Antimicrobials

Drugs that directly act against
the pathogen, including
antibiotics (bacteria),
antivirals (viruses), antifungals
(fungi) and antiparasitics
(parasitic infections).
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Host-directed therapies for bacterial
and viral infections

Ralf Bartenschlager®>¢

Infectious diseases that are caused by bacterial and
viral pathogens remain a major global health threat.
Antibiotics have contributed to a profound reduction
in disease incidence caused by bacterial pathogens, but
we increasingly face antimicrobial resistance (AMR) to
these antibiotics, and the development of new antibacte-
rials lags behind the emergence of resistance. In 2015, an
estimated 700,000 deaths were caused by pathogens with
antimicrobial resistance'. The steep growth in research
and development (R&D) for new antibiotics between
1950 and 1980 resulted in approximately 200 new drugs
on the market. However, only 12 new antibiotics have
been licensed in the 21st century.

Persistent viral infections can only rarely be cured,
and major epidemics and pandemics such as those
caused by the Ebola virus or Zika virus underscore our
need for broadly active antivirals. Moreover, availa-
ble antivirals are often limited by the rapid emergence
of drug resistance. Approximately 90 new antiviral
drugs have been approved in the past 50 years, and 29
of these have been approved in the past 6 years, mostly
for the selective treatment of infections with hepatitis C
virus (HCV) and HIV? There is a clear rise in R&D of
antiviral drugs, but in contrast to antibiotics, their activ-
ity spectrum is mostly limited to a distinct virus group.

Stefan H. E. Kaufmann', Anca Dorhoi’?, Richard S. Hotchkiss® and

Abstract | Despite the recent increase in the development of antivirals and antibiotics,
antimicrobial resistance and the lack of broad-spectrum virus-targeting drugs are still important
issues and additional alternative approaches to treat infectious diseases are urgently needed.
Host-directed therapy (HDT) is an emerging approach in the field of anti-infectives. The strategy
behind HDT is to interfere with host cell factors that are required by a pathogen for replication or
persistence, to enhance protective immune responses against a pathogen, to reduce
exacerbated inflammation and to balance immune reactivity at sites of pathology. Although HDTs
encompassing interferons are well established for the treatment of chronic viral hepatitis, novel
strategies aimed at the functional cure of persistent viral infections and the development of
broad-spectrum antivirals against emerging viruses seem to be crucial. In chronic bacterial
infections, such as tuberculosis, HDT strategies aim to enhance the antimicrobial activities of
phagocytes and to curtail inflammation through interference with soluble factors (such as
eicosanoids and cytokines) or cellular factors (such as co-stimulatory molecules). This Review
describes current progress in the development of HDTs for viral and bacterial infections,
including sepsis, and the challenges in bringing these new approaches to the clinic.

For many viruses, particularly those that are highly prev-
alent in developing countries — including hepatitis and
flaviviruses — such drugs are not available. Moreover,
the constant emergence of infections with new virus spe-
cies and the increasing incidences of outbreaks of viral
diseases with pandemic potential emphasize the need for
broad-spectrum antiviral drugs.

Undoubtedly, R&D for canonical antimicrobials that
directly target pathogens must continue, but additional
approaches are also urgently needed. One such com-
plementing strategy is host-directed therapy (HDT)
with biologics or small molecules. HDT can: interfere with
host mechanisms that are required by a pathogen for pro-
ductive replication or persistence; enhance the immune
response by stimulating mechanisms that are involved
in host defence against the pathogen; target pathways
that are perturbed by a pathogen and contribute to
hyper-inflammation; and modulate host factors that lead
to dysbalanced responses at the site of pathology. In the
case of targeting hyper-inflammation and dysbalanced
responses, treatment is symptomatic rather than causal,
but reduces exacerbated tissue damage in infectious
diseases and confines microbial niches. Accordingly,
HDT for infectious diseases shares similarities with
conventional therapy of non-communicable diseases.
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Vaccines

Medicines that induce a
protective immune response,
mostly to prevent
(prophylactic vaccination) but
sometimes also to treat
(therapeutic vaccination)
infectious diseases.

Nucleocapsid

The protein shell that
surrounds and contains the
viral genome.

Macrophages

Large phagocytes crucial for
innate defence, inflammation
and tissue remodelling that
recognize, internalize and
destroy microorganisms and
cellular debris. They can also
contribute to priming and
polarization of adaptive
immune responses.

Author addresses

Indeed, several HDT approaches rely on the repurpos-
ing of licensed drugs for other diseases, such as cancer,
metabolic and cardiovascular diseases. However, in the
area of infectious diseases, anti-infectives that directly
target the pathogen have been generally considered as
the only treatment option. Therefore, the concept of
HDT for infectious diseases, although not novel in the
strictest sense, provides untapped opportunities that
are urgently needed in the face of increasing AMR.

HDT-based approaches are less prone to therapy
resistance than anti-infectives that directly target path-
ogens, because resistance would require the pathogen
to use an alternative host factor to replicate, to become
less dependent on the targeted host factor or to evade
activated host defence mechanisms. Principally, these
host factors are evolutionarily conserved, and therefore,
successful evasion requires considerable mutational
changes in the pathogen. Nevertheless, most HDT
approaches are not considered to be stand-alone ther-
apies but are combined with canonical anti-infectives.
In this Review, we compare different HDT approaches
for viral and bacterial infections and describe the pro-
gress made in their development, focusing mostly on
tuberculosis (TB) (BOX 1) and sepsis for bacterial infec-
tions and on chronic viral hepatitis and AIDS for viral
infections (TABLE 1). We also provide deeper insights
into the general principles underlying different dis-
eases and note commonalities and differences between
HDTs for distinct infections. Owing to space limitations
and recently published reviews on the topic**, prophy-
lactic and therapeutic vaccines are not covered here and
only a few examples are mentioned (Supplementary
information S1 (table)).

Interfering with host cell mechanisms

All viruses and some bacteria are intracellular parasites
and as such require host cells for their replication and
persistence. On the one hand, host cells provide, among
other mechanisms, the synthetic machinery and energy
source. On the other hand, host cells have intrinsic
defence mechanisms that are triggered by infection.
Therefore, viruses and bacteria must possess strategies
to block such defences. Taking advantage of our increas-
ing knowledge of pathogen-host cell interaction, novel
strategies for HDTs are currently being pursued that
either block host cell factors or pathways essential for
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pathogen survival, or activate and reinstall pathogen-
antagonizing mechanisms, thus rendering the host cell
non-permissive.

Inhibiting productive viral replication

Viral infection begins with the attachment of the virion
to the host cell, a process that requires specific interac-
tions between proteins that are exposed on the surface
of the virus particle and one or several receptors on the
plasma membrane of the host cell (FIC. 1). This interac-
tion triggers the entry of the virus particle into the cell,
the dissociation of the nucleocapsid and ultimately, the
release of the viral genome, to be used for reverse tran-
scription and integration (in the case of HIV) or RNA
synthesis (for example, for hepatitis B virus (HBV)) or
directly for protein production (such as for HCV) (FIG. 1).
Viral proteins, together with host cell factors, catalyse
the amplification of the viral genome, which is packaged
into progeny virions. These are released from the cell to
initiate a new round of infection.

As viruses require host cell factors for nearly every
step of their life cycle, each required host dependency
factor (HDF) is a potential drug target. Ideally, a moder-
ate reduction in HDF abundance or its availability would
already substantially impair virus production and the
HDF would be non-essential for host cell survival, which
would reduce the likelihood of cytotoxicity. Accordingly,
inhibitors that target the very early stages of viral repli-
cation and block the binding of the virus particle to the
host cell receptor have emerged as a promising approach
(Supplementary information S1 (table)).

Entry inhibitors for HIV-1. Regarding entry inhibitors,
during the past two decades, most progress has been made
in the treatment of infections with HIV type 1 (HIV-1).
Entry of this virus requires the interaction between the
primary receptor CD4 and one of two chemokine recep-
tors that act as co-receptors: CXC-chemokine receptor 4
(CXCR4; X4) and CC-chemokine receptor 5 (CCR5; R5)°
(FIC. 1). Whereas CXCR4 is expressed on T cells and
promotes the entry of T cell-tropic HIV-1 (X4-strains),
CCR5 is expressed on macrophages and some populations
of T cells and promotes the entry of macrophage-tropic
HIV-1 (R5 strains). Intriguingly, individuals with cer-
tain mutations in CCR5 are resistant to infection with
R5 strains, which predominate during the early stages
of infection, whereas X4-tropic strains emerge during
the later stages of infection® — thus qualifying CCR5 as
an attractive target for HDTs®. Antagonists of CCR5
have been developed’ that lock the receptor into a non-
permissive conformation and thereby dampen its co-
receptor function. This concept, which was originally
established in vitro, has been translated into clinical use,
and Maraviroc (Selzentry/Celsentri; Pfizer) was approved
as a first-in-class CCR5 inhibitor in 2007. As expected
for an HDT, resistance to Maraviroc is low, and given
the importance of CCR5 in HIV infection Maraviroc
has become a component of HIV-1 therapy®. Apart
from its virological benefit, Maraviroc has also been
found to increase the number of CD4" and CD8" T cells
in some patients, suggesting that it has an additional
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Caseation

Necrosis of tissue as a result of
cell death, imprinting
granulomas with a soft and
cheese-like appearance.

Companion diagnosis

A diagnostic test that is used
with a therapeutic drug to aid
in selecting or excluding
patients for treatment with that
particular drug on the basis of
their biological characteristics.
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Box 1| TB: a chronic infectious disease with a complex pathophysiology

According to the WHO, tuberculosis (TB), which is caused by the bacterium Mycobacterium tuberculosis (Mtb), remains
the deadliest global infectious disease (1.8 million deaths in 2015) caused by a single pathogen. By modifying host
defence mechanisms Mtb can persist and survive in resting macrophages. Macrophage activation by T cells and their
cytokines improves bacterial control but this activation remains incomplete. Active TB emerges either as progressive
primary disease or as a consequence of immune suppression after long stages of pathogen persistence once the balance
between bacterial persistence and host defence is tipped in favour of the pathogen.

Mtb modulates chemokine and cytokine release to its advantage by triggering the recruitment of additional
Mtb-permissive cells to the sites of infection. The release of alarmins, such as S100 proteins, upon the lysis of infected
macrophages further recruits immune cells within the lung. Resident and recruited phagocytes cluster, giving rise to
granulomas, the tissue hallmark of TB. Granulomas are complex and highly dynamic cellular structures that are composed
of macrophages at various activation stages, dendritic cells (DCs), neutrophils, natural killer (NK) cells, and T and B
lymphocytes. Diverse cellular composition and local remodelling events (such as necrosis, fibrosis, mineralization and
caseation) drive granuloma heterogeneity and highlight the presence of distinct microenvironments in single lesions?"262,
Each granuloma follows a unique trajectory as a result of dynamic interactions between bacterial factors and host
immunity. Moreover, a continuum of distinct lesions is present in a given host, with solid granulomas dominating in
healthy individuals with latent infection and caseous granulomas predominating in patients with active TB'®*. Granulomas
harbour Mtb within macrophages or in regions of acellular necrosis. Various metabolic (lipid species) and anatomical
(abnormal blood vessels) factors restrict the penetration of antimicrobial drugs into granulomas'®. Cavities, which
originate from caseating granulomas, enable unrestricted Mtb replication as pellicles at the cavity wall and are sources of

bacillary expectoration and transmission?®.

