing for

the treatment of hepatitis delta virus infection. Only one study has explored the addition of
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PEGylated IFNA in the setting of HIV/HCV coinfection with no specific focus on the anti-HIV response

and the reduction of the HIV reservoirs [94].

4.1.3. TLR agonists to optimize the induction of IFN
Due to their role in induction of type | interferon after RNA triggering, TLR agonists have been

investigated in the setting of HIV infection. This might also be, as mentioned above, an interesting
approach to avoid competition between exogenous and endogenous IFN, and also has additional
effects on immune activation, that could be both harmful and beneficial. Their use is actually

revisited in the context of cART and development of cure strategies as well as vaccines.

Distinct TLR7 agonists are currently tested. Imiquimod is a TLR7 agonist with known anti-HSV and
anti-HPV efficacy, used by topical administration in the setting of anogenital warts in HIV
immunocompromized patients [95,96]. Resiquimod, a TLR7/8 agonist also known as R848, has been
shown to restrict HIV1 infection of monocytes in a post-entry/pre-reverse transcription SAMHD1-
independent manner [97]. Together with other molecules, this TLR agonist might serve as adjunct for
vaccine strategies in order to elicit antiviral immune defenses against HIV [98,99]. The TLR7 agonist
GS-9620 (Vesatolimod) is currently being evaluated in HBV and HIV infections. This orally
administered molecule takes the advantage over imiquimod and resiquimod with respect to systemic
diffusion. In vitro, GS-9620 is able to activate pDCs and to induce IFN [100], as well as to inhibit
human CD4 T cell infection by HIV1 in a coculture model with GS-9620-exposed pDCs [101]. GS-9620
increased HIV replication in infected cells from ART-suppressed patients, enhanced T cell activation
and antibody-mediated clearance of infected cells in vitro, thus providing interesting clues for
strategies targeting latently infected cells [102]. TLR7 agonists are thus currently tested, eventually in
combination with other immunomodulatory agents, for their capacity to drive latent HIV out of viral

reservoirs while enhancing concomitantly virus-specific immune responses.

TLR9 agonists, such as MGN1703 (lefitolimod) have also been shown to enhance HIV-1 transcription
as well as NK cell-mediated inhibition of infected CD4 T cells [103]. In a single-arm, open-label study,

MGN1703 was subcutaneously administered twice weekly (60mg per injection) to 15 virologically
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suppressed HIV-1-infected individuals on antiretroviral for 4 weeks. The tolerance was correct and
MGN1703 allowed for the enhancement of cytotoxic NK- and CD8 T cell responses, together with an
increase in the HIV viral load in 6/15 patients. The authors conclude on the potential interest of TLR9
agonist against HIV reservoirs by increasing HIV-1 transcription and enhancing cytotoxic NK cell
activation [104]. Moreover, colonic biopsies from these patients have been analyzed. An interesting
enhancement of the type | interferon response at the mucosal site has been observed, without

concomitant local inflammatory response and mucosal damages [105].

Overall, TLR agonists confer encouraging results to further evaluate their use in vaccine strategies
and the battle against HIV reservoirs. Studies are ongoing to evaluate the safety of GS-
9620/vesatolimod in ART-controlled patients and HIV-controllers (NCT02858401 and NCT03060447).
Also, the efficacy of MGN1703/lefitolimod to activate NK cells and reverse HIV latency is being

investigated in a phase 1/2 study in HIV1 ART-treated patients (Table 2).

4.2.  Arevised paradigm : counteracting IFN pathway to control HIV infection ?

It is well known that even in virologically suppressed PLWH, a residual inflammation persists.
Systemic inflammation is associated with a default in CD4 T cell recovery, a risk of blips of HIV-
replication as well as increased non-AIDS comorbidity and mortality [106—110]. Such residual
inflammation can also be observed in HIV controllers, and those with a higher residual inflammation
have a higher risk of virological relapse [54,111]. It thus seem relevant to target the chronic
activation and one target currently still approached is the IFN pathway to reduce the IFN-associated
inflammation. There are globally two major ways to counteract the effect of the IFN : (i) to limit the

induction by IFN-producing cells and (ii) to limit the signaling transduction in the target cells.

