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- Multiple candidates in clinical trials
- Intravenous dosing for treatment or prophylaxis
- Require large doses for prophylactic use (50 mg/kg)
- Expensive production
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AN ALTERNATIVE APPROACH TO PASSIVE IMMUNITY

Advantages:
- Self administered
- Direct delivery to site 

of early infection

Challenges:
- Ultrastable protein 

required
- Pharmacokinetics?
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NANOBODIES – MINIMIZED ANTIBODIES FROM CAMELIDS
- Small (15 kDa), single 

chain protein
- Ultra-stable
- Non-glycosylated
- Similar to human 

antibody heavy chains
- Ease and low expense of 

rapid mass production



AEROSOLIZED NANOBODIES FOR VIRAL DISEASES
Pre-aerosolization

Post-aerosolization

RSV fusion
protein

buffer component. Using a vibrating mesh nebulizer, multiple aerosol
and product characteristicsweremeasured at several stages of develop-
ment and manufacture, including drug delivery rate, total dose deliv-
ered, aerosol particle and droplet size distribution, and stability of the
nebulized product. These studies yielded comparable test results within
the expected ranges, irrespective of the different conditions evaluated,
and indicated that the ALX-0171 formulation was compatible with
nebulization, and that particle size was reproducible and suitable for
delivery to the lower respiratory tract.

6. Preclinical development of ALX-0171

Human respiratory syncytial virus (RSV) is a member of the
Pneumovirus genus, Paramyxoviridae family. As such, it encodes two
major surface glycoproteins termed G-protein and F-protein (fusion).
These two glycoproteins play a crucial role in viral replication as they
are responsible for binding of the virus to the target cell and virus–cell
membrane fusion, respectively. In addition, as all paramyxoviruses,
RSV has a linear single-stranded, non-segmented RNA molecule of
negative polarity of approximately 15 kb.

As a respiratory virus, RSV triggers an infection that may present as
an upper respiratory tract infection (including rhinitis, otitis media,
and pharyngitis), but as is more often the case in infants and young
children, it presents as a lower respiratory tract infection (including
acute bronchiolitis or pneumonia) (Everard, 2009). This lower
respiratory tract infection results in hospitalization in about 3% of
RSV-infected infants less than 1 year old, and in about 0.5% of
RSV-infected children aged between 1 and 2 years (Fauroux, 2009). It
is estimated that on average, each year in the 7 major markets (United
States, France, Germany, Italy, Spain, United Kingdom, and Japan)
roughly 300,000 children under the age of 5 are hospitalized (Lee
et al., 2005; Hall et al., 2009). Other than ribavirin, there is no licensed
RSV vaccine or therapeutic, despite the considerable medical impor-
tance of this virus. Synagis® (palivizumab), a marketed neutralizing
monoclonal antibody that recognizes a conserved epitope in the viral
fusion surface glycoprotein (or F-protein), is administered prophylacti-
cally to high-risk infants, e.g. chronic lung disease of prematurity,
congenital heart disease, or premature birth (b29weeks, if no other un-
derlying morbidities) (“Updated guidance for palivizumab prophylaxis
among infants and young children at increased risk of hospitalization
for respiratory syncytial virus infection”, 2014). In addition to the infant
population, there is also a considerable need for a RSV therapeutic to
treat infections in the elderly and in immunocompromised patients
(Falsey et al., 2005; Hynicka & Ensor, 2012). As an example, RSV
infection is a leading cause of pneumonia in high-risk and older adults,
resulting in roughly 14,000 deaths and 177,000 hospitalizations
annually in the United States alone (National Center for Immunization
and Respiratory Diseases (NCIRD), Division of Viral Diseases, 2015)
www.cdc.gov/rsv/research/us-surveillance.html). Asmentioned earlier,
ALX-0171 is a trivalent construct binding to the fusion (F) protein of
RSV. Each of the three moieties is capable of binding to the homo-
trimeric RSV F protein. Its mechanism of action is to neutralize and
inhibit the infection of both type A and B RSV serotypes, by interfering
with viral penetration of respiratory epithelial cells.