In 2015, multidrug-resistant (MDR) TB and extensively drug-resistant (XDR) TB contributed to more than 10% of
TB-related deaths?*. The occurrence of drug-resistant TB is attributed to poor patient compliance with chemotherapy,
which generally comprises four drugs (isoniazid, rifampin, ethambutol and pyrazinamide) and lasts for 6 months. In
addition to poor compliance, genetic diversity and clonality of Mtb within patients?®, as well as reduced drug penetration
into lesions, can lead to monotherapy at sites of bacterial residence despite treatment with several drugs'®>?*°, which
further contributes to the emergence of antimicrobial resistance (AMR) in TB. Equally alarming is the fast acquisition of
resistance to the newly approved drugs for MDR TB, delamanid and bedaquiline?®®. Therefore, the development of AMR
along with limited treatment options against MDR TB and XDR TB call for host-directed therapy primarily in adjunct to

canonical chemotherapy.

immunological benefit®. The underlying mechanisms
are unclear but could be due to the involvement of
CCR5 in immune regulation. However, the clinical use
of Maraviroc is limited given its restriction to R5-tropic
viruses. Precise HIV typing can delay the onset of treat-
ment and can cause therapy failure when virus tropism
changes in the patient. Accordingly, companion diagnosis
and individualized treatments are required for this and
other selected HDTs.

Entry inhibitors for hepatitis viruses. Another example of
an entry inhibitor is the investigational agent myrcludex
B, which is a peptide derived from the large surface glyco-
protein of HBV (Supplementary information S1 (table)).
This peptide binds to the cell surface molecule sodium
taurocholate co-transporting polypeptide (NTCP), which
is required for productive HBV infection®'’, and blocks
viral entry with extremely high potency (IC,, of approx-
imately 80 pM)""' (FIC. 1). Intriguingly, the same entry
receptor is also exploited by hepatitis D virus (HDV) —
a satellite virus that requires the surface glycoproteins of
HBV for virus particle formation (reviewed in REF. 12).
Thus, HDV is consistently associated with HBV, and
this co-infection is responsible for the most severe form
of virally induced liver disease. Because of this peculiar
biology, myrcludex B also blocks the entry of HDV®. The
IC,, values of myrcludex B for HBV and HDV entry inhi-
bition are comparable and more than 500-fold lower than
the IC,, of bile salt transport inhibition, suggesting that
virus entry can be blocked at doses with minor effects
on the physiological function of NTCP. Encouraged by

these results, clinical trials have been conducted and have
demonstrated the excellent tolerability of even high doses
of myrcludex BY. Moreover, a phase Ib/IIa clinical trial of
myrcludex B as a monotherapy in patients with chronic
HBV-HDV co-infection revealed a strong reduction of
HDV RNA serum levels and the normalization of liver
enzymes (markers of liver cell damage). There was also
a synergistic antiviral effect on HDV and HBV levels in
patients treated with a combination of myrcludex B and
polyethylene glycol-conjugated (pegylated) interferon
a2a (PeglFNa2a)™. Myrcludex B received orphan drug
status from the European Medicines Agency (EMA)
and the US Food and Drug Administration (FDA) and
further clinical trials are ongoing.

Myrcludex B and Maraviroc illustrate how entry inhibi-
tion is a promising target for HDTs and support the broad
applicability of such an HDT strategy. The recent identifi-
cation of entry molecules, such as NPC1 for Ebola virus,
LAMP1 for Lassa virus and PLA2G16 for picornaviruses,
provides an ideal starting point for the development of
HDTs against these threatening pathogens.

Targeting the HDFs required for HCV replication. Apart
from targeting entry receptors, HDFs that are required for
viral replication are equally attractive drug targets. One
example is the host cell chaperone cyclophilin A (CypA).
By using replicon-based assays, it was found that the
immunosuppressive drug cyclosporine A (CsA) potently
inhibits HCV replication’ by binding to and thereby
sequestering CypA. Subsequent studies identified CypA
as the primary HDF that promotes HCV replication's"”.
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Table 1| Selection of infectious diseases and their aetiological agents targeted by host-directed therapy

Disease

TB: 80%
pulmonary, 10%
extra-pulmonary
and 10% both

Sepsis

Chronic viral
hepatitis

AIDS

Relevance

In 2015, 10.4 m new
cases, 1.8 m deaths.
0.5m new MDR TB
cases and 0.2m MDR
TB deaths

Leading cause

of deathin ICUs
inindustrialized
countries; 750,000
cases annually in the
United States

~130m chronic HCV
and ~240m chronic
HBV infections;
~5% of chronic HBV
infections are also
chronically infected
with HDV. Chronic
hepatitis E is rarely
found inimmune
compromised
patients; no chronic
hepatitis A

In2015,36.7m
people living with
HIV or AIDS; 1.1m
died of AIDS-related
illnesses worldwide

Pathogen

Mycobacterium
tuberculosis
(Mycobacterium
africanum,
Mycobacterium bovis
and Mycobacterium
caprae)

Gram-positive

and Gram-negative
bacteria and fungal
organisms

HBV, HCV and HDV

HIV-1, groups M, N
and O; HIV-2 (mostly
confined to West
Africa)

Immunology and
persistence strategies

Intracellular bacteria
persisting in
macrophages; T cells
activate macrophages

to inhibit mycobacterial
growth but fail to achieve
sterile eradication; role of
antibodies questionable

Initial hyper-
inflammation, followed
by immunosuppression;
apoptotic depletion of
T, B and dendritic cells,
increased T regulatory
cells, T cell exhaustion,
shift to T,,2 phenotype,
type 2 macrophages,
secretion of regulatory
cytokines (IL-10)

® HBV: cccDNA; T cell
exhaustion, probably
induced by excessive
amounts of subviral
particles (HBsAg)

* HDV: stable circular
ssRNA genome
persisting in nucleus of
infected cells

® HCV: T cell exhaustion;
immune escape variants;
continuous intrahepatic
IFN response; cell-to-cell
spread

Mostly acute lytic
infection of immune cells,
notably CD4* T cells;
obligatory integration into
the host cell genome as
provirus; latency in pro-
virus-containing resting
CD4*T cells; cell-to-cell
spread

Pathogenesis

Immunopathology;
granulomas as hallmark;
solid granulomas:
bacterial containment;
necrotic or caseous
granulomas: tissue
damage

Immune activation by
PAMPs and DAMPs.
Crosstalk between innate
and adaptive immunity
directs host response

* Predominantly
mediated by cellular
immune response.
Likelihood of end-stage
liver disease depending
onvirus type

* HBV: integration of viral
genome (fragments)
into host cell
chromosomes possible

* HBV-HDV coinfection:
higher risk of end-stage
liver disease

Infection and
hyper-activation or
destruction of CD4*

T cells; successive loss of
cell-mediated adaptive
immune response and
progressive susceptibility
to opportunistic
infections

Antimicrobials and
antimicrobial resistance

Three or four drugs over
6 months; increasing
incidence of MDR and
XDR

Increasing development
of antimicrobial
resistance with

MDR organisms and
‘super-bugs’, such

as ESBL-producing
Gram-negative bacteria
and VRE

* HBV: nucleoside and
nucleotide analogue
(life-long) or IFN;
resistance depending on
drug used; rarely virus
elimination

* HDV: no approved
therapy available

* HCV: combination of
twoor three drugs,
mostly for 12 weeks;
resistance is rare

ART: dose depends

on prior treatment
experience, patient age
and other conditions.

For treatment-naive
patients, three drugs from
two different classes,
eventually together with a
pharmacokinetic booster
(for example, ritonavir)

ART, antiretroviral therapy; cccDNA, covalently closed circular DNA; DAMPs, damage-associated molecular patterns; ESBL, extended-spectrum B-lactamase;
HBsAg, HBV surface antigen; HBV, hepatitis B virus; HCV, hepatitis C virus; HDT, host-directed therapy; HDV, hepatitis D virus; ICUs, intensive care units;

IFN, interferon; IL-10, interleukin-10; m, million; MDR, multidrug-resistant; PAMPs, pathogen-associated molecular patterns; ssRNA, single-stranded RNA;
TB, tuberculosis; T2, T helper 2; VRE, vancomycin-resistant enterococci; XDR, extensively drug-resistant.

Genetic barrier to resistance
The type and extent of
mutations required for a
pathogen to escape from the
suppressive effect imposed by
a specific drug.

Direct-acting antiviral drugs
(DAAs). Compounds that bind
to and affect virus-encoded
factors, most often proteins;
for example, protease or
polymerase inhibitors.

As CypA is likely to be required for the proper assembly
and activity of the HCV replicase complex, its seques-
tration renders the replicase inactive's. However, the
CypA-CsA complex inhibits the protein phosphatase
calcineurin, which is required for T cell activation,
thus causing an immunosuppressive effect. Therefore,
non-immunosuppressive Cyp antagonists, which are
mostly derived from CsA, have been designed, includ-
ing alisporivir (previously known as Debio 025), NIM811
and SCY-635. Although phase I and phase II clinical
trials conducted with alisporivir and SCY-635 have
demonstrated the inhibition of HCV across different
genotypes and a high genetic barrier to resistance'?, fur-
ther clinical development of these compounds was not
pursued, presumably due to the very rapid development

of direct-acting antiviral drugs (DAAs) for HCV. However,
CypA is a host cell factor used by viruses from different
families, such as coronaviruses* and HIV?, suggesting
that CypA antagonists have the potential to be developed
into broad-spectrum antivirals. Although natural pre-
existing mutations in the HIV capsid protein, the CypA
interaction partner, would limit the broad clinical use of
this compound class, CypA-knockout mice and human
cells are fully viable***, and therefore possible toxicity
associated with CypA inhibition should be low.
Another example of an HDF that promotes viral
replication is microRNA-122 (miR-122). This miRNA
is preferentially expressed in hepatocytes, the primary
host cells of HCV, and regulates lipid metabolism, but
also binds to several regions of the HCV genome, most
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Subviral particles

(SVPs). In the case of hepatitis
B virus (HBV), non-infectious
virus-like particles composed of
HBV envelopes and lacking the
viral nucleocapsid and genome.

notably two regions close to the 5’ end, and stimulates
RNA replication®. Soon after the discovery of miR-122
as an HDF of HCV, antisense-based oligonucleotide
approaches (known as antagomirs) were developed to
sequester miR-122 in infected cells, thereby blunting
HCV replication. This approach was well tolerated both
in vitro and in vivo and imposed a high genetic barrier to
resistance?*?’. However, studies with miR-122-knockout
mice identified this miRNA as a tumour suppressor®*,
which raised concerns about its inhibition. Moreover,
given the challenges in the delivery of miR-122-specific

REVIEWS

antagomirs, to the best of our knowledge only one clin-
ical candidate, RG-101 (Regulus Therapeutics) which is
an N-acetylgalactosamine-conjugated oligonucleotide
that antagonizes miR-122 and that is targeted to hepato-
cytes, is being pursued in combination with different
approved or investigational DA As*.