4.2.1. Hydroxychloroquine to limit production of IFN : results from clinical trials

Hydroxychloroquine (HCQ) is an endomosal inhibitor of TLR7 and TLR9, initially developed as an
antimalarial drug in the 1950’s [112]. It has extensively been studied in rheumatic autoimmune
disorders with chronic IFN-signature such as systemic lupus erythematosus [113] and in some viral

infections with post-viral arthritis mediated by IFN such as chikungunya virus [114]. It has an
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extremely good safety profile. Due to his potency to block TLR activation in pDCs and to reduce IFN
production in vitro [115], its use for the modulation of the excessive IFN-signature in the setting of
HIV has been considered. Murray et al confirmed at an in vivo step the potential role for HCQ to
reduce excessive T cell activation in 13 infected patients [116]. This led to the hypothesis that HCQ
could serve as an adjunct therapy in immunological non-responder patients, who exhibit excessive
chronic activation limiting CD4 T cell recovery. Piconi et al reported on 20 HIV-infected immunologic
non-responders treated with 400 mg/d hydroxychloroquine during 6 months, with positive results on
immune activation, plasma LPS levels and % CD4 T cells [117]. However, Routy et al failed to
demonstrate such an effect in 19 HIV-infected patients with persistent low CD4 T cells on efficient
long-term ART [118]. Surprisingly, a significant rise in circulating IFNa2 levels was even observed
during HCQ exposure. Paton et al also evaluated the potency of HCQ to limit the CD4 cell decrease in
a double blind randomized controlled trial in 81 untreated HIV1-infected patients. The authors
showed that the use of HCQ compared with placebo did not reduce CD8 cell activation but did result

in a greater decline in CD4 cell count and increased viral replication in viremic patients [119].

Overall, the encouraging in vitro data on the impact of HCQ to limit IFN-associated inflammation and
its consequences were not confirmed in vivo. Studies evaluating the effect of HCQ in combined

strategies to limit immune activation or to control HIV replication are ongoing (Table 2).

4.2.2. Anti-INFAR antibodies : results from pre-clinical studies in mice

Aside from preventing the production of IFN by innate immune cells, another method to counteract
the excessive immune activation associated with chronic IFN stimulation is to target the signalling
cascade on target cells. In the first days of 2017, two teams published on the targeting of type I-
mediated activation in humanized mice models of HIV using IFNAR antagonists to restore immune
functions and reduce HIV reservoirs [120,121] (editorial by Deeks et al [122]). Zhen et al [120] used
an anti-IFNAR2 antibody in a NSG-BLT humanized mouse model challenged with HIV1. As expected,
ISG expression was reduced as well as CD8 T cell exhaustion (PD1, TIM3) and activation markers

(CD38). Moreover, IFNAR blockade effectively reduced the HIV viral load in the chronic stage of the
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infection, and the association with cART resulted in a faster viral suppression and reduced levels of
inducible viral reservoirs. Similarly, Cheng et al [121] used an anti-IFNAR1 antibody in NRG-BLT
humanized mice. cART were introduced 4 weeks after HIV1 challenging and anti-IFNAR1 were
administered after seven weeks. cART were then interrupted after 12 weeks p.i. This strategy
showed a correct preservation of the CD4 T cell count along with a restoration of CD8 functionality.
Moreover, cell associated HIV-DNA decreased and viral outgrowth assays showed reduction of the

HIV inducible reservoirs after cART cessation.

Altogether, these studies showed promising results on the ability of IFNAR blockade to relieve
chronically activated T cells to a most quiescent state and restore their ability to fight against HIV-
infected cells. Anifrolumab is a monoclonal anti-IFNAR1 antibody currently developed in autoimmune
diseases [123]. No clinical trial has been registered to evaluate such a strategy in HIV1-infected

humans.