The inhalation route was selected for delivery of ALX-0171 because
it potentially offers major therapeutic advantages. Firstly, in an acute
setting, rapid delivery immediately to the site of infection would allow
rapid viral neutralization and consequently a shortened disease time
course. This point is especially important given the relatively short
time frame of RSV infection. Furthermore, as shown by Hart et al.
(2001), only about 0.2% of systemically administered antibodies reach
the lung lumen, making it highly unlikely that systemically delivered
anti-RSV mAb would achieve clinically meaningful dose levels in the
lung within that time frame. Secondly, high concentrations of drug
within the respiratory tract can be achieved, which is important for
complete viral suppression at peak viral loads. It has previously been

shown that the delivery of puri!ed human immunoglobulins, which
were screened for high RSV viral neutralization activity, directly to the
lungs of RSV-infected cotton rats resulted in a 160-fold increased effect
at reducing RSV viral loads in comparison to systemic delivery (Prince
et al., 1987).

Preclinical testing of ALX-0171 showed that formatting of amonova-
lent building block of ALX-0171 into a trivalent format signi!cantly
increased potency in viral neutralization by N6000-fold for both RSV-A
and RSV-B (Fig. 5) and resulted in a KD toward pre-fusion F-protein of
0.113 nM (Detalle et al., 2015). Nebulization of ALX-0171 did not
modify the potency or the physico-chemical properties, making it
amenable to administration via inhalation (see Section 5). The effective
delivery of ALX-0171 locally to the lungs was con!rmed in two distinct
studies using animal models of RSV infection. Many different models of
RSV infection, including non-human primates, calves, lambs, mice,
guinea pigs, ferrets, hamsters, and cotton rats, have been described
(Byrd & Prince, 1997; Bem et al., 2011). For the initial ALX-0171 studies,
the hispid cotton rat (Sigmodon hispidus) RSV infection model
(Niewiesk & Prince, 2002; Boukhvalova et al., 2009) was selected for
the assessment of the pharmacodynamic in vivo properties of the drug
following either intranasal, intratracheal, or whole-body exposure
administration. These initial studies showed that ALX-0171 treatment,

Fig. 5. Microneutralization assay with ALX-0171monovalent construct and palivizumab.
The virus neutralizing capacity of ALX-0171, monovalent, and palivizumab was tested
against RSV A Long (A) and RSV B 18537 (B). Results shown depict mean of triplicate
values ± SE. From (Detalle et al., 2015).
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when delivered either prophylactically or therapeutically, signi!cantly
reduced both nasal and lung viral loads (Detalle et al., 2015). As a next
step, ALX-0171 was tested in a colostrum-deprived neonatal lamb
model. This is considered a highly relevant model for the study of RSV
infection and consequences thereof as (i) lambs are naturally suscepti-
ble to RSV disease; (ii) they show anatomical, physiological and devel-
opmental similarities to that of human infants (“Mechanisms and
limits of induced postnatal lung growth”, 2004; Scheerlinck et al.,
2008; Meeusen et al., 2009); and (iii) lambs are susceptible to human
RSV infection (Derscheid & Ackermann, 2012). In addition to the path-
ophysiological similarities of RSV disease with human infants, lambs
also have advantages in terms of drug delivery by inhalation due to
their size. In these neonatal lambs, ALX-0171 was administered once
daily using a face mask linked to amesh nebulizer for three consecutive
dayswith treatment start on day 3 post-infection, a time point shown to
correspond to aroundpeak titers (LariosMora et al., 2015). Pharmacoki-
netic data obtained from plasma and bronchoalveolar lavage "uid from
the treated lambs indicated that targeted ef!cacious concentrations of
ALX-0171 in lung epithelial lining "uid were readily attainable when
administered via nebulization. ALX-0171 delivered at approximate
peak viral load strongly reduced viral titers and lung viral antigen ex-
pression, as shown in Fig. 6. There was also a reduction in gross lung
viral lesions and histopathological changes, as well as a positive effect
on general malaise due to RSV-infection (Detalle et al., 2014).

From a preclinical perspective, respiratory/cardiovascular safety
pharmacology and toxicology studies were conducted to assess the
tolerability and safety of ALX-0171 when delivered locally or systemi-
cally using rodent and non-rodent species. In addition, and due to the
exogenous nature of RSV, safety assessments were performed in both
the cotton rat (Hanton et al., 2012) and neonatal lamb (Detalle et al.,
2014) RSV infection models. In all studies performed, ALX-0171 was
well tolerated following local (lung) and systemic exposure with no
signs of secondary pharmacology recorded and no immune-related ad-
verse events noted. As mentioned, in both these studies, ALX-0171
exerted bene!cial effects on RSV-induced changes due to its anti-viral
effect (Hanton et al., 2012).

