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ABSTRACT
Respiratory syncytial virus (RSV) is a common cause of acute lower respiratory disease in infants and young
children worldwide. Currently, treatment is supportive and no vaccines are available. The use of newborn
lambs to model hRSV infection in human infants may provide a valuable tool to assess safety and efficacy
of new antiviral drugs and vaccines. ALX-0171 is a trivalent Nanobody targeting the hRSV fusion (F)
protein and its therapeutic potential was evaluated in newborn lambs infected with a human strain of RSV
followed by daily ALX-0171 nebulization for 3 or 5 consecutive days.

Colostrum-deprived newborn lambs were infected with hRSV-M37 before being treated by daily
nebulization with either ALX-0171 or placebo. Two different treatment regimens were examined: day 1–5
or day 3–5 post-infection. Lambs were monitored daily for general well-being and clinical parameters.
Respiratory tissues and bronchoalveolar lavage fluid were collected at day 6 post-inoculation for the
quantification of viral lesions, lung viral titers, viral antigen and lung histopathology.

Administration by inhalation of ALX-0171 was well-tolerated in these hRSV-infected newborn lambs.
Robust antiviral effects and positive effects on hRSV-induced lung lesions and reduction in symptoms of
illness were noted. These effects were still apparent when treatment start was delayed and coincided with
peak viral loads (day 3 post-infection) and at a time point when signs of RSV disease were apparent. The
latter design is expected to have high translational value for planned clinical trials. These results are
indicative of the therapeutic potential of ALX-0171 in infants.
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Introduction

Human respiratory syncytial virus (hRSV) is classified in the
genus Orthopneumovirus of the newly created Pneumoviridae
family within the order Mononegavirales, standing apart from
the original Paramyxoviridae family member.1 As such, it enco-
des two major surface glycoproteins termed G-protein and
F-protein. These two glycoproteins play a crucial role in viral
replication as they are responsible for viral binding to the target
cell and virus-cell membrane fusion, respectively. In addition,
hRSV has a linear single stranded, non-segmented RNA mole-
cule of negative-polarity of » 15 kb.

As a respiratory virus, hRSV may present as an upper respi-
ratory tract infection (including rhinitis, otitis media and phar-
yngitis), or as a lower respiratory tract infection (including
acute bronchiolitis or pneumonia) in vulnerable populations
such as infants, the elderly and the immunocompromised.2

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.3 Each year, it is estimated that RSV causes at least
3.2 million lower respiratory tract infections requiring

hospitalization and between 48,000-74,500 in-hospital deaths
worldwide in infants less than 5 years of age,4 and » 177,000
hospital admissions and 14,000 deaths per year in the United
States in the elderly.5

Currently, there are no approved vaccines or effective ther-
apeutic drugs specifically for RSV infection, with treatment
being limited to supportive care. In severe RSV infections, the
only approved antiviral treatment is the nucleoside analog
Virazole (ribavirin), which is delivered by inhalation. How-
ever, due to concerns for potential teratogenicity and minimal
evidence of benefit, it is not recommended for routine use in
infants but may be considered for use in select patients with
documented, potentially life-threatening RSV infection.6 In
the prevention of RSV infections, palivizumab (Synagis�,
MedImmune), a humanized monoclonal antibody (IgG)
against the F-protein of RSV, has been approved for use in
high risk infants; however, due to high costs associated with
palivizumab prophylaxis, a limited effect on RSV hospitaliza-
tions on a population basis, a lack of measurable effect on
mortality and a minimal effect on subsequent wheezing, use
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of palivizumab is restricted to certain high-risk pediatric
populations.7,8

There is thus a need to develop new therapeutic treatment
options for RSV infection. Different animal models for RSV
infection, including non-human primates, calves, lambs, mice,
guinea pigs, ferrets, hamsters and cotton rats have been
described.9,10 The cotton rat (Sigmodon hispidus) RSV infec-
tion model has been successfully used in the development of
both RSV-IgIV (RespiGam�, MedImmune) and palivizumab
and findings in the cotton rat for those agents translated well to
the clinical setting.11,12 The cotton rat model also serves as the
primary model for the determination of vaccine safety because
these animals develop vaccine-associated worsening of pulmo-
nary disease upon subsequent infection with RSV that reflects
what is seen in humans and non-human primates.13 However,
although susceptible to RSV infection, cotton rats do not
exhibit any clinical signs of upper and lower respiratory tract
disease or any age-related susceptibility to hRSV, in contrast to
what is seen for human infants.10

Similarly to humans, lambs exhibit several key features of
RSV-vaccine enhanced disease;14 anatomically, the respiratory
tract of sheep and humans share many structural features, such
as the size of the nasal cavity and airways,15 as well as lung
development where alveolarization starts pre-term.16 When
experimentally infected with either bovine (bRSV) or human
(hRSV) strains of RSV, neonatal lambs develop mild clinical
symptoms including fever, tachypnea or increased expiratory
effort (wheeze) and malaise, as well as mild to moderate gross
and histologic lesions.17

ALX-0171 is a novel inhaled biotherapeutic in development
for the treatment of RSV infections in infants.18 Local pulmo-
nary administration of ALX-0171 was considered optimal for
this indication as it enables targeted delivery straight to the site
of infection, with a potentially more rapid onset of action while
using lower doses compared to systemic administration.19 Pre-
clinical evaluation of ALX-0171 using a face-mask, which is
highly relevant for the intended clinical use, would thus require
a larger animal species than rodents. In addition to the patho-
physiological similarities of RSV disease with human infants,
lambs also have advantages in terms of drug delivery by inhala-
tion. Indeed, drug deposition in the lung is affected by the

respiratory rates and breathing volumes, both parameters being
dependent on body size, and lung anatomy, which are similar to
infants. Other important parameters that affect drug deposition
is the breathing maneuver and the aerosol aerodynamic diame-
ter.20-22 Lambs breath through the nasal meatus, although oral
inhalation is possible when the nasal airways are obstructed,
which is also the case for human infants.23 For the reasons stated
above, the neonatal lamb model was selected for the evaluation
of ALX-0171 efficacy and safety in a neonatal setting.