Rectifying antibacterial cellular defence

Owing to the higher autonomy of bacteria compared
with viruses, targeting host cell pathways, rather than
individual factors, is a more frequent HDT approach in

a HCV b HBV

Breaking immune tolerance

* Therapeutic vaccination

¢ Cell-based immunotherapy
blocking SVP production

Entry inhibitors

c HIV

Entry inhibition

® Maraviroc Maturatlon

oA Entry inhibition
ntlbredceptngI LB @ TCR engineered
antibodies { ’ ¢ Passive immunization 9
CLDN-1, SRB-I) (HBIGs) Tcell
Maturatlont
:igg \ * SVPs .
hid ’ ‘ Virions
a a
| @ ) Reverse
\ / transcription
I;epllcatlon / : /_\ Reverse Y
inhibitors @ transcription
: gz?a/zgm:?slmrs 1 T - Shock and
C\ * Ribavirin VRNA VRNA El/klcﬁ::::;gy t
N R S R(OF W
NA DOOOOOOO(] MNA
translatlon 0@10 Membranous \’LL \

web

Nucleus

Integration

Pro-virus

cccDNA breakdown
* Antiviral cytokines
¢ Blockade of DNA repair factors

Figure 1 | Replication cycles of HCV, HBV and HIV and points of
intervention by HDTs. a | Upon entry of hepatitis C virus (HCV) into the cell,
viral RNA is translated at the endoplasmic reticulum (ER) and a membranous
replication factory is formed (a membranous web). There, viral RNA (vRNA)
is amplified and packaged into nucleocapsids that bud into the ER.
Enveloped virions are secreted out of the cell. b | In the case of HBV, upon
virus entry, the partially double-stranded viral DNA genome is converted into
the covalently closed circular DNA (cccDNA) form that persists as an
episome in the nucleus. vRNAs are transcribed and used for protein
synthesis. Within the nucleocapsids the vRNA pre-genome is reverse
transcribed by the viral polymerase (red circle) and virions are formed by
budding into the ER lumen. Virions are secreted from the cell, along with
subviral particles (SVPs) that lack a nucleocapsid and so are non-infectious.
SVPs are composed of the same envelope (Env) proteins as infectious HBV
particles. c | HIV enters upon interaction with the CD4 receptor and a

co-receptor (such as CCR5) by direct fusion of the viral envelope with the
plasma membrane. Nucleocapsids that contain the RNA genome are
released into the cytoplasm and upon reverse transcription a pre-integration
complex (PIC) containing the viral integrase (green bar) is formed. The viral
DNA genome (blue) is inserted into the host cell genome (light purple) and
this provirus serves as a template for the transcription of all viral mRNAs
(VRNAs). These are translated in the cytoplasm and give rise to HIV proteins;
some of them (the Gag and Gag-Pol polyprotein precursors) are transported
to the plasma membrane to trigger the formation of nucleocapsids. These
nucleocapsids acquire their envelope by budding at the plasma membrane.
The viral polyproteins are cleaved within the released virions, thus inducing
a rearrangement of the structural proteins, visible by morphological
conversion into a conical nucleocapsid. Only these particles are infectious.
CypA, cyclophilin A; HBIGs, hepatitis Bimmunoglobulins; HDT, host-directed
therapy; ISGs, interferon-stimulated genes; TCR, T cell receptor.
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Phagosomes

Vesicular compartments
generated when extracellular
particles are internalized by
phagocytosis. In the case of
microorganisms, phagocytized
cargo is generally killed and
digested following the fusion of
phagosomes with lysosomes.

Apoptosis

A form of programmed cell
death characterized by nuclear
fragmentation, chromatin
condensation, cell shrinkage
and cell membrane blebbing
that is controlled by enzymes
known as caspases. Usually
phagocytes remove apoptotic
bodies without causing
inflammation.

Autophagy

A cell-autonomous process
facilitating the elimination or
recycling of cellular
components, such as damaged
organelles. Essential for the
maintenance of cellular
function under stress, including
infectious stress.

Rapamycin

A mammalian target of
rapamycin (mTOR) inhibitor
used clinically to prevent
transplant rejection.

bacterial infections (BOX 1; Supplementary information S2
(table)). The causative agent of TB, Mycobacterium tuber-
culosis (Mtb), persists in macrophages by subverting multi-
ple intracellular antimicrobial mechanisms. Mtb replicates
within early phagosomes, prevents fusion with lysosomes,
counteracts acidification and escapes into the host cytosol.
It inhibits host cell apoptosis and autophagy and causes host
cell lysis*'. Consequently, Mtb replicates in macrophages
and even induces their transformation into epithelioid and
giant cells, as well as into foamy cells that are rich in choles-
terol stored in lipid bodies, which are an important carbon
source for Mtb.

Adjusting autophagy and phagosomal killing in TB.
The most prominent cell-intrinsic biological pathway
within macrophages targeted by numerous HDT candi-
dates is autophagy, which is used as a host defence strat-
egy against numerous bacterial pathogens®. Soluble
mediators that are essential for host defence against Mtb
— including interferon-y (IFNy), the main activator of
macrophages (BOX 2) — stimulate autophagy™. Mtb
inhibits autophagy by means of lipids (such as man-
nose capped lipoarabinomannan (ManLAM), lipid C)*,
early secretory antigenic target-6 ESX1 secretion sys-
tem products®* and mycobacterial virulence factors
encoded in the eis gene region®”**. To overcome Mtb
resistance to killing by macrophages and to promote
Mtb entry into autophagic compartments, a diverse
range of pro-autophagic drugs has been proposed for
TB management by HDT. These compounds comprise
small molecules that belong to several pharmaco-
logical groups (FIC. 2; Supplementary information S2

Box 2 | Innate immunity and the IFN system

Innate immune responses comprise cells and mechanisms that are continuously present
or that are activated within minutes or hours after infection to suppress the replication
and spread of the invading pathogen. In addition, the innate immune response provides
important support for the (long-lasting) adaptive, humoral and cellular immune
response. These functions are brought about by the recruitment of immune cells to the
site of infection, which is frequently mediated by chemokines and cytokines, by the
presentation of pathogen-specific antigens, the recognition and removal of pathogens
by specialized white blood cells and the activation of the complement system.
Although all of these mechanisms are relevant in viral infections, for host-directed
therapy (HDT), distinct cytokines, the interferons (IFNs), are the best studied**. More
than 20 IFN genes have been identified and they are grouped into three classes: type |
IFNs which include IFNa and IFNB; the type Il IFNy that is produced by activated T

cells and natural killer (NK) cells; and type Il IFNs or IFNAs that target mucosal

epithelial cells and the liver®®. Upon binding to their cognate receptor, these cytokines
induce a signalling cascade that leads to the activation of several hundred
IFN-stimulated genes (ISGs). On the one hand, ISGs enhance adaptive immunity — for
example, by upregulating major histocompatibility complex class | (MHC-I) and thus
antigen presentation — on the other hand, many of these genes contribute, directly or
indirectly, to the antiviral state of a cell**. As a net result, IFN-treated cells are barely
able to be infected by viruses, a property that is reflected in the name of these cytokines
(interference). The inhibition of virus infection and replication is mediated in many
ways, including through a shut-down of RNA translation, enhanced RNA degradation or
cell growth arrest. In addition, several ISGs have a more direct antiviral effect, such as
bone marrow stromal antigen 2 (BST2; also known as tetherin), a transmembrane
protein that resides on the cell surface and that interacts with the envelope of virus,
such as HIV, thus tethering virus particles on the plasma membrane and preventing
their release from the infected cell*®®. The type Il IFNy is crucial for defence against
intracellular bacteria and protozoa.

(table)), many of which are approved for diverse indi-
cations, such as diabetes, cardiovascular disorders and
hypertension.

Despite being highly amenable to targeting by small
compounds, only a few autophagy inducers are currently
ready for clinical trials. On the one hand, this is due to
the limited availability of the detailed pharmacokinet-
ics of such drugs; on the other hand, it relates to their
preclinical testing in TB. The best studied autophagy
inducer is rapamycin (sirolimus)*’, which reduces the
replication of Mtb in macrophages***. However, rapa-
mycin also causes profound immune suppression and
is metabolized by cytochrome P450 enzyme CYP3A4,
which is strongly induced by the anti-TB drug rifampin
(also known as rifampicin). This warrants caution for
the use of rapamycin in combination with rifampin.
Moreover, the reactivation of latent TB infection (LTBI)
upon rapamycin therapy argues against prioritizing it
asan HDT*"*2

Various screens with Mtb-infected macrophages have
also identified anticonvulsants (carbamazepine and val-
proate), selective serotonin uptake inhibitors (fluoxetine)
and epidermal growth factor inhibitors (gefitinib) as
autophagy inducers that affect Mtb replication®®*.
The calcium channel blocker verapamil also induces
autophagy and has proved efficacious as an adjunct to
TB chemotherapy, notably delivered in combination with
the first-line drug rifampin or with the newly developed
anti-TB diarylquinoline bedaquiline in a mouse model,
but only at a dose that is toxic for humans*>*. Currently,
the most promising drug that induces autophagy and
promotes phagosome maturation of Mtb-infected cells
is the oral biguanide metformin, which is widely used
for the treatment of type 2 diabetes. Metformin activates
5’-adenosine monophosphate-activated protein kinase
(AMPK) and interferes with the mitochondrial respira-
tory chain, promoting the production of reactive oxygen
species (ROS) and subsequent Mtb killing in human and
murine macrophages. To a certain extent, metformin
restricts bacillary growth in murine pulmonary TB*.
Given its widespread application and acceptable safety
profile, metformin seems to be ready to enter clinical
trials as an HDT for TB*.

Other drugs that may overcome the inhibition of
phagosome maturation in Mtb-infected macrophages
are tyrosine kinase inhibitors and cholesterol-lowering
agents. Tyrosine kinase inhibitors that target the fusion
protein BCR-ABL — such as imatinib, which restricts
Mtb replication — arrest proliferation and restore apop-
tosis in myeloid cells and have been approved for the
treatment of chronic myeloid leukaemia***®. Statins
(such as lovastatin, simvastatin and atorvastatin, which
inhibit 3-hydroxy-3-methylglutaryl coenzyme reduc-
tase (HMG-CoA), the rate-limiting enzyme in the cho-
lesterol biosynthesis pathway), are commonly indicated
for patients suffering from vascular disorders. Besides
phagosomal maturation, statins trigger autophagy in
Mtb-infected macrophages. They also limit lipid body
biogenesis, thereby restricting the generation of foamy
cells, which support Mtb persistence®’. These statin-
induced effects lead to the killing of intracellular Mtb in

40| JANUARY 2018 [ VOLUME 17

www.nature.com/nrd

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2017.162.html#supplementary-information
http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2017.162.html#supplementary-information

Mycobacterium
: . tuberculosis

Macrophage

Phagosome

REVIEWS

Trigger activation

* IFNy

* TNF modulators,
e PDE inhibitors

Cytokines
Induce antimicrobial

© (IFNy, TNF,

IL-1) @0
°

e T - P e

I %, e Vitamin D
o M_etforr_nm. ) ¢ HDAC inhibitors
* Kinase inhibitors ¢ Phenylbutyrate
e Statins

Inhibit lipid body

Lysosome \ /—\ formation
e Statins
T Q e Vitamin D
Lipid body
(Auto)Phagolysosome

Trigger autophagy

* Gefitinib e Verapamil
* Vitamin D * Fluoxetine

* mTOR inhibitors
* Metformin
e Statins

¢ Nitazoxanide
e Carbamazepine
* Valproic acid

Figure 2 | HDTs that target macrophages in TB. Mycobacterium tuberculosis (Mtb) is phagocytosed by macrophages and
interferes with endosomal maturation. Bacilli block the fusion of the phagosome with lysosomes, egress into the cytosol,
restrict autophagy and induce the accumulation of lipid bodies. The anti-mycobacterial activity of the macrophage is
enhanced by stimulation with cytokines, as well as with factors that promote the secretion of antimicrobial peptides, such
as vitamins. Several host-directed therapies (HDTs) have been directed at each stage of the macrophage life cycle of Mtb
to overcome resistance to microbial killing. Each box indicates drugs or classes of drugs with proven effects on
antimicrobial immunity. HDAC, histone deacetylase; IFNy, interferon-y; mTOR, mammalian target of rapamycin; PDE,
phosphodiesterase; TB, tuberculosis; TNF, tumour necrosis factor.

CYP3A4

A xenobiotic-metabolizing
enzyme that oxidizes drugs to
facilitate their elimination.

Latent TB infection

(LTBI). The vast majority of
Muycobacterium tuberculo-
sis-infected individuals remain
healthy because although M.
tuberculosis is not eliminated,
itis contained.

TB chemotherapy
First-line drugs include
isoniazid, rifampin,

pyrazinamide and ethambutol,

and constitute standard
therapy for drug-sensitive
tuberculosis (TB).

macrophages in vitro and in vivo in experimental mouse
models®*. Treatment with simvastatin in combination
with canonical drugs, such as isoniazid, rifampin and
pyrazinamide, shortens therapy duration in murine
TB*. Moreover, a retrospective investigation in a large
patient cohort that comprised more than 8,000 new TB
cases and 800,000 control patients revealed that there
is no risk of TB reactivation upon statin intake®. This
study was prompted by epidemiological observations
that statins improve the clinical outcome of respiratory
infections. Because of their widespread use and good
safety profile, statins remain attractive HDT candidates
for TB.