7. Clinical development of ALX-0171

The proof-of-concept studies in rats andneonatal lambs showed that
ALX-0171 was successful in reducing signs and symptoms of RSV, even
when treatment was initiated at the peak of viral infection. Building on
the promising pre-clinical package, ALX-0171 was moved into clinical
studies, with the aim of con!rming the safety and pharmacokinetics in
adults, in preparation for studies in RSV-infected infants.

The results of the initial clinical evaluation of ALX-0171 in healthy
adult volunteers were recently published (De Bruyn et al., 2015). The
main objectives of this Phase 1 study were to determine the safety
and tolerability of inhaled ALX-0171 and to assess systemic pharmaco-
kinetics (PK). Subjects randomly received ALX-0171 or placebo during a
single ascending dose (SAD) or multiple dose (MD) design. Safety
evaluations were standard for Phase 1 and included frequent lung
function tests and auscultations.

Overall, the safety results of this study demonstrated that inhalation
of ALX-0171 was well tolerated at all doses evaluated (De Bruyn et al.,
2015). No drug-related, clinically meaningful trends were observed in
the lung function tests. The systemic apparent t1/2 of ALX-0171 was
shown to be ca. 20 h on average, most likely re"ecting slow absorption
of ALX-0171 from the lung into the plasma (absorption-controlled
kinetics). The PK results indicated a potential for once-daily dosing in
future studies.

In the follow-up clinical studies, both the safety andpharmacokinetics
of ALX-0171 were investigated in more detail (unpublished data). To
help build a direct link between systemic PK data and pulmonary PK
parameters, a dedicated study was performed in healthy adult volun-
teers, with local PK sampling enabled by bronchoalveolar lavages. The
resulting PK data provided further support for once-daily dosing and
were used to expand a pharmacokinetic model for pediatric dose
determination (Germani et al., 2014). Concurrently with the PK study,
an additional safety study was performed where the effect of inhaled
ALX-0171 on respiratory safety parameters was closely monitored in
an adult population with hyper-reactive airways. Results from both
the PK and the safety study con!rmed that ALX-0171 was well
tolerated, including at concentrations in the lung which were well
above the estimated clinically relevant levels.

After obtaining adequate safety, tolerability, and PK information
in adults, a !rst-in-infant study with ALX-0171 was initiated
(ClinicalTrials.gov Identi!er NCT02309320). The primary objective of
the study is safety evaluation in infants with lower respiratory tract
infection due to RSV, and several clinical ef!cacy endpoints will be
evaluated as well. Target enrolment of the !rst-in-infant Phase I/IIa
safety study was completed in December 2015. The study is continuing
with an expansion cohort enrolling younger infants aged 1–5 months
during the remaining RSV season in Northern Europe.

Taken together, inhalation of ALX-0171 was shown to be well
tolerated in more than 100 adults, including subjects with sensitive
(hyper-reactive) airways. The Phase 1 studies con!rmed the feasibility
of administering Nanobodies via inhalation, and supported further
clinical development of ALX-0171. ALX-0171 has the potential to be a
!rst-in-class treatment in RSV-infected children, an area where there

Fig. 6. Viral loads and viral antigen expression in the lungs of RSV-infected neonatal lambs. Lambs were either mock-infected or infectedwith RSV on day 0 via nebulization. On days 3, 4,
and 5 post-infection, lambswere either administered vehicle or ALX-0171 via a cone-mask using an Aeroneb® Solo System (Aerogen Ltd., Galway, Ireland). On day 6, post-infection lambs
were euthanized and bronchoalveolar lavage "uid (BALF) and lung tissue samples were collected. (A) Viral loads were assessed in BALF by a focus forming unit assay and (B) lung viral
antigen expressionwas assessed by immunohistochemistry. Bothmethods have been described previously (LariosMora et al., 2015). DL=detection limit; Rt Cd lobe= right caudal lobe;
FFU = "uorescent focus-forming unit.