Results

Pharmacokinetics of ALX-0171 in neonatal lambs

Four independent studies were performed in hRSV-infected
neonatal lambs (see study design section). In all of these four
studies, blood samples were taken at selected time points fol-
lowing the first dose and all the subsequent doses for pharma-
cokinetic (PK) purposes. On Day 6, bronchoalveolar lavage
fluid (BALF) sampling was performed post-mortem for PK
analysis in the lung compartment. Once daily administration
of ALX-0171 via inhalation for 5 (Figure 1) or 3 (Figure 2)
consecutive days resulted in high concentrations (>10 times
the in vitro IC90 on RSV/B 1853718) of ALX-0171 in lung epi-
thelial lining fluid (ELF). A dose-dependent increase in ELF
concentrations was seen on day 6. All the assessed lambs had
high ALX-0171 concentrations with the notable exception of
lamb number 10 from the 1 mg/kg ALX-0171-treated group.
This lamb had ALX-0171 levels that were below the quantifi-
cation limit. The reason for this is unknown, but an inade-
quate BALF retrieval cannot be excluded. This particular
lamb, however, had been adequately exposed to ALX-0171 as
shown by the blood concentrations. Plasma ALX-0171 con-
centrations were roughly 3 log lower than those observed in
the lung compartment following pulmonary delivery to neona-
tal lambs (Figure 1 and Figure 2). The systemic PK were linear
with dose and time and the clearance was dependent on the
animal weight. Although no intravenous data are available
from neonatal lambs for ALX-0171, it is likely that absorption
from lung to blood is the driving force of the ALX-0171 PK
in lamb.

Figure 1. Pharmacokinetic profiles from study 1. (a) Mean plasma concentration-time profiles of ALX-0171 and (b) ALX-0171 concentrations in epithelial lung lining fluid
(ELF) after five consecutive daily administrations by inhalation to neonatal lambs. ALX-0171 concentrations in ELF were derived from concentrations measured in BALF,
which was sampled postmortem, after normalization for dilution based on the Urea correction method63 (values were red blood cell corrected). Bronchoalveolar lavage
fluid (BALF) was sampled 24 hours after the last dose. Results are expressed as mean § standard error for plasma curves and as individual lamb results with mean indi-
cated as horizontal line for ELF. The hatched line represents the lower limit of quantification (LLOQ) of the assay.

�
ALX-0171 levels were below quantification limit for

lamb N�10 from the 1 mg/kg dose group.
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Effect of daily ALX-0171 administration to neonatal lambs
when started on day 1 post-infection

To assess the therapeutic efficacy of ALX-0171 when adminis-
tered by inhalation, thirteen lambs (twelve lambs for analysis)
were inoculated with hRSV on day 0. The day after infection
(day 1), the lambs were randomized to either the placebo group
or to one of the three ALX-0171 dose groups (Table 1) and
were treated daily by inhalation for 5 consecutive days. Lambs
underwent daily physical examinations and body weights, heart
rates, rectal temperatures, respiratory distress and hRSV infec-
tion-related symptoms were recorded. On day 6, the animals
were euthanized and lung lavage samples and lung tissues were
obtained for analysis of viral load in lung, histopathology and
immunohistochemical analysis.

hRSV inoculation by inhalation resulted in robust infection
of all the analyzed lambs as confirmed by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) performed
on BALF and lung tissue (Table 2). In the placebo-treated
lambs, hRSV infection induced gross and microscopic lung
lesions. Gross lung lesions were typical of experimental hRSV
infection and consisted of locally extensive dark plum-red foci

of pulmonary consolidation on each lung lobe, which ranged
from 8.3% to 13.3% (mean percent consolidation per lung of
11.7%). Microscopic examination of lung tissue revealed the
presence of locally extensive alveolar consolidation with mild
epithelial necrosis in multifocal bronchioles, syncytial cell for-
mation, infiltrates of neutrophils into the bronchiolar lumens,
peribronchiolar infiltrates of lymphocytes and plasma cells;
multifocal bronchioles had mild to moderate hyperplasia of
epithelia. hRSV antigen, assessed by immunohistochemistry,
was present in areas with lesions and was localized to epithelial
cells lining the bronchi, bronchioles and the alveoli, as well as
the cytoplasm of occasional macrophages. These gross and
microscopic lesions and hRSV antigen distribution were consis-
tent with those observed previously in a study assessing hRSV
kinetics in lambs.24

Treatment of lambs with ALX-0171 at all three doses
resulted in significant reductions in viral RNA copy numbers
that ranged from 1.44 to 1.82 Log10 viral RNA copies/mL in
BALF (p < 0.0001) and between 0.83 to 1.88 Log10 viral RNA
copies/mg in lung tissue (p D 0.035 and p D 0.003, respec-
tively) depending on the dose (Table 2). All treated lambs had
undetectable infectious virus. However, during staining of the

Figure 2. Pharmacokinetic profiles from studies 2, 3 and 4. (a) Mean plasma concentration-time profiles of ALX-0171 and (b) ALX-0171 concentrations in epithelial lung
lining fluid (ELF) after three consecutive daily administrations by inhalation to neonatal lambs for studies 2, 3 and 4 combined. ALX-0171 concentrations in ELF were
derived from concentrations measured in BALF, which was sampled postmortem, after normalization for dilution based on the Urea correction method63 (values were red
blood cell corrected). BALF was sampled 24 hours after the last dose. Plasma ALX-0171 concentrations that were below the lower limit of quantification were excluded
from the analysis and the results are expressed as mean § standard error. The hatched line represents the lower limit of quantifications (LLOQ) of the assays where LLOQ
1 is for the assay used in studies 2 and 3 and LLOQ 2 for the assay used in study 4. ALX-0171 concentrations in ELF are shown for each individual lamb with the mean indi-
cated as horizontal line. In panel (a) Solid symbols are data from study 2, open symbols are from study 4. All 3 data points from study 2 – 0.3 mg/kg ALX-0171 dose gorup
were <LLOQ1. All data points for study 3 – 0.04 mg/kg ALX-0171 dose were <LLOQ2.

Table 1. Summary of studies and groups.