4.2.3. Anti-JAK-STAT targeted therapies : news from the bench

The JAK/STAT pathway is early and chronically activated in immune cells during HIV infection, partly
due to the engagement of IFN in their target cells but also to the production of numerous cytokines
in patients who already experience high levels of systemic inflammation [124-126]. This activation in
infected CD4 T cells and macrophages may be responsible for the increased viral production as well
as potent reversal of latency and reactivation of the virus in reservoir cells. Also, the JAK/STAT action
in other immune cells participates in the recruitment of target cells to virus-producing sites,
activation of the immune system, production of inflammatory cytokines such as IL6 of TNFa, and
end-organ damages such as cardiovascular events, neurocognitive disorders and gut-immune
dysfunction [107-109]. In the field of HIV, JAK1/2 inhibition is interesting by its ability to reduce
systemic inflammation. However, JAK3 inhibition might be associated with off-target significant
toxicity since it has been shown that administration of anti-JAK3 in macaques during SIV infection

were associated with NK cell depletion and increase in the HIV viral loads [127,128].
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There are currently three available JAK1/2 inhibitors (JAKi) approved in different settings. Ruxolitinib
(Jakafi*) is a JAK1/2 inhibitors FDA- and EMA-approved for myelofibrosis and polycythemia vera.
Tofacitinib (Xeljanz*), is a JAK1/2 inhibitor approved for rheumatoid arthritis by the FDA and the
EMA, and for psoriatic arthritis by the FDA. Baricitinib (Olumiant*) is a JAK1/2 inhibitor EMA-
approved for rheumatoid arthritis (waiting for the final FDA approval concerning doses and safety

characteristics). All three are oral selective and well tolerated molecule inhibitors.

In 2014, Gavegnano et al [129] reported on the potent utility of ruxolitinib and tofacitinib to limit
HIV-1 replication and reactivation in vitro. Both drugs were able to reduce infection of human
primary lymphocytes and macrophages by HIV-1 and HIV-2 strains, including NRTI-resistant strains.
Combination of the drugs allowed for a more potent antiviral activity, and viability of the cultured
cells remained correct except for very high drug concentrations. These findings were confirmed for
ruxolitinib in a murine model of HIV encephalitis [130], suggesting an interesting role by crossing the
blood-brain-barrier to fight against HIV-reservoirs in the brain sanctuary. Also, it has been suggested
that JAKi could confer peculiar interest in limiting inflammation in association with latency-reversal
agents in a « shock-and-kill » strategy model. Spivak et al [131] thus showed that ruxolitinib was able
to limit the production of IL6, TNFa, IL1B and IFNy by PBMCs exposed to the PKC agonist ingenol-
3,20-dibenzoate without affecting the HIV1-reactivation capacity of the LRA. This study suggested
that JAKi had different mechanisms to regulate the inflammation and to control the HIV1 latency.
Finally, Gavegnano et al [132] recently demonstrated that JAKi were able to limit the infection of
bystander cells by reducing the immune activation in a pSTAT5-dependent manner, and allow for an
accelerated reduction of the overall size of the VIH-reservoir by interfering with the infected T cells

lifespan by reducing Bcl2 expression.

Overall, these data reinforce the interest in JAKi for testing its efficacy on diminishing the reseeding

of the HIV reservoirs. Ruxolitinib is currently being tested in a phase 2 international randomized
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control trial (NCT02475655) in association with cART for evaluation of the safety and impact on the

viral suppression and CD4 T cell counts in HIV1 infected patients (Table 2).

5. Conclusion and perspectives

Altogether, these studies show that strategies targeting the IFN pathway during HIV infection can be
optimized (Figure 1). Close collaborations between physicians and bench scientists might improve
the knowledge of the IFN signalling and regulation, as well as the management of IFN-based

therapies in the setting of HIV infection, giving clues to future directions in clinical trials and studies.