Enhancing the immune response

The approaches to HDT described above have focused
on enhancing cell-intrinsic antimicrobial mechanisms
with the aim of controlling and ideally clearing infec-
tion. Several approaches have also been pursued to
target either the innate (BOX 2) or the adaptive immune
response for both viral and bacterial infections.

Viral infections

Until the first approvals of IFN-free DA A-based therapy
for chronic hepatitis C in late 2014 and early 2015, IFN
therapy was primarily used for the treatment of patients
infected with HCV and, in countries unable to afford
the high-cost DAA treatment, it is still in use for this
purpose®. Cells treated with this cytokine mount an
antiviral state and thus are protected against viral infec-
tion, but IFN simultaneously has important stimulatory
effects on the adaptive immune response. In addition,
new strategies are currently emerging based on the use
of individualized engineered T cells, which are designed
to break persistent virus infections.

Activating immunity by exogenous IFN in HCV, HBV
and HIV. Several recombinant IFNs have been licensed
for the treatment of patients with chronic hepatitis B
or hepatitis C (Supplementary information S1 (table)).
These include IFN alfacon-1, a recombinant and syn-
thetic type I IEN, recombinant IFNa2a (Roferon-A)
and IFNa2b (Intron A), which must be administered
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Sustained virological
response

(SVR). The absence of viral
RNA for a given time span after
the cessation of the treatment.
For example, SVR12 denotes
until 12 weeks after therapy.

Nucleoside analogue

An antiviral compound that
structurally mimics a
nucleoside and that aborts
chain elongation upon
incorporation into the growing
nucleic acid chain.

Toll-like receptors

(TLRs). Membrane-bound
proteins expressed by
macrophages and dendritic
cells that sense pathogen-asso-
ciated molecular patterns
(PAMPs), such as single- or
double-stranded RNA or
bacterial unmethylated CpG
DNA. They recruit adaptor
molecules, which leads to the
activation of the transcription
factors nuclear factor-xB and
activator protein 1, as well as
interferon regulatory factor 3
(IRF3) in the case of TLR3. This
induces pro-inflammatory
cytokines or, in the case of
IRF3, type | interferons.

Langerhans cells
Dendritic cells that reside in
the skin and mucosa.

RIG-I pathway
The signalling cascade induced
upon binding of RNA to RIG-I.

by subcutaneous injection several times a week, as well
as PegIFNa2a (Pegasys) and PegIFNa2b (PegIntron),
which are injected once a week.

The success of therapy, as measured by the sustained
virological response (SVR), is considerably increased when
PegIFN is combined with ribavirin, primarily owing to
the prevention of virus relapse when therapy is termi-
nated*’. Multiple parameters affect SVR rates, including
high body mass index, liver cirrhosis and the genotype
of the infecting HCV®%. In addition, polymorphisms
in the gene encoding one of the type III IFNs, IFNA3
(IFNL3; also known as IL28B), are highly predictive for
the outcome of therapy, as well as acute infection®, but
the underlying reasons are not clearly defined®.

Major limitations of IFN-based therapy are the
numerous side effects, which include influenza-like
symptoms with fever and fatigue, depression, bone
marrow suppression, exacerbated autoimmunity and,
mainly due to ribavirin, haemolytic anaemia. These
side effects were particularly pronounced with IFN
alfacon-1, which was discontinued in 2013. With the
aim of reducing these systemic effects, clinical trials
have been conducted with PegIFNAla because the
expression of the receptor for this IFN is limited to
the mucosal epithelial cells and the human liver®.
However, SVR rates of patients with chronic hepatitis C
treated with PegIFN)1a or PegIFNa2a were similar,
although extrahepatic adverse events were less fre-
quent in patients treated with PegIFNAla®. Given
the comparable efficacy of type III and type I IFN,
and presumably also due to the rapid development of
IFN-free treatment modalities, further clinical devel-
opment of PegIFNA1a for chronic hepatitis C has not
been pursued.

PegIFNa2a has also been approved for the treatment
of adults chronically infected with HBV, but not for
children®®. However, disappointingly low SVR rates
have been achieved — defined as the loss of HBV sur-
face antigen (HBsAg) with or without the production
of HBsAg-specific antibodies (referred to as HBsAg
seroconversion), the sustained control of covalently
closed circular DNA (cccDNA) in the liver (FIG. 1) and
non-detectable viral DNA in the serum®®. Although
the combination of PegI[FNa2a with an HBV-specific
nucleoside analogue enhances SVR rates, the overall
response is still below 10%* and seems to depend on
the chosen nucleoside analogue®®’. Despite these draw-
backs, PegIFNa2a has certain advantages over currently
available chemotherapy, notably the lack of drug resist-
ance (which is a major concern, especially with lamivu-
dine), a finite treatment course (usually 24-48 weeks)
and the induction of a more durable virological response
(particularly HbsAg seroconversion).

IFNa has also been shown to have antiviral activity
against HIV-1 (REF. 68). However, this area of research
has been somewhat neglected, and the role of IFNs in
controlling HIV infection has only recently received
increasing attention®. For example, the administration
of IFNa2a in the rhesus macaque model before and after
infection with a pathogenic strain of simian immuno-
deficiency virus (SIV) prevented systemic infection,

but continued IFNa2a treatment dampened the host
IFN response, concomitant with reduced antiviral gene
expression’. In addition, blocking the type I IFN recep-
tor reduced antiviral gene expression, enhanced SIV rep-
lication, and spread and accelerated CD4*IFNA1aT cell
loss™. Interestingly, a phase II clinical trial of PegIFNa2a
in patients infected with HIV-1 revealed a significant,
albeit moderate, reduction of plasma viral load after
12 weeks of treatment”. These observations suggest
that the administration of supraphysiological levels of
IFN to patients infected with HIV-1 can help to control
virus replication. However, HIV-1 has developed numer-
ous strategies to avoid detection by pattern recognition
receptors and to block IFN-induced restriction factors,
thus limiting the anti-HIV activity of IFNa®. Moreover,
increased IFNa activity seems to contribute to immune
activation and immune dysfunction in HIV-positive
patients. Therefore, dampening IFNa production,
although it may have detrimental effects on suppressing
HIV replication, might reduce immune activation and
thus the severity of disease.

Activating the endogenous innate immune response
via TLRs. Various approaches have been developed
to boost the endogenous innate (IFN) response, most
of them relying on the activation of Toll-like receptors
(TLRs). One TLR agonist approved for antiviral ther-
apy is the imidazoquinoline imiquimod. Imiquimod
is given topically in a cream formulation for the local
treatment of external genital and perianal warts, which
are frequently caused by infections with human pap-
illomaviruses (HPVs). Imiquimod is sensed by TLR7
and triggers the production of various cytokines, most
notably IFNa, IL-1, IL-6 and tumour necrosis factor
(TNF)?, and causes a reduction in viral load and wart
size”. In addition, imiquimod activates Langerhans
cells, which migrate to local lymph nodes to promote
the adaptive immune response’. Treatment duration is
a maximum of 16 weeks, with clearance rates of up to
50% and a recurrence rate of 13%".

Enhancing cellular immunity in HIV-1 infection.
A major challenge to the successful control of HIV infec-
tion is the persistence of proviral (integrated) DNA in
resting CD4* T cells (latency reservoir) (FIG. 1) and the
pronounced immune suppression that results from
infection. Different strategies are currently being pur-
sued to tackle these challenges, including a ‘shock and
kill" approach, in which latent HIV-1 is reactivated in
T cells to allow the killing of these cells through immune
effector functions™. One example is the stimulation of
the RIG-I pathway by the approved retinoic acid derivative
acitretin. This treatment activates HIV transcription and
RIG-I expression, which in turn senses HIV RNA, thus
mounting an IFN response and preferentially inducing
the apoptosis of HIV-infected cells””. Although early
clinical studies with drugs such as acitretin that trigger
the transcription of the proviral genome have raised
hopes that this strategy can be used to reverse HIV-1
latency, the extent to which this strategy can reduce the
viral reservoir size remains to be determined.

42| JANUARY 2018 [ VOLUME 17

www.nature.com/nrd

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Berlin patient

Timothy Ray Brown, who was
HIV infected, was diagnosed
with acute myeloid leukaemia
and received two stem cell
transplants from a donor with a
homozygous mutation in the
CCR5 HIV co-receptor. After
the first stem cell transplant,
Brown stopped his
antiretroviral medication; HIV
became undetectable and he
remains virus free. He is the
only patient to have achieved
a sterilizing cure.

Chimeric antigen receptors
(CARs). Artificial T cell
receptors most often
composed of a single-chain
variable fragment (scFv) fused
to a transmembrane domain
and an endodomain, which
transmits an activation signal
upon antigen binding to the
extracellular scFv. Immune cells
expressing CARs have a
defined specificity mediated by
the scFv.

Checkpoint blockade

The release of the inhibition of
protective immunity mediated
by co-inhibitory molecules.

Antimicrobial peptides
(AMPs). A diverse group of
molecules showing
broad-spectrum antibiotic
activity. AMPs attach to and
insert into membrane bilayers,
leading to the formation of
pores that destabilize
membranes and induce lysis.
AMPs can also penetrate
microbial cells and bind to
intracellular molecules that are
essential for the survival of the
microorganism.

Sputum conversion

The timeframe required to
change from positive (that is,
identification of
Mycobacterium tuberculosis)
to negative sputum culture.
Usually monitored at 1, 2 or
3 months after initiation of
therapy as it represents a valid
predictor of durable
tuberculosis cure.

Hopes of achieving HIV eradication by immune-
based therapies have been reactivated by the famous
Berlin patient’; however, aiming for a ‘functional cure’
— that is, the immune control of HIV without eradi-
cation — seems to be more realistic. One approach is
the use of immune cells that are engineered to express
molecularly cloned T cell receptors that recognize HIV
epitopes. However, this approach is limited because
many of the most highly effective CD8* T cells that have
been identified in patients recognize HIV epitopes in the
context of uncommon human leukocyte antigen (HLA)
alleles and are therefore not applicable to the majority
of infected individuals with common HLA alleles™.
Moreover, owing to high levels of HIV genomic varia-
bility, particularly in patients with long-term infection,
most latent HIV infections comprise escape mutants that
are not targeted by T cell receptors®.

Some of these limitations can be overcome by using
T cells that express chimeric antigen receptors (CARs)
(reviewed in REF. 81). However, despite promising in vitro
and in vivo results, the clinical value of these approaches
for HIV-infected individuals remains to be determined.

Activating immunity by the release of immune suppres-
sion in HCV, HBV and HIV. Chronic hepatitis B leads to
the exhaustion of T cells by inducing increased expression
of the checkpoint inhibitors programmed cell death 1
(PD1) and its ligand (PDL1) on immune effector cells.
In a mouse model of hepatitis B, therapy with anti-PD1
antibody increased HBcAg-specific interferon gamma
(IFNYy) production by intrahepatic T cells, reversed the
exhausted T cell phenotype, and led to the clearance of
HBV?®. The potential efficacy of checkpoint blockade with
anti-PD1 or anti-PDLI in hepatitis B is underscored by
additional studies showing that anti-PD1 is effective in
other chronic viral infections: for example, the treatment
of HCV-infected chimps with an anti-PD1 antibody
enhanced antiviral T cell responses and reduced virae-
mia®. Similarly, the treatment of SIV-infected macaques
with anti-PD1 antibody led to significant reductions in
plasma viral load and prolonged survival®.

Bacterial infections

The antimicrobial capacities of macrophages can be
enhanced by activation with cytokines, vitamins or other
factors that stimulate cell autonomous responses or that
drive the production of antimicrobial peptides (AMPs)
(FIC. 2; Supplementary information S2 (table)). Immune-
enhancing strategies usually exert pleiotropic effects by
integrating the stimulation of antimicrobial immunity and
the rectification of pathways that are blocked or altered by
Mitb. Besides macrophages, dendritic cells (DCs) and neu-
trophils also harbour Mtb, however, no HDT approaches
targeting these cells have so far been envisaged.