Number of lambs Inhaled dose (mg/kg)

Study Group number Total For analysis Infection Dose level Target Mean achieved

1 1 3 3 hRSV Placebo 0 0
2 4 4 hRSV ALX-0171 0.3 mg/kg 0.3 0.3
3 3 3 hRSV ALX-0171 1 mg/kg 1 0.8
4 3 2 hRSV ALX-0171 3 mg/kg 3 2.7

2 1 3 3 hRSV Placebo 0 0
2 4 2 hRSV ALX-0171 0.3 mg/kg 0.3 0.3
3 3 3 hRSV ALX-0171 3 mg/kg 3 2.9

3 1 5 5 Mock Placebo 0 0
2 6 5 Mock ALX-0171 0.3 mg/kg 0.3 0.2
3 5 5 hRSV Placebo 0 0
4 6 6 hRSV ALX-0171 0.3 mg/kg 0.3 0.3

4 1 2 2 hRSV Placebo 0 0
2 2 2 hRSV ALX-0171 0.03 mg/kg 0.04 0.03
3 2 2 hRSV ALX-0171 0.06 mg/kg 0.08 0.06
4 2 2 hRSV ALX-0171 0.3 mg/kg 0.3 0.2
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foci, a monoclonal antibody was used (Mouse anti-Fusion pro-
tein Meridian MAb to hRSV Fusion Protein, Cat. No.
C87610M 1 mg/mL, Clone: RSV 3216 [B016]) instead of the
intended polyclonal antibody (Goat polyclonal Ab to hRSV [all
antigens]). The monoclonal antibody tool was shown to com-
pete with ALX-0171 binding and was not used in subsequent
assays and studies. Therefore, reductions in infectious virus in
the ALX-0171-treated lambs of study 1 are not reported in
Table 1.

Consistent with the reductions in viral loads, gross lung
lesions were absent in all ALX-0171-treated lambs (Figure 3a)
and microscopic alveolar consolidation scores were signifi-
cantly reduced (p < 0.0001) following treatment (Figure 3b).
Only in lamb number 10, from the 1 mg/kg ALX-0171-treated
group, was there observable alveolar consolidation (score of
0.5). The mean number of bronchi/bronchioles and alveoi per
field in which viral antigen was detected was also significantly
reduced (p < 0.0001 and p D 0.007, respectively) (Figure 3c).
Lamb 10 had the highest viral antigen expression, although lev-
els remained well below those seen in the placebo-treated
lambs. Two lung lobes from this lamb showed some consoli-
dated areas. Grossly and microscopically, this lamb also had
lesions in these lobes that were not consistent with hRSV infec-
tion but, rather, with bacterial infection. This lamb was not
excluded from analysis because: 1) the bacterial cause was not
confirmed, 2) systemic PK profiles indicated that this lamb had
been adequately exposed, 3) no other findings were seen, and
4) only regions (a minority of the surface area) of the lung had
these lesions.

Each clinical sign was individually scored, which may not be
the best measure for the severity of disease because single clini-
cal signs do not correlate well with the degree of dyspnoea and
airway narrowing in acute wheeze in human infants.25 In

infants with acute respiratory infections, clinical scoring usually
relies on a combination of clinical symptoms and signs (feeding
intolerance, medical intervention, respiratory difficulty, respira-
tory frequency, apnoea, general condition, fever).25 For this rea-
son, an exploratory composite clinical score was calculated
post-hoc for each lamb in the treatment and post-treatment
period based on the scoring of the individual clinical signs. The
parameters included in the clinical severity score were body
weight evolution, blood oxygenation levels, relative change in
respiratory rates, presence or absence and severity of expiratory
effort and wheeze. Each of these parameters were either scored
0 or 1 for body weight evolution and blood oxygenation satura-
tion; 0-3 for expiratory efforts, wheeze and relative change in
respiratory rates from baseline based on fixed criteria (see
Figure 3d and supplemental Table S1) with a possible maximal
clinical severity score of 11. The hRSV-infected, placebo-treated
lambs displayed increased clinical severity scores throughout
the treatment and post-treatment period (i.e., assessments per-
formed on day 2 to day 6) (Figure 3d) with 3 of 3 lambs having
a score of �2. These increased clinical severity scores were
mainly driven by labored breathing as expiratory effort was
apparent on day 6 post-infection in 2 of 3 lambs (maximum
expiratory effort score of 2), but was absent on other days
(except on day 0 where 1 lamb displayed expiratory effort).
Wheeze was absent in all placebo-treated lambs throughout the
study. Respiratory rates in the placebo-treated lambs increased
on day 3 post-infection and reached a peak on day 4 with a
mean of 66 breaths/min (% increase of 18.4% versus day 0). In
the ALX-0171-treated lambs, 6 of 9 (67%) lambs had a clinical
severity score of 0 and 3 lambs had a score of 1. Neither expira-
tory effort nor wheeze were detected at any time during the
study in the ALX-0171-treated lambs, whilst mean respiratory
rates remained constant throughout the study where the mean

Table 2. Lung viral loads in hRSV-infected neonatal lambs for the four performed studies.

Viral load (BALF) Viral load (lung tissue)

Study

ALX-0171 target
inhaled dose$

Viral culture
(log10 FFU/mL §

SEM)

Reduction versus
placebo (log10 FFU/

mL)

RT-qPCR (Log10 viral
RNA copies/mL §

SEM)

Reduction versus
placebo (Log10 viral RNA

copies/mL)

RT-qPCR (Log10 viral
RNA copies/mg lung §

SEM)

Reduction versus placebo
(Log10 viral RNA copies/mg

lung)

1 Placebo 4.49 § 0.43 NA 6.39 § 0.10 — 6.02 § 0.13 —
0.3 mg/kg UD – 4.57 § 0.16 1.82*** 4.82 § 0.17 1.21**

1 mg/kg UD – 4.95 § 0.09 1.44*** 5.19 § 0.36 0.83*

3 mg/kg UD – 4.60 § 0.06 1.79*** 4.14 § 0.16 1.88**

2 Placebo 4.83 § 0.04 – 7.15 § 0.20 — 7.63 § 0.07 —
0.3 mg/kg UD (0.7) 4.13 5.90 § 0.14 1.25* 5.79 § 0.21 1.84***

3 mg/kg UD (0.7) 4.13 7.01 § 0.18 0.14 7.09 § 0.11 0.54*

3 Placebo 4.98 § 0.41 – 7.26 § 0.30 5.47 § 0.21
0.3 mg/kg 0.87§ 0.17 4.11 6.71 § 0.25 0.55 5.00 § 0.24 0.47

4 Placebo 4.54 § 0.94 – 8.58 § 0.69 — 7.08 § 0.31 —
0.04 mg/kg 2.40§ 1.70 2.14 9.10 § 0.23 -0.52 7.27 § 0.23 -0.19
0.08 mg/kg UD (0.7) 3.84 8.58 § 0.24 0 6.93 § 0.34 0.15
0.3 mg/kg BQL (0.7) 3.84 8.04 § 0.28 0.54 6.71 § 0.38 0.37

$Inhaled dose is defined as the total nebulised drug reaching the nose of the lamb.
UD: Undetected foci.
BQL: Below quantification limit (1 of 2 lambs had detectable foci, i.e., <5 FFU/mL).
Note:The mean number of focus forming units (FFU) and the RNA copies were calculated on the log10 scale as these parameters are known to be lognormally distributed.
The limit of quantification of the FFU assay was 5 FFU/mL or 0.7 log10 FFU/mL. For descriptive statistics 0-5 foci were counted as 0.7 log10 FFU/mL of BALF. The viral
titers (FFU/mL) could not be analyzed statistically because almost all observations in the ALX-0171-treated groups were below the limit of quantification.