54 G. Van Heeke et al. / Pharmacology & Therapeutics 169 (2017) 47–56ALX-0171: trivalent RSV nanobody 

Potent in vitro viral neutralization

Stable to aerosolization Preclinical efficacy

Human safety and PK

11 

Anti-RSV Nanobody ALX-0171 
Increased potent strain coverage 

Increased neutralisation capacity against a 
broad panel of RSV isolates 

A-strain B-strain Total 

n 32 29 61 

palivizumab 0 (0%) 11 (38%) 11 (18%) 

ALX-0171 30 (94%) 23 (79%) 53 (87%) 

p value <0.0001 <0.0001 <0.0001 

Number of strains neutralised below LLOD 

anti-RSV 
Nanobody  

ALX-0171 

� Tri-valent anti-RSV (ALX-0171) 
± 5-fold more clinical isolates neutralised below LLOD with ALX-0171 compared with 

palivizumab (equal concentration of both compounds) 8 ALX-0171: Safety, Efficacy and Therapeutic Potential of an Inhaled Nanobody – De Bruyn et al.

Pharmacokinetics

For the 2.1 mg and 7 mg single doses, drug levels in the majority of plasma samples were below the 
limit of detection. Single inhalation of 21 mg ALX0171 resulted in detectable concentrations until 
at least 24 hours; for the higher single dose levels (70 mg, 140 mg, and 210 mg), ALX-0171 was 
quantifiable in plasma until at least 48 hours after inhalation in all subjects. PK parameters for the 
higher dose levels are summarized in Table 3.

Following single inhalation of ALX-0171, both Cmax and AUCinf increased proportion-
ally with dose. Limited accumulation was observed following five days of twice-daily inhalation 
of ALX-0171 (Cmax and AUCtau’ increased on average by a factor of 2-4). The systemic apparent  
t1/2 ranged from 12.5 to 26.6 hours in all subjects (ca. 20 hours on average).

Table 3.
Mean PK parameters for ALX-0171 in plasma.

*Results after the penultimate dose (MD part of the study only) are indicated in brackets
$8&LQI��$8&�IURP���WR�LQ¿QLW\��$8&WDX¶��$8&�FDOFXODWHG�IRU�WKH�¿UVW�GRVLQJ�LQWHUYDO�DQG�WKH�SHQXOWLPDWH�
LQWHUYDO��1&��QRQ�FRQFOXVLYH��LQVXI¿FLHQW�GDWD�DYDLODEOH�IRU�PHDQLQJIXO�DQDO\VLV�

DISCUSSION

RSV is a recurrent cause of potentially severe respiratory tract infections. Prophylaxis with palivizumab 
during the RSV season is available for high risk infants only. In the absence of specific, therapeutic 
antiviral drugs, current treatment options remain limited to administration of supplemental oxygen 
and supportive care (e.g., feeding, fluids) [14]. 

ALX-0171 Nanobody is directed towards a highly conserved target on the RSV F protein, 
and is intended to inhibit infection by blocking fusion of the virion with the target cell. In view of 
its mechanism of action, direct delivery and deposition of this antiviral compound in the respiratory 
tract using inhalation is considered the preferred and most suitable administration technique. A 
close temporal association between viral replication and disease activity has been reported for RSV 
[15, 16], arguing for the potential clinical effectiveness of achieving a fast and robust reduction in 
viral load by inhalation of ALX0171. 

The current study provided an initial evaluation of safety, tolerability and PK, in preparation 
of pediatric studies in RSV-infected children. The dose range for the current study was based on a 
modeling approach, using data obtained in nonclinical species, and scaled to the human situation. 
In the absence of any toxicity and/or tolerability issues, a safe starting dose of 0.03 mg/kg and an 
anticipated clinical maximum dose of 3 mg/kg were used, the latter based on subject convenience 
and feasibility. The doses and treatment duration used in this first-in-human study encompassed 
the expected clinically effective range in children. 

Phase 1 (adults): tolerated

Phase 2 (infants): tolerated
Once daily dosing based on BAL

Laurent et al. Antimicrob. Agents Chemother. 2016
De Bruyn et al. Resp. Drug. Delivery. 2015
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ALX-0171 group versus the placebo group (p=0·0034) 
could be observed, but this improvement was not seen 
in 3 mg/kg group versus the placebo group (p=0·11; 
figure 3). There was no consistent dose response 
observed for clinical outcomes with increasing ALX-0171 
doses. No impact by age group for time to clinical 
response, change in GSS post-dose on day 2, change in 
GSS pre-dose on day 3, or time from first dose to 
discharge from hospital was observed (<6 months, 
6 to <12 months, !12 months; appendix p 14). Symptom 
diaries completed by parents or caregivers up to day 28 
did not demonstrate any di"erence between the 
treatment and placebo groups in time until children 
were considered back to their usual state of health 
(table 2).