Activating myeloid cells with vitamins in TB. Mixed
effects on macrophages have been reported for vitamin A
and vitamin D%, Mechanistically, vitamin D3 induces
the AMP cathelicidine", triggers ROS production and
promotes autophagy in infected macrophages®. AMP
induction is potentiated by the co-administration of
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histone deacetylase inhibitors, such as phenylbutyrate®*
(FIC. 2). Although previous clinical trials assessing the
benefits of vitamin D3 in TB have provided inconclusive
results”*, several trials with vitamin D as an adjunct
to TB chemotherapy, notably first-line drugs, are ongo-
ing®>%. The microbicidal effects of vitamin A have been
recognized for decades”, and have been attributed to
direct effects on Mtb***, as well as to the modulation of
host immunity. Vitamin A derivatives, notably all-trans
retinoic acid, restrict Mtb growth in macrophages by
inducing phagosomal acidification'®. In rats and mice,
all-trans retinoic acid reduces Mtb loads'*"'> by modu-
lating cellular immunity and inflammation, but supple-
mentation with vitamin A has not shown any beneficial
outcome in patients'®!'*. The careful selection of the
minimal effective dosage of these vitamins may form
the basis for HDT in TB.

Cytokine-mediated activation of myeloid cells in TB.
Several cytokines, notably TNE, IFNy and IL-1, stim-
ulate antimicrobial activities in macrophages (FIC. 2).
IFNy promotes phagosome maturation and autophagy,
TNF augments responsiveness to IFNy and upregulates
ROS-mediated killing, and IL-1 increases AMP synthe-
sis, upregulates TNF receptor (TNFR) expression and
restricts the production of type I IFN, which is primarily
antagonistic in TB. However, hyperinflammation down-
stream of excessive cytokine stimulation can promote
disease exacerbation (see below), and high doses of TNF
cause necroptotic macrophage death and extracellular
bacterial replication. Current cytokine-based HDT
approaches mostly involve IFNy or modulators of TNE.
For example, the delivery of aerosolized IFNYy to patients
with TB has been shown to reduce time to sputum conver-
sion without consistent improvement of the chest radio-
logical outcome'*>'®, In small trials carried out in cohorts
of patients with drug-resistant TB, adjunct therapy with
IFNY, in addition to facilitating bacterial killing, improved
lung repair'”’'%. However, cytokine-based HDT strategies
that modulate TNF as an adjunct to canonical chemo-
therapy seem to be more promising, as they considerably
shorten therapy duration, improve pathology and limit
TB relapse in experimental models (as detailed below).

Whereas type I IFN, including IFNa, qualify for HDT
of several viral infections, it seems counter-intuitive for
bacterial diseases such as TB given its association with
disease progression'"'*2. However, IFNa, when given
in adjunct to conventional chemotherapy'”*~'%, might
provide an interesting treatment option for the resusci-
tation of dormant Mtb. Only replicating bacilli are sus-
ceptible to first- and second-line TB drugs, for example,
isoniazid, rifampin and fluoroquinolones, and so the
risk-benefit of a ‘shock and kill’ approach as currently
explored for HIV infections should also be considered
for difficult-to-treat forms of TB.

Amendment of immune suppression in TB. The expres-
sion of inhibitory PD1 molecules is upregulated during
persistent antigenic exposure as it occurs in chronic
infections, including TB, cancer and sepsis''®'".
Signalling via PD1 inhibits T cell proliferation and
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Mesenchymal stem cells
(MSCs). Self-renewing
multipotent cells able to
differentiate into various cell
types that are also endowed
with immune and tissue repair
functions.

Extensively drug-resistant
B

(XDR TB). A form of
tuberculosis (TB) caused by
bacilli that are resistant to
first-line drugs (isoniazid and
rifampin; known as multid-
rug-resistant TB (MDR TB)) and
any fluoroquinolone (such as
levofloxacin or moxifloxacin)
and at least one of three
injectable second-line drugs
(amikacin, kanamycin or
capreomycin). Therapy for XDR
TB often fails.

cytokine production and induces lymphocyte apoptosis.
Impaired T cell immunity promotes Mtb replication and
subsequent tissue damage. Building on the impressive
success achieved in cancer immunotherapy'"?, checkpoint
blockade has been considered for TB therapy (FIC. 3). This
includes monoclonal antibodies (mAbs) that are specific
for PD1 (such as nivolumab and pembrolizumab) and for
cytotoxic T lymphocyte associated protein 4 (CTLA4;
such as ipilimumab). The T cell expression of PD1 grad-
ually decreases during canonical chemotherapy, with a
concurrent increase in T,;1 cell responses'™'*>, Moreover,
the expression of PDL1 on macrophages'” and neutro-
phils'** has been reported in patients with TB and has
been linked to impaired T cell and natural killer T (NKT)
cell functions'?*'*. In vitro treatment with a PD1 mAb
of cell cultures derived from patients with TB reduced
immunosuppression by blocking T cell apoptosis, restor-
ing IFNy production and triggering IFNy-dependent
killing of Mtb-infected macrophages'*>'%. Similarly, the
increased surface expression of CTLA4 has also been
reported in TB'?"12%1?7 and the checkpoint receptor LAG3
was found to be highly expressed by CD4* T cells and NK
cells in the lungs of non-human primates that progressed
to active TB, but not in animals with LTBI'?. This obser-
vation suggests that changes in LAG3 expression patterns
influence disease outcome and Mtb replication. Finally,
the blockade of TIM3, another checkpoint receptor on
T cells, increases the propensity of myeloid cells to kill
Mitb. These effects were linked to the increased production
of IFNy by T cells and the increased production of IL-1B by
Mtb-infected macrophages'®'*. Moreover, release from T
cell exhaustion that is caused by the blockade of TIM3 has
improved Mtb control in mice that are chronically infected
with TB"'. However, interventions using checkpoint
inhibitors in general warrant caution because blocking
the inhibitory effect of PD1 on T cells thereby increases the
IFNy-producing capacity of lung-homing subsets of CD4*
T cells and has caused extensive lung pathology in murine
models of TB'*. Finally, anti-PD1 therapy can reactivate
LTBI'*, suggesting that checkpoint blockade should be
considered only in adjunct to canonical TB chemotherapy.

Release from immune suppression can also be
achieved through cellular therapy with mesenchymal
stem cells (MSCs). Although MSCs may be used as a
niche for dormant Mtb'****, the propensity of MSCs to
induce regulatory phenotypes in DCs and T cells, and
to promote tissue repair, render them attractive tools for
HDT. The safety of this approach has been demonstrated
in a phase I trial, in which 30 patients with multidrug-
resistant TB (MDR TB) and extensively drug-resistant
TB (XDR TB) received an infusion of a single dose of
autologous MSCs'¥. Higher cure rates and radiological
improvement were observed in a small cohort study
comprising 36 patients with MDR TB'*. The delivery of
MSCs is ready to enter a phase II clinical trial as adjunct
therapy for drug-resistant TB'¥.

Cytokine therapy in the immunosuppressive phase of
sepsis. Although early deaths in sepsis are often due
to cytokine-mediated hyper-inflammation, numerous
studies have provided compelling evidence that, if sepsis

is protracted (lasting longer than 3 days), it evolves into
a highly immunosuppressive state'**'*! during which
the majority of septic deaths occur and for which new
immuno-adjuvant therapy is needed to restore host
immunity and to improve survival*®'*, Currently, this
is one of the most active areas of sepsis research!*>%
(FIC. 4; Supplementary information S3 (table)).

Two immune-enhancing cytokines that have
already undergone small therapeutic trials in sepsis are
granulocyte-macrophage colony-stimulating factor
(GM-CSF) and IFNy'"**7. GM-CSF stimulates the gen-
eration of granulocytes and monocytes or macrophages;
a predominant function of IFNYy is to activate mono-
cytes and macrophages. Although small early studies
of GM-CSF and IFNYy in patients with protracted sep-
sis seemed promising'*>'**, subsequent trials failed to
demonstrate a consistent benefit'**'*. More recently,
investigators have targeted therapy with GM-CSF and
IFNYy to patients who are in the immunosuppressive
phase of sepsis'**'*%. In a study of 38 patients with sep-
sis with low monocyte HLA-DR expression, GM-CSF
therapy shortened the duration of mechanical ven-
tilation, improved the severity of illness scores, and
reduced the length of intensive care unit (ICU) and hos-
pital stays'”. GM-CSF was also efficacious in a study
of immunosuppressed paediatric patients with sepsis,
who were identified by measuring ex vivo whole-blood
lipopolysaccharide (LPS)-stimulated TNF produc-
tion'®. GM-CSF administration to patients improved
ex vivo LPS-stimulated whole-blood TNF production
and decreased the risk of hospital-acquired infections.
Based on these encouraging results, a multicentre trial
of GM-CSF in sepsis is currently under way'*.

IFNYy is also receiving renewed interest for HDT for
patients in the immunosuppressive phase of sepsis. A mul-
ticentre trial of 416 trauma patients, many of whom devel-
oped sepsis, revealed that patients treated with IFNy had
fewer infection-related deaths, and there were also fewer
overall deaths reported in this group'®. In a study of nine
patients with sepsis with decreased monocyte HLA-DR
expression and reduced ex vivo LPS-stimulated whole-
blood TNF who were treated with IFNy, eight patients
benefited from restored monocyte function and survived
the septic insult'*2. IFNy was also tested in eight patients
with invasive fungal infections, and markedly improved
monocyte HLA-DR expression and an enhanced ability
of leukocytes to produce pro-inflammatory cytokines
were observed'*. A trial of IFNy in immunosuppressed
patients with bacterial sepsis is ongoing'".

Perhaps the most exciting immuno-adjuvant agent in
sepsis is IL-7, a cytokine that is essential for the survival
of CD4* and CD8" T cells. IL-7 has multiple beneficial
effects on host immunity, including the proliferation
and activation of CD4* and CD8"* T cells and it also
increases the surface expression of cell adhesion mol-
ecules, thereby facilitating the trafficking of T cells to
sites of infection. IL-7 also counteracts sepsis-induced
apoptosis of lymphocytes. This anti-apoptotic effect of
IL-7 is particularly important because the severe deple-
tion of immune effector cells — including CD4" and
CD8" T cells, B cells and DCs — is a pathophysiological
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Figure 3| HDTs that target inflammatory responses and granulomas in
TB. During latent tuberculosis (TB), lung lesions may be absent or may
present as solid, eventually fibrotic and mineralized granulomas. During
active TB, granulomas progress towards necrosis and caseation, leading to
cavitation and bacterial expectoration. Such lesions contain Mycobacterium
tuberculosis (Mtb) in distinct metabolic and replicative stages: replicating
and metabolically active bacilli in caseous granulomas; and non-replicative,
dormant bacteria in the hypoxic environment of solid granulomas. In a
single patient, different granuloma types coexist that harbour Mtb with an
active or adormant phenotype. Hence, strategies to restrict or to promote
inflammation are envisaged as potential host-directed therapy (HDT) for TB.
The selection of a particular HDT depends on the rationale for applying it
as stand-alone treatment, for example, to limit exacerbated tissue
damage, or as an adjunct to canonical TB therapy to promote inflammation
and facilitate killing of actively replicating Mtb. Interference with
arachidonic acid (AA) metabolism, which generates both pro- and
anti-inflammatory metabolites and which also modulates patterns of cell
death in infected cells, and interference with cytokine signalling and
selected cellular therapies, such as the maturation of myeloid-derived
suppressor cells (MDSCs) and the infusion of mesenchymal stem cells
(MSCs), can correct exacerbated inflammation. The amendment of immune
suppression by checkpoint blockade can restrict inflammation by correcting
levels of protective interferon-y (IFNy); however, this may facilitate