For the cultivatable (infectious) viral titers in lung no statistical analysis was performed because all but 1 observations in the ALX-0171-treated groups were below the
limit of quantification. For study 4, only 2 lambs per groups were available. For viral RNA data an ANOVA type model was used for statistical analysis where dose was a
categorical variable. Correction for multiple testing was performed using the Hommel procedure.

�p < 0.05,
��p < 0.01,
���p < 0.0001.
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respiratory rates on day 4 in the 3 mg/kg-dose group was
56 breaths/min (% increase of 5.7% versus day 0). In the 3
lambs with a clinical severity score of 1, the relative body weight
change between day 0 and day 6 ranged from -2% to 17%.
When considering mean body weight evolution of all lambs
throughout the study duration, there were no significant differ-
ences between the groups. For the clinical severity score a sig-
nificant effect was noted (p D 0.0084).

ALX-0171 treatment delayed to start on day 3 post-
infection effectively reduces infection-related changes

Following the first study, 2 additional studies were performed
to evaluate the therapeutic activity of ALX-0171 when adminis-
tered close to the viral peak and onset of symptoms. In the first
of these additional studies (i.e., study 2), two dose levels from
study 1 were used. Based on the results of study 2, the lowest
tested dose was selected for study 3, where appropriate mock-

infected control groups were included to evaluate safety and
efficacy of ALX-0171. Clinical parameters in study 2 were
assessed as in study 1. However, for study 3, the general health-
status of the lambs was additionally scored daily and is referred
to as malaise score. This additional evaluation was included
because of the observed variability in clinical parameters
observed in study 1 and 2, which seemed to be associated with
a more intense sampling regimen (e.g., multiple blood draws,
holding the animals during respiratory rate auscultations). The
procedure to observe the lambs was adapted in study 3, which
involved observing the lambs for increased periods of time
without picking them up to make the behavioral clinical assess-
ments and respiratory rate assessments and by reducing the
blood sampling to only 3 over the 6 days.

hRSV-infected, placebo-treated lambs from studies 2 and 3
had similar lung viral loads to placebo-treated lambs from
study 1, whereas mock-infected, placebo-treated lambs from
study 3 had no detectable virus as expected. Consistent with

Figure 3. Gross and microscopic scores of lungs from hRSV-infected lambs treated with either placebo or ALX-0171 from study 1. (a) Viral-related lung gross lesions were
scored and percentage parenchymal involvement was estimated for each lung lobe. Mean percentage averages per lobe were calculated. Legend: Rt Cr D Right cranial
lobe; Rt Mid D Right middle lobe; Rt Cd D Right caudal lobe; Acc D Accessory lobe; Lt Cr D Left cranial lobe; Lt Mid D Left middle lobe; Lt Cd D Left caudal lobe. (b)
Microscopic (histopathologic) alveolar consolidation score was determined as percent area of RSV lesions followed by conversion to an integer-based consolidation scale
as described in materials and methods section. (c) hRSV antigen expression in lung tissue was determined by counting the number of affected bronchi/bronchioles or
alveoli per field. (d) Clinical severity scores for lambs in study 1. For each lamb, relative changes from baseline (day 0) in body-weights and respiratory rates were calcu-
lated for each day. The presence or absence of expiratory effort or wheeze at any day after start of treatment was recorded. Each of the parameters were given a score
based on criteria as follows: If body weight increase between day 0 and day 6>20% – score 0, if� 20% – score 1; if blood oxygen saturation>92% on all days post treat-
ment start – score 0, if blood oxygen saturation �92% at any day post-treatment start – score 1; if respiratory rates increase �10% at all days post-treatment start – score
0, if increase is between >10% and �25% at any day post treatment start – score 1, if increase is between >25% and �50% at any day post-treatment start – score 2, if
increase is >50% at any day post-treatment start – score 3; if expiratory effort and/or wheeze are present at any day after treatment initiation a score of 0-3 is given for
each parameter based on severity as described (Table S1 and 24). The clinical severity score was the sum of these individual scores with a maximum of 11. Results are
expressed as mean § standard error for panels (a) and (c); group averages with individual lamb scores are indicated by bullet points for panel (b) and median with range
for panel (d).
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findings from study 1, hRSV infection resulted in the presence
of gross and microscopic lung lesions that was paralleled by
lung epithelial cell viral protein expression (Figure 4, Figure 5
and Figure 6). ALX-0171 treatment initiated on day 3 post-
infection, reduced infectious virus titers by more than 4 Log10
focus forming units (FFU)/mL at both tested doses. The effect
on viral RNA copy numbers was less pronounced as the
mean reductions were 1.25 Log10 and 0.14 Log10 in BALF
(p D 0.019 and p D 0.6, respectively) and 1.84 Log10 and 0.54
Log10 in lung tissue (p < 0.0001 and p D 0.017, respectively)
in study 2 and 0.55 Log10 in BALF (p D 0.2) and 0.47 Log10 in
lung tissue (p D 0.2) in study 3. Despite these more modest
reductions in viral RNA copy numbers, ALX-0171 treatment
significantly reduced microscopic alveolar consolidation score
in both study 2 and 3 (p�0.0001 for combined ALX-0171-
treated groups versus placebo) as well as for most of the indi-
vidually scored microscopic lesions (Figure 4b, Figure 5b,
Figure 6b and supplemental Figure 1). Reductions in the num-
ber of bronchi/bronchioles and alveoli expressing viral protein
were also noted in hRSV-infected, ALX-0171-treated groups
from both studies, albeit non-significantly for study 2 (p�0.002
for study 3 for hRSV-infected ALX-0171-treated group versus
RSV-infected placebo-treated group) (Figure 4c and Figure 5c).