A better personalized selection of the “candidates” for the IFN-a2 based strategies strategies might
also improve the efficacy of these studies. Thus, IFN-based therapies might lead to better results in
patients with low immune activation, as in association with cART in virologically controlled patients.
Also, the use of recently-described alternative IFN subtypes might improve the antiviral control,
including at mucosal sites. An improvement in the imbalance between antiviral activity and
inflammation induced by the IFN pathways should though to be aimed in the future, and the impact
on inflammation by approaches such as with non-a2 IFN subtypes in combination or not with other
agents will need to be tested.

On the opposite, immunological non-responders and patients with excessive basal IFN-signature
despite viral control on ART most likely will not benefit from simple IFN-a2 based strategies. Such
patients with persistent systemic inflammation also include patients with inflammatory diseases and
metabolic disorders. In this context, the modulation of IFN-pathways by anti-IFNAR and anti-
JAK/STAT strategies gave promising results in vitro and might give some clues for future anti-
inflammatory strategies. Distinct combinations of anti-viral and immune-modulatory agents are
already being tested. For example, the association of IFNa with IL-21 in cART-treated macaques
during the chronic phase could potentially have a positive impact on both mucosal inflammation and

viral reservoir [133]. Altogether, IFN-I has not spoken its last word and future studies are needed,
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based on previous lessons and recent innovations to test the potential benefit of IFN-I, in

combination with other molecules, for controlling HIV in the context of HIV cure research.
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TABLES

Table 1. Summary of the main studies using IFN-l in HIV patients

Main outcome

Key messages for development of future strategies

First Year of Patients
author publication  characteristics IFN type/dose
. IFNa2a, 27-36
dflvgv]'t 1988 AIDS-KHSV MU/d, 8 weeks
(n=28)
Lane IFNa2b, 35 MU/d,
[20] 1988 AIDS-KHSV 12 weeks (n=21)
Lane as mcthorr:::ic HIV IFNa2b, 35 MU/d,
1990 SYmPY 12 weeks (n=17)
[21] infection, CD4 > vs. Placebo (n=17)
400/mm3 ) h
IFNa2b, 3 MU x
Rivero Early stages of HIV ~ 3/week (n=71) vs.
[22,23] 1994, 1997 infection placebo (n=79),
long term therapy
IFNB, IMU x
Oka[27] 1989 Barly stages of IV cek during 6
infection
months (n=10)
. IFNB, 90 MU/d
Miles
28] 1990 AIDS-KHSV (n=21) vs. 180
MU/d (N=18)
. IFNB, 22,5->90
Miles
30] 1998 AIDS-KHSV MU/d (dose
escalation) + AZT
Chronic
asymptomatic IV o6 ENa2a, 180
Asmuth 2010 infection, CD4 > meg/week, 12
[36] 300/mm3, ART wegeks (net1)
naive (HIV VL > -
5000/mL)
Chro";;i:gn';f“ted PEG-IFNa during
Boue virologically ST! (.1'5 ue/ke/w
2011 during 4 weeks,
[39] suppressed, CD4 >
n=84) vs. STl alone
350/mm3, planned (n=84)
for STI -
PEG-IFNa2b (1
. . ug/kg/w) during
Goujard ART during ongoing (30 vs. sT|
2012 primary infection,
[40] lanned for STI (n=31) vs.
P Continuous ART
(n=30)
Chronically infected
. patients, PEG-IFNa2a (90 or
Azzoni . .
(41] 2013 virologically 180 pg/week) +
suppressed on ART, CART (n=23)

CD4 > 450/mm3

Reduction of HIV p24

Reduction of HIV p24

Reduction of HIV p24

Reduction of progression
towards AIDS, reduction
of AIDS-related
malignancies, better 10-
year survival rate