hyper-inflammation once pathological levels of the cytokine are achieved.
Drugs interfering with such mechanisms limit immunopathology and help
to preserve tissue functionality. Immune-suppressive drugs, notably
glucocorticoids and biologics, besides limiting life-threatening
inflammation, reduce the local abundance of host-protective cytokines and
thereby facilitate lesion caseation and promote the resuscitation of
dormant Mtb. Metabolically active bacteria can be targeted by canonical
TB chemotherapy. Limiting vasculogenesis restricts nutrient supply and
access of Mtb-permissive cells to granulomas. Metformin, glycolytic agents
and kinase inhibitors interfere with metabolic pathways activated under
hypoxic conditions that support bacillary replication, and inhibition of
matrix metalloproteinases (MMPs) limits collateral damage and Mtb spread.
Boxes indicate drugs that interfere with angiogenesis, metabolic pathways
and factors that promote tissue damage. AICAR, 5-aminoimidazole-4-
carboxamide ribonucleotide; AMPK, 5" adenosine monophosphate-
activated protein kinase; COX, cyclooxygenase; CTLA4, cytotoxic T
lymphocyte associated protein 4; GAL9, galectin 9; LOX, lipoxygenase;
MHC, major histocompatibility complex; mTOR, mammalian target of
rapamycin; NK, naturalkiller; NSAID, non-steroidal anti-inflammatory drug;
PDE, phosphodiesterase; PD1, programmed cell death protein 1; PDL1, PD1
ligand 1; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; TCR, T cell
receptor; TIM3, T cell immunoglobulin mucin receptor 3; TNF, tumour
necrosis factor; VEGF, vascular endothelial growth factor.
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Figure 4 | HDT of sepsis. During protracted sepsis, several mechanisms and pathways that impair the host’s ability to
defend against sepsis become activated with limited collateral damage and lower survival rates. Drugs that activate host
immunity or that block inhibitory pathways offer new therapeutic approaches in sepsis. The four boxes on the top and left
indicate potentialimmuno-adjuvant therapies that enhance host immunity. The three boxes on the right with inhibitory
arrows indicate drugs that prevent inhibitory pathways from impairing host immunity. Bacteria are indicated by the
orange rod-shaped structures that are shown engulfed inside the macrophage and at the bottom of the figure. CTLA4,
cytotoxic T lymphocyte protein 4; FLT3L, FMS-like tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage
colony-stimulating factor; HDT, host-directed therapy; IFNy, interferon-y; MDSC, myeloid-derived suppressor cell; Mg,
macrophage; PD1, programmed cell death 1; PDL1, PD1 ligand 1; PMN, polymorphonuclear leukocyte; RNS, reactive
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hallmark of sepsis'*"*2-1**, Multiple studies from inde-
pendent laboratories have shown that IL-7 improves
survival in various clinically relevant animal models
of sepsis'®®. Importantly, it has been shown that IL-7 is
effective in reversing T cell dysfunction in circulating
immune cells from patients with septic shock'*. So far,
IL-7, which has been given to more than 300 patients
in the treatment of various disorders, has consistently
increased circulating absolute lymphocyte counts, and
has been well tolerated'*. In patients with AIDS, IL-7
restored the gastrointestinal-associated lymphoid tissue,
leading to decreased circulating markers of inflamma-
tion'. This effect may also be particularly helpful in
patients with sepsis, as the loss of gut barrier integrity in
sepsis is thought to facilitate the translocation of bacte-
ria and/or LPS into the circulation, thereby driving the
inflammatory response. IL-7 has also been administered
on a compassionate basis to patients with lymphopenia
and John Cunningham (JC) virus-induced progressive
multi-focal leukoencephalopathy. In this setting, IL-7
increased lymphocyte counts and decreased JC virus
load and survival*. A multicentre clinical trial of IL-7
in sepsis is currently ongoing'".

Checkpoint blockade to boost host immunity in sep-
sis. Another highly promising therapy in sepsis is the
blockade of PD1 and PDL1 (FIC. 4; Supplementary
information S3 (table)). A post-mortem study in
patients with sepsis showed findings that were con-
sistent with T cell exhaustion, including the upregu-
lation of PD1 and PDL1 on immune cells and severely
impaired cytokine secretion''®. Importantly, multiple
independent groups have reported that PD1 is over-
expressed on circulating T cells in patients with sepsis
and that the incubation of peripheral blood mono-
nuclear cells with specific antibodies against PD1 or
PDLI can restore impaired cytokine production and
can decrease sepsis-induced apoptosis''®'*%. Moreover,
animal models of sepsis have shown that the delayed
administration of PD1- and PDLI-blocking antibodies
improves survival. Given the surprising overlap in the
immunological deficits in cancer and sepsis'*®, and
the remarkable success of PD1 and PDLI inhibition in
cancer immunotherapy'"”, there is a strong rationale for
trials of these antibodies in sepsis, and a small multi-
centre, dose safety trial of anti-PDL1 in patients with
sepsis has recently been completed'®.
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Heterologous serotype of
dengue virus

Antibodies against one of the
four dengue virus (DENV)
serotypes specifically block
infections from that serotype
and can enhance infections
with the non-homologous
serotypes by binding to virus
particles and permitting their
cellular uptake via the Fcy
receptor on myeloid cells. This
is known as
antibody-dependent
enhancement.

Neuraminidase

An enzyme cleaving the
glycosidic linkage of
neuraminic acid. In the case of
influenza virus, the enzyme is
expressed on the surface of the
virion and is required for
efficient virus release from
infected cells.

Other immunomodulatory agents to boost host
immunity in sepsis. Another encouraging approach
to boosting immunity in patients with sepsis is treat-
ment with thymosin al, a 28-amino acid polypeptide
that was originally derived from mouse thymic extracts
(Supplementary information S3 (table)). Although the
exact mechanism of action of thymosin al is unknown,
it is currently thought that it functions, in part, as a TLR
agonist. Thymosin al is known to enhance T celland DC
function, to increase IL-12 production, and to improve
antibody responses'®. Similar to treatment with PD1
and PDL1 inhibitors, thymosin al has shown benefit
in the treatment of both cancer and infectious diseases.
Thymosin al showed efficacy in improving survival in a
multicentre, randomized, controlled trial of 361 patients
with sepsis. Compared with patients treated with pla-
cebo, patients who were treated with thymosin al had
increased monocyte HLA-antigen D related (DR) expres-
sion and a decrease in 28-day mortality'®. Based on these
results, a larger multicentre trial of thymosin al in sepsis
has been initiated''.

Reducing exacerbated inflammation

A major challenge for selective antiviral and antibacterial
therapies is the timing of administration. For example,
in most acute viral infections, disease symptoms mani-
fest when viraemia is already declining and so selective
antiviral therapy is often initiated too late. However,
suppressing exacerbated disease symptoms that are trig-
gered by the pathogen at later time points can reduce
morbidity and mortality. Such HDTS require a detailed
understanding of pathogen-host interactions, but hold
promise for reducing disease symptoms to the level of a
self-limiting infection.

Cytokine storms in viral infections

The devastating consequences of viral infections fre-
quently arise from an excessive, often uncontrolled
release of pro-inflammatory cytokines. Such cytokine
storms can be triggered by multiple mechanisms, includ-
ing the hyperactivation of TLRs. Examples include den-
gue haemorrhagic fever and dengue shock syndrome,
which are most often caused by secondary infection
with a heterologous serotype of dengue virus (DENV).
These serious cases are characterized by the uncon-
trolled hyperproduction of cytokines and chemokines,
such as TNF, IFNs, CC motif chemokine 8 (CCL8) and
CXC motif chemokine 10 (CXCL10), ultimately leading
to vascular leakage and shock syndrome'®. Key drivers of
cytokine storms seem to be high-level viraemia, the liga-
tion of DENV-immunoglobulin complexes to myeloid
or mast cells, and the secreted version of the viral pro-
tein NS1, all of which drive excessive pro-inflammatory
responses, while reducing anti-inflammatory ones. NS1
binds to TLR4 and induces the production of the same
cytokines that are detected during the course of severe
dengue disease and enhances vascular permeability®.
Blocking NS1-mediated TLR4 activation with a TLR4
antagonist or with a TLR4-specific antibody markedly
reduced vascular leakage both in vitro and in a mouse
model of DENV infection'®. Moreover, autophagy
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induction in endothelial cells seems to be required for
NS1-induced vascular leakage, which can be blocked by
autophagy inhibitors'®. Finally, DENV NS1 also pro-
motes vascular leakage by inducing the expression of
enzymes such as sialidases and heparanase that degrade
the glycocalyx layer that lines the endothelium on the
luminal side, thus diminishing its barrier function and
enhancing fluid extravasation'®. Although to the best of
our knowledge no clinical trials have yet been conducted,
these results hold great promise for the suppression of
exacerbated inflammation by targeting NS1-specific
ligands and receptors. Alternative strategies for HDT-
based symptomatic treatment of severe dengue disease
are based on immunosuppressive therapy with steroids
such as prednisolone, but so far these have met with only
limited success'®*".

The concept of modulating inflammation was also
evaluated in influenza virus infection, in which cytokine
storms can cause acute and sometimes fatal immune-
mediated pulmonary injury. It has been proposed that
acute lung injury that is triggered by infection with
respiratory viruses and bacteria induces, via ROS, the
production of pathogenic oxidized lipids that activate
TLR4 and induce a cytokine storm'®. Consistently,
Tlr4-deficient mouse mutants are protected from lethal
challenge with a mouse-adapted influenza virus strain'®.
Notably, the TLR4 antagonist eritoran, an investigational
drug for the treatment of severe sepsis, consistently
decreased lung pathology and clinical symptoms in
various in vivo influenza models'”’. These encouraging
results, together with the well-established safety profile
of eritoran and the observation that it can be given up
to 6 days after influenza virus infection in mice, quali-
fies this compound as an interesting candidate for the
prevention of severe influenza.

Several alternative strategies to suppress an influ-
enza virus-induced cytokine storm are currently being
pursued. One approach is based on agonists of sphin-
gosine-1-phosphate (S1P) receptor such as AAL-R.
This compound reduced mortality in influenza-infected
mice by ~80%, and reduced mortality by 96% when
given in combination with the neuraminidase inhibitor
oseltamivir'”’. The anti-inflammatory effect of AAL-R
is mediated, at least in part, by limiting the IFNa auto-
amplification loop in plasmacytoid DCs, which are the
main producers of this cytokine.

Cyclooxygenases (COX) that catalyse the conversion
of arachidonic acid to prostaglandins and that modu-
late immune responses and inflammation are other
HDT targets in severe influenza. Beneficial effects have
been reported with inhibitors that target COX2, such as
the combination of the two COX2 inhibitors celecoxib
and mesalazine with the neuraminidase inhibitor zan-
amivir. In a study with this triple regimen, the survival
rate of mice infected with a highly lethal influenza virus
strain was significantly improved (P=0.02), as were
the survival time (P<0.02) and inflammation markers
(P<0.01), relative to animals receiving only the neura-
minidase inhibitor'”2. However, systematic evaluations
of such treatment modalities in patients infected with
influenza virus are still lacking.
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Peroxisome prolifera-
tor-activated receptor-y
(PPARY). PPARSs are nuclear
receptor proteins that, upon
binding of a specific ligand,
translocate into the nucleus to
induce the expression of
multiple genes involved in cell
differentiation, metabolism
and other biological processes.

Necrosis

A form of cell death resulting in
the loss of membrane integrity
and the uncontrolled release of
cellular products into the
extracellular space. Both
accidental and regulated
necrosis are inflammatory
types of cell injury that affect
tissue integrity and are
detrimental to the organism.

Statins for HDTs have been assessed in clinical tri-
als in patients infected with influenza virus because
of their anti-inflammatory properties, but the results
have been conflicting'”*"”’. Other approaches to anti-
inflammatory treatment are based on agonists of the
peroxisome proliferator-activated receptor-y (PPARy), which
is considered to be the most promising target among all
three PPAR subtypes. Several studies in mouse models
have shown that PPARy agonists decrease inflammation
and influenza morbidity'7*"'®. Whether this approach is
effective in humans remains to be determined.