Gross lung examination in treated lambs confirmed the antivi-
ral effect of ALX-0171-treatment as mean percent lung consoli-
dation was 40.7% for the placebo-treated lambs compared to
0% and 7.6% for the 0.3 mg/kg and 3 mg/kg ALX-0171-treated
lambs in study 2 (Figure 4a). In study 3, the mean percent lung
consolidation was 39% for the hRSV-infected, placebo-treated
lambs compared to 4.9% in the hRSV-infected, ALX-0171-
treated lambs (Figure 5a and Figure 6a).

Clinically, the hRSV-infected placebo-treated lambs in study
2 all had a clinical severity score of �5. This increased clinical
severity score was driven by labored breathing as expiratory
effort was evident in all 3 lambs (expiratory effort score of 1)
on at least one occasion during the treatment and post-treat-
ment period (i.e., assessments performed on day 4 to day 6)
and in 1 lamb on day 0. In contrast to study 1, wheeze was also
present on day 0 (in 1 lamb), day 3 (in 1 lamb), day 4 (in 1
lamb), day 5 (in all 3 lambs) and day 6 (in 2 lambs) with a
wheeze score of 2 on all occasions. Two of three placebo-treated
lambs had blood oxygen saturation levels �92% on 2 of the
3 days post-treatment initiation which dropped to 90% in one
lamb. Respiratory rates, although relatively variable throughout
the study duration, were also increased in all placebo-treated
lambs with a maximum observed respiratory rate of 84 breaths/

Figure 4. Gross and microscopic evaluation of lungs from hRSV-infected lambs treated with either placebo or ALX-0171 from study 2. (a) Viral-related lung gross lesions
were scored and percentage parenchymal involvement was estimated for each lung lobe. Mean percentage averages per lobe were calculated. Legend: Rt CrD Right cra-
nial lobe; Rt Mid D Right middle lobe; Rt Cd D Right caudal lobe; Acc D Accessory lobe; Lt Cr D Left cranial lobe; Lt Mid D Left middle lobe; Lt Cd D Left caudal lobe. (b)
Microscopic (histopathologic) alveolar consolidation score was determined as percent area of RSV lesions followed by conversion to an integer-based consolidation scale
as described in materials and methods section. (c) hRSV antigen expression in lung tissue was determined by counting the number of affected bronchi/bronchioles or
alveoli per field. (d) Lamb clinical severity scores. Clinical severity scores were calculated as described in Figure 3. Results are expressed as mean § standard error for pan-
els (a) and (c); group averages with individual lamb scores are indicated by bullet points for panel (b) and median with range for panel (d).
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min (55.6% increase) on day 4. The mean relative change in
respiratory rates on day 6 compared to day 0 was 23.3% §
3.1% (mean § se). In the ALX-0171-treated lambs, clinical
severity scores were reduced compared to the placebo-treated
lambs (Figure 4d) (p D 0.0214) with 1 lamb scoring 0, 3 lambs
scoring 1 and 1 lamb scoring 2. Expiratory effort and wheeze
were only present in 1 lamb in the 0.3 mg/kg ALX-0171 dose
group on day 3 (expiratory effort and wheeze score of 1 and 2,
respectively) and wheeze was present in 1 lamb in the 3 mg/kg
ALX-0171 dose group on day 6 (wheeze score of 1). The mean
relative change in respiratory rates was -10.6% § 10.6% and
-6.2% § 9.4% for 0.3 mg/kg and 3 mg/kg ALX-0171-treated
lambs on day 6, although this was not significantly different to
the placebo-treated lambs.

In study 3, the hRSV-infected placebo-treated lambs and the
mock-infected placebo-treated lambs all had a clinical severity
score between 0 and 3 due to variable increases in respiratory
rates. No noticeable expiratory effort and wheeze was apparent
in these lambs. All hRSV-infected placebo-treated lambs on day
2 post-infection demonstrated unremarkable/normal behavior,
energy level, perambulatory activity, and were alert and interac-
tive. By the next day, 4 of 5 hRSV-infected lambs clearly exhib-
ited a decline in their general health status (Figure 7). On day 4

and 5 all the hRSV-infected, placebo-treated lambs displayed
some degree of reduced general health status as they were more
lethargic in their movements, less prone to interact with each
other and, when standing or laying down, drooped their heads
and ears downward and appeared to be in a generally weakened
and/or lethargic state. Blood oxygen saturation was � 92% in 3
of 5 lambs on day 4 or 5. In contrast, none of the mock-infected
lambs treated with placebo displayed an altered general health
status throughout the study duration. Clinical severity scores in
hRSV-infected ALX-0171-treated lambs were similar to the
mock-infected, ALX-0171-treated lambs. The only noticeable
finding in the hRSV-infected, ALX-0171-treated lambs was vari-
ably increased respiratory rates and malaise, which occurred on
day 3 just prior treatment initiation. Blood oxygen saturation of
only one lamb of this group was � 92% on day 4. None of the
mock-infected, ALX-0171-treated lambs displayed an altered
general health status over the study duration. In the ALX-0171-
treated lambs, a decline in the general health status of 3 of 6
lambs was apparent on day 3 only, which was the first treatment
day. On the next and all subsequent days, all the ALX-0171-
treated lambs displayed normal behavior and general health sta-
tus. Clinical severity scores were not significantly different
between the groups (p D 0.251).