Few effect on HIV p24

Few effect on the tumor

size and on HIV p24 (only

patients with the highest
basal viral load)

Few effect on tumor size

Transient and moderate
effect on viral load (-0,6
log in median)

No significant effect on
criteria for treatment
resumption

No significant effect
compared with
continuous ART

Reduction of HIV DNA

Better effect if high baseline CD4 T cell
counts, dose-dependent side-effects

Correlation with ISG inducibility, few
effect if high basal ISG expression
(linked with viral replication and
inflammation), no correlation with
PEG-IFN concentration

CD4 T cell decline if low basal CD4 T
cells and/or high basal HIV DNA

Predictive factors of poor response:
high viral DNA and RNA

No effect on overall
survival if administered
too late, deleterious if

already
immunocompromized

Take into account basal
IFN-signature and
inflammatory disorders

Better effect if reduction

of viral replication on
ART

Take into account the
reservoir size

MU: million unit; d: day; ISG: Interferon stimulated genes
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Table 2. Overview of the major currently registred clinical trial evaluating the modulation of the IFN-pathway during HIV1-infection

Concept Number Status Title Phase Location Patients No patients Therapeutic evaluation Major endpoints
IFN Evaluating the Safety and Tolerability of Decrease in CD4, viral
pathway Active, not Ruxolitinib in Antiretroviral-Treated HIV- International, HIV infected suppressed on cART for blips, evaluation of the
disruption NCT02475655  recruiting Infected Adults Phase 2 multicentric > 2 years, CD4 T cell >350/mm3 Estimated: 60  Ruxolitinib or placebo + cART safety
Thailand (SEARCH, Proportion of patients
Efficacy of VHM After Treatment the Thai Red Cross  HIV infected patients, on ART since with HIV RNA < 50
Interruption in Subjects Initiating ART AIDS Research acute infection, virologically Vorinostat-Hydroxychloroquine- copies/ml following ART
NCT02475915 Completed During Acute HIV Infection Phase 1/2  Centre) suppressed 15 Maraviroc + cART vs. cART alone interruption
Change in CDA T cell
Active, not Inducing Immune Quiescence to Prevent HIV-negative sex workers vs. non sex Hydroxychloroquine: 200mg/day or  activation from baseline
NCT02079077  recruiting HIV Infection in Women (11Q) Open label  Kenya (Nairobi) workers (Kenya) 77 Acetylsalicylic acid 81mg/day at week 8
IFN- Safety and Biological Activity of HIV infected patients, virologically
pathway Active, not Vesatolimod in HIV-1 Infected, suppressed on cART (excepting Pl) for Vesatolimod (various doses) or Incidence of AE/SAE, and
induction NCT02858401  recruiting Virologically Suppressed Adults Phase 1b USA, multicentric > 12 months, CD4 > 300/mm3 Estimated: 72 placebo + cART change from basal HIV VL
Evaluate the Safety and Efficacy of HIV infected patients, virologically
Vesatolimod in Antiretroviral Treated HIV- suppressed on cART for > 6 months*;
NCT03060447  Recruiting 1 Infected Controllers Phase 1b USA, multicentric CD4 > 500/mm3. Estimated: 30  Vesatolimod (10 doses) + cART Incidence of AE/SAE
HIV infected patients, virologically Changes in NK cell
Toll-like Receptor 9 Agonist Treatment in suppressed on cART for > 12 months, activation parameters
NCT02443935 Completed Chronic HIV-1 Infection Phase 1/2  Denmark (Aarhus)  CD4 >350/mm3 12 MGN 1703 and HIV reservoir size
USA (Boston,
Reducing the Residual Reservoir of HIV-1 Massachusetts HIV infected patients, virologically CART + Panobinostat Occurrence of AE; Change
Infected Cells in Patients Receiving General Hospital suppressed on cART for > 12 months, vs. CART + panobinostat + IFNa2a in CD4 T Cell-Associated
NCT02471430 Recruiting Antiretroviral Therapy (ACTIVATE) Phase 1/2  CRS) CD4 T cell > 400/mm3 Estimated: 31 (180 pg once) HIV-1 DNA from Baseline
Safety and Immunogenicity of a Vaccine Incidence of AE/SAE +
Dendritic Cell-based Pulsed With HIV infected patients, virologically Dendritic cell vaccine x 3 +/- PEG IFN  proportion of patients
Autologous Heat-inactivated in HIV-1 suppressed on cART for > 6 months, vs. placebo +/- PEG IFN; and cART with undetectable HIV VL
NCT02767193  Recruiting Infected Patients Phase 1 Spain (Barcelona) CD4 T cell > 450/mm3 Estimated: 32 withdrawal at 12 weeks
HIV infected patients, virologically Changes from baseline
Active, not Pilot Peg-Interferon-a2b in Decreasing suppressed on cART for > 12 months, PEG-IFNa2b (1 pg/kg/week) for 20 cellular HIV DNA at week
NCT01935089  recruiting Viral DNA in HIV Phase 2 USA, multicentric CD4 > 450/mm3 Estimated: 25  weeks + ART interruption 24
PEG-IFNa2b (1 pg/kg/week) for 20
HIV infected patients, virologically weeks + ART interruption vs. PEG- Changes from baseline
Active, not Reducing Proviral HIV DNA With suppressed on cART for > 12 months, IFNa2b (1 pg/kg/week) for 20 weeks cellular HIV DNA at week
NCT02227277  recruiting Interferon-a (BEAT-HIV) Phase 2 USA, multicentric CD4 > 450/mm3 Estimated: 54  + continuous ARTvs. continuous ART 24