Increasing evidence suggests that neutrophils have
a major role in severe lung pathology on influenza
virus infection. Although these cells contribute to pro-
tection against influenza virus infection, heightened
neutrophil recruitment correlates with the virulence of
a given influenza virus strain'®'. For this reason, inhib-
itors of neutrophil chemotaxis have been developed.
Danirixin is a clinically advanced inhibitor of CXCR2,
a chemokine receptor that drives neutrophil migration.
Danirixin was developed for the treatment of chronic
obstructive pulmonary disease and it has been found
to be well tolerated and it does not induce major safety
concerns'®. Based on these results, a phase II clinical
trial is currently recruiting patients to receive Danirixin
either alone or in combination with the neuraminidase
inhibitor oseltamivir for the therapy of influenza virus
infection in adults'®.

Modulating inflammation in TB and sepsis

TB pathophysiology is characterized by non-resolving
inflammation as a consequence of host failure to elim-
inate Mtb. Inflammatory pathways, involving both
pro- and anti-inflammatory mediators (primarily
cytokines and lipids) are sequentially turned on and
off in TB'**. Accordingly, mechanisms that restrict
and promote inflammation are relevant both at distinct
disease stages and at specific infection sites. An imbal-
ance of these responses, rather than solely an exacerbated
pro-inflammatory response, is the characteristic feature
of TB. Different forms of lesions, such as solid, fibrotic,
mineralized and caseating granulomas, as well as cavities
and foci of pneumonia, can coexist within a patient';
even within a single lesion, inflammatory mediators are
segregated into distinct regions'®. Therefore, concurrent
application of pro- and anti-inflammatory intervention
may become a necessity. Such a therapy concept for
the spatiotemporal coexistence of hyper- and hypo-
inflammation poses a great challenge that has barely
begun to be addressed experimentally'®. Current HDT
approaches comprise small molecules and biologics that
target anti- and pro-inflammatory pathways as adjunc-
tive measures for TB therapy (FIG. 3; Supplementary
information S2 (table)).

Targeting eicosanoids in TB. Metabolites of arachidonic
acid modulate inflammation, cell death and immunity,
and they have been investigated as HDTs against TB'.
The COX product prostaglandin E2 (PGE2) is a pro-
apoptotic eicosanoid that protects against necrotic cell
death during mycobacterial infections'. Mtb skews the

arachidonic acid metabolic pathway towards lipoxygen-
ase (LOX) activation and the generation of pro-necrotic
lipoxin A4 (LXA4) and leukotriene B4 (LTB4). The
modulation of this axis by zileuton, a clinically licensed
5-LOX inhibitor for the treatment of asthma, and the
nasal application of PGE2, can restrict lung pathology
in murine TB™ (FIC. 3). Combination therapy of zileu-
ton and PGE2 boosts cytoprotective IL-1p production
by limiting type I IFN production and by restricting
Mtb replication. Balanced PGE2 and LXA4 levels are
probably involved in the successful control of Mtb in
LTBI compared with active TB. During active TB, IL-1
concentrations are increased'*'* and the abundance
of IL-1 correlates with the extent of tissue damage that
is mediated by neutrophils'®®. In LTBI, the early pro-
duction of PGE2 seems to be essential for protection,
whereas heightened PGE?2 levels at later stages of infec-
tion impair immune defence and promote progression
to disease™*'*. COX inhibitors — such as ibuprofen'®,
aspirin'* and diclofenac'*”'*® — given alone or in combi-
nation with canonical TB drugs, limit bacillary loads and
prolong the survival of TB-susceptible mice. In addition,
ibuprofen has direct antitubercular activity'”® (FIG. 3).
Nonsteroidal anti-inflammatory drugs (NSAIDs), such
as ibuprofen, inhibit PGE2 production and enhance
LXA4 generation, which in addition to its effects on
Mtb-induced cell death also shows anti-inflammatory
functions. NSAIDs, by limiting PGE release and induc-
ing lipoxin production, lower TNF abundance'®, and
thus are likely to ameliorate local inflammation. Certain
NSAIDs, notably aspirin, have already entered clinical
trials for TB**°2%2. Ibuprofen was also registered in a
phase II clinical trial for therapy of XDR TB*®.

Modulation of inflammation in TB. Interfering with
cytokine signalling is another promising HDT that war-
rants consideration (FIG. 3). Several strategies, congruent
with the diversity of cytokines involved in controlling TB
inflammation, have been envisaged'®. The blockade of
cytokine signalling to reduce the local influx of inflam-
matory cells can be achieved by targeting IL-6 and TNE.

TNF is a crucial cytokine in immune defence against
TB, and although it is required for granuloma integ-
rity during LTBI, high levels of TNF can exacerbate
pathology®*. These observations have paved the way
for several HDT approaches, by which TNF levels are
decreased to restrict exacerbated pathology, or alter-
natively to achieve better drug penetration into lesions
by destabilizing solid and eventually fibrotic granulo-
mas, and to facilitate the killing of Mtb by resuscitating
dormant bacteria to replicative activity.

Given the link between cell death and the propaga-
tion of inflammatory responses during Mtb infection®”,
restricting TNF-induced necroptotic cell death of infected
macrophages through the delivery of alisporivir and
desipramine could limit the local recruitment of Mtb-
permissive cells?®. Alisporivir and desipramine restrict
ROS-mediated necrosis by blocking cyclophilin D and
acid sphingomyelin, respectively. TNF blockers are widely
used in patients with rheumatoid arthritis and inflamma-
tory bowel disease and thus can be readily repurposed for
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Immune reconstitution
inflammatory syndrome
(IRIS). A life-threatening
complication of antiretroviral
therapy in patients with AIDS
characterized by an
exacerbated inflammatory
response against another
infectious agent, for example,
Muycobacterium tuberculosis.

HDT in TB. In several cases, mAbs against TNF (such as
infliximab and adalimumab) have shown beneficial effects
against life-threatening TB***”. Etanercept, a soluble TNF
receptor, has demonstrated modest benefits in adjunct
therapy in TB**®. However, in contrast to etanercept, mAbs
against TNF can reactivate LTBI by destabilizing granulo-
mas?. Whereas this is a contraindication for rheumatoid
arthritis and other chronic inflammatory diseases, it could
be beneficial as adjunct therapy for TB to facilitate the
killing of metabolically active bacilli and may represent
a ‘shock and kill’ strategy®.

IL-6 concentrations correlate with the severity of lung
damage in patients with TB*'*?"", reverting to normal
concentrations upon chemotherapy*'2. mAbs that inhibit
IL-6 or IL-6R (such as siltuximab and tocilizumab) are in
clinical use for rheumatic diseases, and the application
of such biologics has not been associated with TB reac-
tivation in preclinical models of TB. Therefore, on the
one hand, these mAbs do not pose a risk of reactivation
to individuals with LTBL; on the other hand, they are not
suited for ‘shock and kill’ interventions®"*.

Various classes of drugs that affect TNF signalling and
that reactivate LTBI have shown potential for HDT in
TB. For example, the JAK inhibitor tofacitinib, which is
licensed for patients with rheumatoid arthritis, has been
associated with the reactivation of LTBI*"* and impaired
bacillary containment in murine TB?"*. The coadmin-
istration of tofacitinib with canonical chemotherapy
was beneficial in selected models of TB, suggesting
that the activity of JAK inhibitors is influenced by pat-
terns of inflammation and granulomatous responses”'.
Additional approaches to modulate TNF signalling or
abundance include thalidomide analogues* and phos-
phodiesterase (PDE) inhibitors*”’. Thalidomide improved
treatment outcome in a pilot study in pulmonary TB'%;
however, a clinical trial to test adjunct thalidomide ther-
apy in paediatric TB was terminated owing to adverse
events, including skin rash, hepatitis, severe neutropenia
and thrombocytopenia?”. As thalidomide is teratogenic,
thalidomide analogues with better safety profiles have
been synthesized. Analogues that inhibit PDE4 signal-
ling by increasing cAMP levels have shown beneficial
effects as adjuncts to canonical TB chemotherapy in
mouse and rabbit models of infection?**-??2, These com-
pounds accelerate bacillary clearance and promote lung
repair. Other PDE inhibitors, including cilostazol (an
inhibitor of PDE3) and sildenafil (an inhibitor of PDE5),
showed similar effects?’>?%. The nonspecific PDE inhib-
itor pentoxifylline was unsuccessful in TB trials, despite
reducing TNF levels and inducing TB progression when
administered as a monotherapy in mouse models**?%.
The most advanced PDE inhibitor in preclinical studies,
CC-11050, has completed phase I trials*, and a phase II
trial is planned to compare CC-11050, the mammalian
target of rapamycin (mTOR) inhibitor everolimus, the
thioredoxin reductase inhibitor auranofin and vitamin D
as HDT adjuncts to standard chemotherapy for the
accelerated cure of drug-sensitive TB?>2°%2%,

Another approach to restricting local inflammation
includes the co-delivery of glucocorticoid receptor ago-
nists, such as prednisolone and dexamethasone, with
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TB chemotherapy. The effects of glucocorticoids on
immune cells are multifaceted. Corticosteroids reduce
the release of pro-inflammatory mediators, notably
TNE restrict the migration of inflammatory cells and
cause apoptosis. For patients with TB, such interven-
tions are beneficial because they counteract inflamma-
tion and are likely to improve drug penetration into
granulomas, fostering the clearance of metabolically
active Mtb as a consequence of lesion destabilization.
Adjunct treatment with glucocorticoids began more
than five decades ago for patients with different forms
of the disease, including TB meningitis, TB pericar-
ditis and pulmonary TB**. In many cases, corticos-
teroids seemed to improve the resolution of lesions,
albeit without major long-term benefits?*”’. A recent
meta-analysis indicated that glucocorticoid receptor
agonists mostly reduce TB mortality when the central
nervous system is affected, notably, in TB meningitis®*’.
The benefits of glucocorticoids depend on the geno-
type of the patient??, indicating that divergent effects
are the result of different patterns of inflammation —
genotype-specific hypo- or hyper-inflammation — in
different patients, which influence Mtb replication. A
meta-regression analysis of pulmonary TB revealed that,
in addition to genotype effects, the dosage of corticos-
teroids affects sputum conversion in patients with TB*%.
A phase II clinical trial that tested corticosteroids in
combination with standard chemotherapy for TB
in patients co-infected with HIV indicated faster sputum
conversion, but also adverse events at high dosages®*.
Further studies to more carefully assess the risks and
benefits of glucocorticoids are underway, and the deliv-
ery of glucocorticoids has been prioritized as an HDT
for specific patient groups, such as those suffering from
TB and AIDS comorbidity. The use of prednisone or the
NSAID drug meloxicam for the prevention of immune
reconstitution inflammatory syndrome (IRIS), which is
observed in patients co-infected with HIV and Mtb,
has reached phase III and phase II trial stages, respec-
tively*"#*2 Similarly, the glucocorticoid receptor agonist
dexamethasone is now in phase II/IIT and phase IV trials
for the therapy of meningeal TB****,

Anti-cytokine treatment in early hyper-inflammatory
sepsis. Sepsis has traditionally been considered a disor-
der that is caused by an uncontrolled, exacerbated host
inflammatory response to invading pathogens. This con-
cept was logical given that patients with sepsis frequently
present with signs of overwhelming inflammation, as
typified by high-spiking fever, shock and acute respira-
tory distress. The discovery of TNF and other cytokines
reinforced the concept that morbidity and mortality
in sepsis were due to an unbridled cytokine-mediated
host response. The fact that inhibitors of TNF prevented
death in animal models of sepsis caused by endotoxin
and Escherichia coli further supported the idea that mor-
bidity in sepsis is due to excessive cytokine-mediated
inflammation.