Figure 5. Gross and microscopic findings of lungs from mock-infected and hRSV-infected lambs treated with either placebo or ALX-0171 from study 3. (a) Viral-related
lung gross lesions were scored and percentage parenchymal involvement was estimated for each lung lobe. Mean percentage averages per lobe were calculated. Legend:
Rt CrD Right cranial lobe; Rt MidD Right middle lobe; Rt CdD Right caudal lobe; AccD Accessory lobe; Lt CrD Left cranial lobe; Lt MidD Left middle lobe; Lt CdD Left
caudal lobe. (b) Microscopic (histopathologic) alveolar consolidation score was determined as percent area of hRSV lesions followed by conversion to an integer-based
consolidation scale as described in materials and methods section. (c) hRSV antigen expression in lung tissue was determined by counting the number of affected bron-
chi/bronchioles or alveoli per field. (d) Lamb severity clinical scores. Clinical severity scores were calculated as described in Figure 3. Results are expressed as mean§ stan-
dard error for panels (a) and (c); group averages with individual lamb scores are indicated by bullet points for panel (b) and median with range for panel (d).
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Dose-response exploration of ALX-0171 on antiviral effects
when ALX-0171 treatment is delayed to start on day 3
post-infection

From the results of the previous 3 studies, ALX-0171 adminis-
tration by inhalation to neonatal lambs was shown to be highly

effective. However, no consistent differences were observed
between the studied doses. A fourth study was therefore per-
formed to explore the dose of 0.3 mg/kg as anchor dose and 2
additional lower inhaled doses of 0.08 mg/kg and 0.04 mg/kg
for which only a partial viral load response was expected. Due

Figure 6. Lung pathology in mock-infected or hRSV-infected lambs treated with either placebo or ALX-0171 from study 3. (a) Images of lungs frommock-infected lambs (left col-
umn) and hRSV-infected lambs (right column). Lambs were either treated with placebo (top row) or ALX-0171 (bottom row) for 3 days consecutively. Images were taken at nec-
ropsy on day 6 post-infection. Lungs from lambs 27 (tag ID 4514), 38 (tag ID 4500), 33 (tag ID 4513) and 44 (tag ID 4504) are shown. Viral lesions are indicated with yellow arrows
and are visible as plum-red lesions in lamb 38. (b)Microscopic (histopathologic) lung lesions of hRSV infected lambs. Microscopic lung images are from the same lamb lungs shown
in Figure 6a. There was no microscopic lung lesions seen in the mock-infected placebo and ALX-0171-treated groups. The mock-infected placebo-treated group picture contains a
normal bronchiole lacking lesions, while the mock-infected ALX-0171-treated group has a bronchus with surrounding cartilage (fat arrow) and also lacks lesions. The hRSV-infected
placebo-treated group had a wide spectrum of lung lesions, with bronchitis characterized by the lumen which contains neutrophils (thin short arrow), sloughed epithelial cells (fat
arrow), mucin (arrowhead), and red blood cells (long thin arrow). The hRSV-infected ALX-0171-treated group had significantly reduced histopathological lesions when compared
to the mock-infected placebo and ALX-0171-treated groups, which was evident by the clear bronchi (circle), bronchioles (star) and alveolar spaces (diamond) present in the picture.
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to the low number of lambs used per group and due to the rich
blood sampling, only terminal endpoints were assessed in this
study.

As in the 3 previous studies, hRSV infection in neonatal
lambs resulted in robust viral replication in the lungs of vehi-
cle-treated lambs with mean viral load titers on day 6 post-
infection of 4.54 Log10 FFU/mL versus 4.49 and 4.83 Log10
FFU/mL on the same day for the previous studies. Viral load
was reduced by 2.14 log10 FFU/mL in the 0.04 mg/kg ALX-
0171 dose group. In contrast, ALX-0171 treatment at doses of
0.08 mg/kg and 0.3 mg/kg reduced the infectious virus titers to
below the limit of quantification. Viral RNA copy numbers,
however, were only moderately reduced following ALX-0171
treatment at the 0.3 mg/kg dose (0.54 Log10 RNA copies/mL
BALF and 0.37 Log10 RNA copies/mg lung tissue) (Table 2).

Regarding the gross lung viral lesions and the histopatholog-
ical changes on Day 6, the lambs treated with the 0.04 mg/kg
ALX-0171 dose generally had the highest scores and the lambs
treated with the 0.3 mg/kg ALX-0171 dose generally had the
lowest scores overall (Figure 8a–c).

Correlations between the different readouts

As described above, ALX-0171 treatment had a positive effect
on viral replication. This viral replication and effects thereof
were independently assessed using different readouts (viral
titers, viral antigen in lung tissue and lung viral lesions). To bet-
ter define the relationship between these different variables, the
presence of a correlation between these different readouts was
assessed for all individual lambs. There were significant positive
correlations between the different variables, meaning that,
when a lamb scored high on one variable, it also scored high on
the others (Figures 9a–f). Additionally, most of the placebo-
treated lambs scored higher than the ALX-0171-treated lambs,
confirming the positive effects of ALX-0171 treatment.

Discussion

Currently, the only US Food and Drug Administration-
approved antiviral treatment for RSV is ribavirin, but, because
of conflicting evidence of its effectiveness, it is no longer recom-
mended, with the only remaining treatment modality being
supportive care.26,27 For the prevention of RSV-infections, pali-
vizumab administration is only recommended for high risk-
infants.8 The development of new approaches and therapeutic
modalities are thus needed. This study assessed a novel thera-
peutic, ALX-0171, in neonatal lambs as a model for hRSV
infection in infants.

In vivo efficacy of ALX-0171 has been previously tested in
the cotton rat (Sigmodon hispidus).18 Although semi-permissive
to hRSV infection, cotton rat studies have proven useful as both
RSVIg (RespiGam�) and palivizumab (Synagis�) were
advanced to clinical trials solely based on cotton rat data.11

However, as the intended route of administration for ALX-
0171 is by inhalation, adequate drug deposition in the lung is a
prerequisite for efficacy. Drug deposition in the lung is largely
dependent on three main factors that must be considered when
extrapolating the results of preclinical species to humans. Such
deposition is strongly affected by: 1) breathing patterns (respi-
ratory frequency and breathing volume), which is dependent
on body size; 2) airway anatomy/geometry as function of gen-
der, age and disease status; and 3) by the aerosol aerodynamic
diameter, which is dependent on the administration device
characteristics.20-22 For small animal species such as rodents,
direct instillation of drug to the lungs is the principal lung-dos-
ing method, which offers the advantage of enabling accurate
dosing. However, this method can result in substantial varia-
tions in lung-regional deposition as well as variations in sys-
temic drug profiles.28 In addition, drugs tend to be less potent
using this method compared to an aerosol inhalation method
likely due to the altered lung distribution patterns.29 Whole-
body exposure is also feasible in rodents, but the size of the
inhaled particles cannot be controlled and therefore the exact
quantity of drug deposited in the lungs is difficult to determine
making extrapolations from rodent data to humans challeng-
ing.21 In contrast, and because of their size, the use of large ani-
mals offers the opportunity to better study PK, in conjunction
with formulation or device efficiency.28 The respiratory system
of lambs and human infants share many anatomical, physiolog-
ical and developmental features that increase the translational
value of studies performed in lambs for inhaled drugs.15,20

Colostrum-deprived (lacking maternal antibody and thus any
anti-RSV antibodies) neonatal lambs are highly relevant for the
study of RSV infection due to their natural susceptibility to
ovine, bovine and human strains of RSV30-32 and to the similar-
ities in disease pathogenesis to that of human infants.17,33 This
lamb hRSV-infection model therefore constitutes a valuable
tool for use in pre-clinical studies of vaccines or therapeutics.