AE: adverse events. cART: combined antiretroviral therapy. Pl: protease inhibitors. qVOA: quantitative viral outgrowth assay. SAE: serious adverse events.
*: Pre-ART Plasma HIV-1 RNA set point between 50 and < 5,000 copies/mL defining the "controller" status in this study
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FIGURE LEGEND

Figure 1. Anti-HIV strategies currently developed based on IFN-I. Representation of the strategies
currently developed in the context of IFN-pathway activation during the different phases of HIV
infection. During early phases and in some selected chronically infected patients with long-term viral
control on ART (right side of the figure), the optimization of IFN-I agonism might be considered to
gain insight in the reduction of HIV reservoirs. Therapeutics actually considered mainly consist in
optimization of the IFN subtypes (ie, better administration of IFNa2 or IFNB, and other non-a2 IFN-I
subtypes such as IFNa6, 8 or 14, IFNA, IFNe...) or in the improvement of the endogenous IFN-I
production using TLR agonists. The important question is the imbalance between antiviral effects and
immune activation. During chronic phases of the infection (left side of the figure) in patients with
persistent chronic inflammation, elevated IFN-signature and/or poor immunologic response despite
good viral control, one objective might be the reduction of the IFN-enhanced immune activation
using TLR antagonism (hydroxychloroquine), anti-IFNAR antibodies, and/or anti-JAK1/2 small
molecules. All these strategies should be combined with ART to improve the control of the viral
replication. See references [12], [13] and [18] for complete description of the IFN signaling pathway.
IFN: Interferon; IFN-I: type | IFN; IRF: IFN-regulatory factor; IFNAR: IFN associated receptor; ISG: IFN-
stimulated genes; ISGF3: IFN-stimulated gene factor 3; ISRE: IFN-sensitive responsive element; STING:
stimulator of IFN genes; STAT: Signal transducers and activators of transcription; TLR: Toll-like

receptors.
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*  poor immunologic response despite good viral
control
Main objective: control of IFN-enhanced inflammation

Optimization of the IFN-effect:
early phases
long-term viral controlon ART
Main objective: reduction of the reservoir size

« Target » cells of type I IFN: ISG
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