Some patients with sepsis quickly succumb to an
overwhelming cytokine-mediated hyper-inflammatory
response. Typical examples of these types of disease
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Cavitation

The formation of cavities in
granulomas due to necrosis
followed by the discharge of
necrotic debris.

include meningococcaemia, rapidly invasive necro-
tizing soft tissue infections with group A p-haemolytic
streptococci, necrotizing pneumonia caused by Panton-
Valentine leukocidin-secreting Staphylococcus aureus,
and overwhelming Clostridia difficile colitis. Patients
with these types of toxin-mediated catastrophic infec-
tions may benefit from anti-cytokine-based therapy
that blocks the mediators of the highly lethal acute
inflammatory response. However, this is a small subset
of patients with sepsis and any therapy that is used to
block the host response to pathogens should be short
acting, applied early in sepsis and only used in patients
with sepsis who manifest evidence of uncontrolled
inflammation.

Although previous trials of drugs that inhibit the
activity of TNF or IL-1 failed to show any benefit in
the general population of patients with sepsis, there
were indications that particular subsets of patients with
sepsis may have had a beneficial response**~%’. In this
regard, a recent reanalysis of de-identified data from a
phase II trial of the IL-1 receptor antagonist anakinra
in severe sepsis revealed a highly significant improve-
ment in 28-day survival in a subset of patients who had
concurrent hepatobiliary dysfunction and disseminated
intravascular coagulation (DIC)*’. Because of the con-
comitant liver injury and DIC, investigators speculated
that this small subset of patients may have had sepsis-
induced macrophage activation syndrome, which is
characterized by uncontrolled macrophage and T cell
activation, haemophagocytosis and marked increases in
circulating cytokines.

HDTs targeting inflammation in both viral infec-
tions and sepsis share similarities, and eritoran and S1P
agonists are well advanced in the clinical trial pipeline
either aimed at the hyper-inflammatory phase or aimed
at systemic effects, respectively. Only a few anti-inflam-
matory strategies (such as COX2 inhibitors) are intended
for both TB and viral diseases, and the systemic delivery
of glucocorticoids for immunosuppression is in clinical
trials for TB only.

Host reactions at the site of infection

Pathogens induce variable tissue changes according to
their site of entry and residence, their specific patho-
physiology and their propensity to spread systemically.
Agents that cause extensive remodelling of the affected
tissue, such as Mtb, use the resulting lesions to replicate
and to hide from host defences. By contrast, microorgan-
isms that spread systemically and cause sepsis develop
strategies to skew immunity in a stage-specific and
global manner. Modulating host immunity in a local-
ized or generalized manner is an attractive HDT option
for TB.

Targeting granulomas in TB

Strategies directed towards limiting granuloma expansion
and instability rather than neoformation aim to augment
drug penetration into lesions, balance inflammatory
responses and modify the metabolic features of immune
cells to facilitate tissue repair (FIC. 3; Supplementary
information S2 (table)). The spectrum of granulomas of

different stages in patients with TB demands the careful
consideration of the spatiotemporal context for each dif-
ferent approach (highlighted below).

Targeting vascular biology in TB granuloma.
Granulomas have a reduced blood supply, particularly at
sites of necrosis, thereby restricting the access of chemo-
therapeutics to the site of Mtb infection. Consequently,
HDTs that promote vascular perfusion can improve
drug delivery. However, such a strategy may equally
benefit Mtb by facilitating access to nutrients and per-
missive host cells. The situation is somewhat reminis-
cent of neoplastic diseases, in which tumours actively
promote angiogenesis to improve blood supply and to
alleviate local hypoxia at late stages of tumour develop-
ment. The outcome of vasculogenesis-focused HDT for
TB is likely to depend on the stage of disease and the
treatment objective, namely, interference with either
angiogenesis or vascular permeability. In patients with
active TB, factors that induce neovascularization, nota-
bly vascular endothelial growth factor (VEGF) and its
receptor VEGFR, are abundant in the circulation®%2
and have been proposed as biomarkers of disease sever-
ity**!. Bevacizumab, a mAb against VEGE, is approved
for the treatment of certain cancers, and several other
antibodies that target VEGF or VEGEFR are in clini-
cal trials. In animal models of TB, VEGF and VEGFR
inhibitors have revealed beneficial effects when given in
combination with conventional drugs, by limiting bac-
terial dissemination and boosting the activity of drugs
that target hypoxic Mtb**>**%, Conversely, there is a risk
that the administration of such biologics without con-
current chemotherapy may promote TB reactivation®+***
and bacillary dissemination®*.

In addition to neovascularization, vascular dysfunc-
tion emerges as another commonality between cancer
and TB. Mtb stimulates the angiopoietin 2 (ANG2)-
TIE2 axis to increase blood vessel permeability. Vascular
endothelial protein tyrosine phosphatase inhibitors, such
as molecules that are closely related to AKB-9778 (Aerpio
Therapeutics), which dephosphorylate TTE2 and blunt
signalling in endothelia, have been shown to restrict Mtb
replication in a zebrafish model of TB?*. These results
indicate that HDT strategies that modulate vascular
biology by stabilizing the permeability of the vasculature
independently of infection-induced neovascularization
limit bacterial growth or dissemination.

Modulating the bioenergetics of TB granulomas.
Granuloma necrosis and cavitation not only hinder the
access of chemotherapeutic agents to sites of bacte-
rial replication, but also provide a microenvironment
with unique physical and metabolic features. Oxygen
tension gradually decreases in granulomas, reaching
hypoxic values in necrotic areas*”. In such a milieu,
Mtb gains increased drug resistance as a consequence
of clonal selection in response to local monotherapy
owing to poor drug penetration into necrotic lesions
and adjustment to extracellular cues*****°. In addition,
bacilli switch to fatty acid-based metabolism and adopt
a persistent phenotype®”. Host adaptation to a hypoxic
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Advanced glycation end
products

(AGESs). Enzyme-independent
glycation of proteins generates
AGEs. Recognition by cells via
a specific receptor (RAGE)
causes inflammation.

Myeloid-derived suppressor
cells

(MDSCs). Heterogeneous
myeloid cells of monocytic and
granulocytic appearance
present under pathological
conditions that suppress T
cells, natural killer cells,
macrophages and dendritic
cells and promote the
expansion of regulatory T cells.

and nutrient-deprived microenvironment encompasses
a metabolic shift from oxidative phosphorylation to
aerobic glycolysis®!. This metabolic adjustment, known
as the Warburg effect, is well established in cancer®?.
Therapies that limit aerobic glycolysis, including the
delivery of 2-deoxyglucose as an anti-glycolytic agent,
can restrict bioenergetic pathways that support Mtb
replication. Moreover, interfering with the phosphati-
dylinositol-4,5-bisphosphate 3-kinase (PI3K)-AKT-
AMPK signalling pathway can inhibit glutamine entry
into the tricarboxylic acid (TCA) cycle and thus can
revert the local Warburg metabolism. Metformin is an
AMPK activator and thus its efficacy as an HDT goes
beyond its effects on macrophages (as discussed above),
as it has the potential to interfere with the immune
metabolism of granulomas. Less well-explored, but
still of interest, are bioenergetic shifts that encom-
pass the generation of itaconic acid, a structural ana-
logue of succinate, which controls TCA remodelling
in macrophages, and which has an anti-mycobacterial
function®”. Additional metabolic changes in granulo-
mas lead to the accumulation of advanced glycation end
products (AGEs), which affect macrophage death and
activation®*. AGEs have been detected in TB granulo-
mas, and pathways that regulate the generation of AGE
could be potential HDT targets.

Promoting tissue repair. Granuloma formation and the
regression of the lesion occur concurrently in infected
tissue. The balance between tissue repair and exacer-
bated pathology depends on the net abundance of medi-
ators such as matrix metalloproteinases (MMPs; which
can cause lung pathology) and factors that regulate these
mediators, such as tissue inhibitors of metalloprotein-
ases (TIMPs)*>**. Genetic association studies support
a crucial role of MMPs in lesion progression®”**. These
zinc-dependent proteases, mainly MMP1, MMP8 and
MMP9Y, cleave the extracellular matrix, mostly collagen,
and are linked to early granuloma formation, lesion pro-
gression and cavitation®°. The antibiotic doxycycline
inhibits MMP1 and MMP?Y, thereby restricting exac-
erbated inflammation and tissue damage in TB*”. The
delivery of doxycycline limits immunopathology and
promotes tissue healing and lung repair. Doxycycline
has a well-defined pharmacokinetic and pharmacody-
namic profile owing to its broad use as anti-infective
drug and may therefore have the potential to be rap-
idly repurposed for TB. Other MMP inhibitors, such
as batimastat and marimastat, as well as Ro32-3555,
deserve evaluation in TB. However, these drugs show
adverse effects on the musculoskeletal system upon pro-
longed administration, thereby questioning their overall
benefits in TB therapy.

Conclusion and future directions

HDTs that interfere with host cell mechanisms, enhance
immune responses and reduce exacerbated inflamma-
tion or balance host reactions at the site of pathology
hold enormous promise for the selective and sympto-
matic treatment of infectious diseases. In viral infec-
tions, targeting the host cell factors and pathways that
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are required by a given virus for productive replication
and spread offers the opportunity for broad-spectrum
antiviral drugs. Future activities should focus on the
identification of the most suitable host cell factors and
pathways that are commonly used by different viruses,
particularly those with pandemic potential. Although
relevant information has been generated in recent
genetic screens, our knowledge remains limited.

Equally promising are HDTs aimed at the control of
exacerbated inflammation and tissue damage. As dis-
cussed above, these approaches are applicable to numer-
ous viral and bacterial infections and could be used as
adjunctive therapy in combination with more selective,
pathogen-targeted approaches. Most pathways involved
in inflammation are well understood and drugs are
already available, allowing rapid repurposing for infec-
tious disease control. Accordingly, most drugs in current
HDT clinical trials fall into this category.

Biomarkers will become an essential part of future
therapy regimes and hence must become an integral
component of R&D activities targeting infectious dis-
eases, whether they are host or pathogen directed.
Biomarkers can indicate the stage of infection, allow
the monitoring of treatment success or failure, pro-
vide information on organ involvement and type of
inflammation, and permit patient stratification for
selected HDT. Such personalized regimes are particu-
larly important for the treatment of sepsis, in which
advances in immunophenotyping will allow physicians
to determine whether patients are in the hyper- or the
hypo-inflammatory phase of the disorder and to select
the most appropriate immunotherapy. Similarly, hyper-
and hypo-inflammatory lesions coexist in TB, thus
requiring personalized treatment regimes. In addition,
the capacity to identify particular defects in innate or
adaptive immunity by immune profiling, such as T cell
exhaustion, increased frequencies of T regulatory cells
and of myeloid-derived suppressor cells (MDSCs), will ena-
ble personalized approaches to correct these. Similar to
the impressive advances made in oncology, combination
immunotherapy holds great promise as the next major
advance in infectious disease.

Moreover, the identification of potential genetic pre-
dispositions in patients will instruct adjunct HDT. In the
case of TB, the genetic conditioning of lipid mediators
by mutations in enzyme-coding genes, particularly the
under- or over-production of LXA4 and LTB4, has been
linked to TNF abundance and can affect outcomes of
immunosuppressive therapy in patients with TB men-
ingitis*®. Macrophages are major targets for HDT in TB,
but targeting other myeloid cell subsets, such as neu-
trophils, which also contain bacilli and which are asso-
ciated with poor disease outcome®®, may lead to novel
approaches for HDTs. Although we foresee a bright
future for HDTs, this newly emerging treatment option
should not be misinterpreted as an exclusive alternative,
but rather it should be envisaged as a synergistic add-on
to canonical anti-infectives.

Undoubtedly, future treatment regimens for infectious
diseases will converge with the concept of personalized
medicine, providing the best possible combinations that
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are adjusted not only for the pathogen but also for the
patient. However, the clinical benefit and the socio-
economic effects on healthcare systems that would be
imposed by the higher costs of these approaches remain
to be determined. Moreover, HDTs as (adjunct) strategy
for the treatment of infections are in their infancy and
require more in-depth analysis of possible cytotoxicity
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