Our previous work has demonstrated that hRSV-infection
with Memphis 37 strain in neonatal lambs results in robust
viral replication in the lungs that peaks around day 3 post-
infection before subsiding by day 8. The viral replication was
paralleled by an increase in hRSV lung viral antigen expression,
gross and histopathologic lesions and appearance of respiratory
distress.17,24,32

Figure 7. Scoring of general health status of hRSV-infected lambs treated with
either placebo or ALX-0171. General health status was assessed daily until day 5
post-infection using the following scoring criteria: 0 – No clinical signs; 1 – Reluc-
tant to move; 2 – Reluctant to move, head down, depressed, not interested in eat-
ing; 3 – Down, unwilling to get up or difficulty standing, not eating; 4 – Down and
should be euthanized, probably cannot eat. Results are shown for each individual
lamb and means are shown as bars.
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In the studies described here, the administration of nebu-
lized ALX-0171 resulted in systemic exposures that were indic-
ative of absorption dependent PK. Overall, no unexpected
retention of ALX-0171 in studied tissues or organs was
observed. No difference in ALX-0171 deposition was noted
between hRSV-infected and uninfected lambs, although subtle
differences may have been masked by the observed variability.
Local lung ALX-0171 concentrations attained were adequate
for reducing clinical or illness score (malaise), gross and micro-
scopic lung lesions, viral titers, viral antigen, and viral RNA lev-
els, even when administered around the peak of viral
replication.

Previous studies have shown that RSV infects ciliated and
bronchiolar airway epithelial cells in the respiratory tract,34-36

as well as type II pneumocytes.37,38 Consistent with these find-
ings, viral antigen expression was present on these cell types in
the hRSV-infected lambs, with a significant correlation between
hRSV expression in alveoli and bronchioles (Figure 8a). ALX-
0171 greatly reduced the viral antigen expression both in the
bronchioles and alveoli, which is indicative of a decreased num-
ber of infected epithelial cells. This decreased viral antigen
expression was correlated with the decreased gross viral lesions
(Figure 9b–c) and decreased viral titers (Figure 9d–e). There

was also a significant correlation between infectious virus titers
and gross viral lesions (Figure 9f). Thus, measuring infectious
virus titers in BALF could provide a reliable surrogate endpoint
to monitor disease progression, at least in lambs. Similarly, viral
loads were consistently correlated with increases in multiple
different disease measurements (symptoms, physical examina-
tion, and amount of nasal mucus) in a human challenge study39

and would seem to predict disease severity in previously
healthy infants.40,41 ALX-0171 was less effective at reducing
hRSV RNA copy numbers in lung tissue and BALF (as deter-
mined by RT-qPCR) than infectious virus titers, as expected,
since ALX-0171 binds virus but does not directly inhibit tran-
scription. Similarly, motavizumab, when given therapeutically
to infants hospitalized with RSV disease, resulted in a �2
Log10 PFU/mL decrease in infectious virus between day 0 and
day 1. This reduction ranged from 0.3 to 1 Log10 PFUe/mL for
viral transcripts over the same period.42 In our studies, infec-
tious virus was reduced by >4 Log10 FFU/mL on day 6 in the
ALX-0171-treated lambs compared to the placebo-treated
lambs. On the same day, viral RNA titers were reduced by 0.14
to 1.88 Log10 viral RNA copies/mL or mg in both BALF and
lung tissue. The likely explanation of the difference between the
two measures is that, on the one hand, RT-qPCR not only

Figure 8. Gross and microscopic findings of lungs from mock-infected and hRSV-infected lambs treated with either placebo or ALX-0171 from study 4. (a) Viral-related
lung gross lesions were scored and percentage parenchymal involvement was estimated for each lung lobe. Mean percentage averages per lobe were calculated. Legend:
Rt CrD Right cranial lobe; Rt MidD Right middle lobe; Rt CdD Right caudal lobe; AccD Accessory lobe; Lt CrD Left cranial lobe; Lt MidD Left middle lobe; Lt CdD Left
caudal lobe. (b) Microscopic (histopathologic) alveolar consolidation score was determined as percent area of hRSV lesions followed by conversion to an integer-based
consolidation scale as described in materials and methods section. (c) hRSV antigen expression in lung tissue was determined by counting the number of affected bron-
chi/bronchioles or alveoli per field. Results are expressed as mean§ standard error for panels (a) and (c); group averages with individual lamb scores are indicated by bul-
let points for panel (b).
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quantifies fully replication-competent viruses but also complete
viral particles unable to replicate, partially assembled virions,
and whole and fragmented viral genome,43 on which ALX-
0171 has no effect. Consequently, the natural rate of viral load
decline is less steep when using a RT-qPCR method than when
using quantitative culture, which is likely to confound antiviral
efficacy determination of test compounds targeting RSV.43,44

The culture assay, on the other hand, quantifies fully infectious
particles, but it is conceivable that viral particles that are neu-
tralized by ALX-0171, but that are still present in the

respiratory tract, would not be quantified in the culture assay
whereas they would be quantified by RT-qPCR. The culture
assay would thus reflect the fact that either less virus is present
in a sample or that any virus still present is effectively neutral-
ized. The positive effects of ALX-0171 on the other viral-related
endpoints (viral antigen expression, gross lesions, histopathol-
ogy) further substantiates the robust anti-viral effect of ALX-
0171 in neonatal lambs.