ALX-0171 also demonstrated antiviral e"ect over 
placebo in the predefined severe RSV disease subgroup, 
as assessed by time for the viral load to drop below 
the quantification limit (plaque assay; table 3). All 
comparisons were non-significant but were indicative of 
clinical improvement (table 3); however small, unequal 
numbers across ALX-0171 groups limit interpretation.

Because early treatment might limit clinical progression 
of viral disease better than later treatment, a post-hoc 
descriptive analysis on early treatment was done, 
subgrouping time between onset of RSV symptoms and 
start of dosing less than 3 days before symptom onset 
versus 3 days or more after symptom onset. 56 children 
in the ALX-0171 groups and 18 children in the placebo 
group received their first dose of study drug less than 
3 days from onset of symptoms. Early ALX-0171 treatment 

did not appear to demonstrate any additional clinical 
benefit (appendix p 15).

ALX-0171 serum concentrations were assessed as a 
surrogate for lung concentration, based on pre-clinical12 
and physiologically based pharmacokinetic modelling 
data.14 Serum concentrations of ALX-0171 on day 2 
(appendix p 16) for both 6 mg/kg and 9 mg/kg groups 
exceeded the concentration predicted to result in a full 
RSV neutralisation in the lung.

Figure !: Time to below quantification limit in RSV viral load (plaque assay) in the modified intention-to-treat population
RSV=respiratory syncytial virus. *First dose administered within 3 h of randomisation.
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DIFFERENT APPROACHES TO NANOBODY DISCOVERY

Rothbauer U, Nat Struct Mol Biol. 2018



A RAPID PLATFORM FOR NANOBODY DISCOVERY
1. Bioinformatic analysis of natural 
camelid repertoire

2. Synthesis of precision proprietary 
library 

3. Rapid selections from large libraries
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FULL SPIKE ECTODOMAIN FOR NANOBODY DISCOVERY
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UNDERSTANDING BINDING

R binds L to make RL

At equilibrium (Ka), forward 
and reverse reactions are equal
If things bind tight: more RL, 
less R and L. 
Rate forward (kon) is faster than 
rate backward (koff)



PROTEIN INTERACTIONS BY SURFACE PLASMON RESONANCE 



KD: 44 nM
ka: 2.7x105 M-1s-1
kd: 0.012 s-1

PROTEIN INTERACTIONS BY SURFACE PLASMON RESONANCE 
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FINDING NANOBODIES THAT BLOCK ACE2

Re
sp

on
se

 U
ni

ts
 (R

U
)

Time (s) Time (s)



2014

Callaway E, Nature 2015; 525

X-ray crystallography Cryo-electron microscopy
SEEING THE SMALLEST UNITS OF LIFE
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Preliminary reconstruction at ~2.5 Å

STRUCTURE OF SPIKE ECTODOMAIN



STRUCTURES OF ANTI-SPIKE NANOBODIES



STRUCTURES OF ANTI-SPIKE NANOBODIES



NB6 INHIBITS ACE2 BINDING BY A DUAL MECHANISM



HARDER, FASTER, BETTER, STRONGER 

Nb6-tri
trimerize

affinity-maturehumanize

mNb6-tri

hmNb6-trihmNb6
trimerize

trimerize

Nb6

mNb6hNb6
combine

SCREEN



DESIGN OF MULTIVALENT NB6



MULTIVALENCY-BASED GAINS IN POTENCY



MULTIVALENT NB6 LOCKS SPIKE IN INACTIVE STATE



Pseudovirus Live-virus

POTENT INHIBITION OF VIRAL ENTRY
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AFFINITY MATURATION OF NB6

RBD2

AeroNab6
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AFFINITY MATURATION OF NB6



AFFINITY MATURATION OF NB6



LOOP CONFORMATIONAL PLASTICITY



PROTEIN-BASED DRUGS CAN BE IMMUNOGENIC
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NANOBODY “HUMANIZATION” 
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NEUTRALIZATION ACTIIVTY OF DESIGNED NANOBODIES 
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NANOBODIES ARE STABLE FOR AEROSOL DELIVERY
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AN ALTERNATIVE APPROACH TO PASSIVE IMMUNITY

Advantages:
- Self administered
- Direct delivery to site 

of early infection

Challenges:
- Ultrastable protein

required
- Pharmacokinetics?



NEXT STEPSCROSSING THE TRANSLATIONAL VALLEY OF DEATH
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