Clinically, in the hRSV-infected neonatal lambs, a decline in
respiratory function and general health status was observed in

Figure 9. Correlation between independently scored readouts in hRSV – infected neonatal lambs. Correlation coefficient was calculated by Spearman’s rank correlation
test for the indicated parameters. Mock-infected lambs are excluded from the analysis. Black dots show the ALX-0171-treated lambs; red dots show the placebo-treated
lambs. Dotted lines represent the 95% confidence bands. QLD Quantification limit; IHC = Immunohistochemistry.
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the herein described studies, with observable expiratory effort
and wheeze in some lambs and increased respiratory rates.
However, these observations were not consistently present in
all lambs, as occurs in human infants, thus making the analysis
of ALX-0171 effects on altering individual clinical signs diffi-
cult. The natural individual susceptibiliy of hRSV infection in
the lambs may explain part of this observation. Similarly, most
clinicians recognize bronchiolitis as a “constellation of clinical
signs and symptoms occurring in children younger than 2 years,
including a viral upper respiratory tract prodrome followed by
increased respiratory effort and wheezing”27 with a high hetero-
geneity in disease severity likely due to a combination of host
and viral factors.45 Study procedures may also explain part of
the variability seen in the clinical parameters as the procedures
for clinical assessments were adapted for study 3, allowing for
increased observation times and more robust scoring of lamb
behavioral changes.

One important challenge in the performance of these studies
was the minimization of any cross-contamination between not
only hRSV-infected and uninfected lambs, but also of ALX-
0171- and placebo-treated lambs, making full blinding of the
evaluation of individual clinical parameters difficult. The need
to objectify as much as possible the effects of ALX-0171 on
these clinical parameters and their observed heterogeneity led
to the development of an exploratory composite clinical sever-
ity score. Although scoring systems to quantify respiratory dis-
tress have been developed for infants, none have been
sufficiently validated to allow meaningful clinical use in
infants.46,47 Most of these scores are calculated by summing
points of each assessed parameter such as respiratory rates,
chest wall recessions, general condition, feeding, wheezing and
oxygen saturation,46,48,49 where respiratory rate, oxygen need,
and presence of retractions were considered the most useful in
predicting emergency department disposition.46

In the absence of validated clinical scores for lambs, we
decided to include respiratory rates, expiratory efforts and
wheeze as well as blood oxygen saturation and body weight
gain as these parameters were considered meaningful based on
currently available scoring systems for infants (see supplemen-
tal data Table S1). All these parameters have also been shown
to be important in hRSV-disease both in animal models and
infants.25,26,32,48-53 This analysis showed that ALX-0171 treat-
ment reduced the clinical severity and had a positive effect on
general health status. However, in the different studies per-
formed the maximal clinical scores reached were variable, with
placebo-treated lambs from study 2 reaching scores of 5 or 6 of
a theroretical maximal clinical severity score of 11, which is
reflective of moderate disease. Similarly, infants admitted to
hospital with moderate disease severity had clinical scores of
half the maximal scale, while severe disease was considered as
being scores of �14 of 2025 or �4 of 5.49 Thus, variability of
clinical scores in lambs parallels that of infants and this likely
reflects differences in hRSV infection severity between lambs.
All the inoculated lambs become infected with hRSV and
develop gross and microscopic lesions with detectable virus;
however, some may develop mild clinical signs whilst others
display more extensive clinical signs.

In terms of translational value, defining exposure-response
relationships in preclinical animal studies is important in

defining an expected effective dose in humans. In the first 3
studies and when considering the effect of the different tested
ALX-0171 doses on the effect measures, no clear dose-response
was achieved. Based on this observation, two additional lower
doses were subsequently tested in the neonatal lamb model.
For these lower tested ALX-0171 doses, there was a trend to
dose-dependency for most parameters tested on day 6, with the
0.3 mg/kg dose providing the most robust effect. The 1 mg/kg
and 3 mg/kg ALX-0171 dose levels seemed not to provide any
additional benefit. In fact, higher variability was seen in these
two higher dose groups. The variability seen in the data are
likely explained by both the administration route and the bio-
logical variability. The different dose levels were attained by
loading different volumes of drug in the nebulizer device. As
such, the higher dose of 3 mg/kg required substantially longer
nebulization times in contrast to the 0.3 mg/kg dose (»20-
30 minutes versus »1-2 minutes). This longer nebulization
time is likely to have induced more variable lung regional depo-
sition, which is affected by both within and between subject
variability in tidal volumes and flow rates.54 This variability in
breathing patterns would specially be important when lambs
are constrained for extended periods of time as was the case for
the higher doses. For this reason, shorter nebulization times
would likely allow a more precise and less variable lung dose,
specifically in infants, as this would reduce distress and crying
that negatively affects lung deposition.55

In conclusion, when considering the totality of the results
obtained from the studied effect measures (virology, observa-
tions of clinical signs, gross pathology and histopathology),
which are known indicators of hRSV infection, a beneficial
effect of ALX-0171 was noted on all established markers,
although the clinical and quantitative expression of hRSV
infection differed somewhat in the different studies. Viral rep-
lication parameters were consistent with associated gross and
microscopic lesions and viral antigen distribution. That is, in
lambs not treated with ALX-0171, the high hRSV titers and
high levels of hRSV RNA were associated with increased
severity of gross and microscopic lesions and viral antigen dis-
tribution. Following ALX-0171 treatment, reduced hRSV
parameters were associated with reduced lesions and viral
antigen expression. There was a trend to dose dependency
seen with the 0.3 mg/kg dose already providing full efficacy.
ALX-0171 administered therapeutically may thus have the
potential to be effective in the context of a developed hRSV
infection in infants. Inhaled ALX-0171 is currently being eval-
uated in Phase 2 studies in infants and young children hospi-
talized for RSV lower respiratory tract infection (clinicaltrials.
gov numbers NCT02979431 and NCT03418571).

Materials and methods

Experimental design

Four independent studies were performed in which a total of 53
lambs were randomly assigned based on weight and sex to three
or four groups depending on the study (Table 1). In study 1, thir-
teen lambs were assigned to four groups (groups 1, 2, 3 and 4).
Three lambs were in group 1 (hRSV-infected placebo-treated),
four lambs were in group 2 (hRSV-infected 0.3 mg/kg ALX-

MABS 789



0171-treated), three lambs were in group 3 (RSV infected 1 mg/
kg ALX-0171-treated) and three lambs were in group 4 (hRSV-
infected 3 mg/kg ALX-0171-treated). In study 2, 10 lambs were
assigned to three groups (groups 1, 2 and 3). Three lambs were
in group 1 (hRSV-infected placebo-treated), four lambs were in
group 2 (hRSV-infected 0.3 mg/kg ALX-0171-treated) and three
lambs were in group 3 (hRSV-infected 3 mg/kg ALX-0171-
treated). In study 3, 22 lambs were assigned to four groups
(groups 1, 2, 3 and 4). Five lambs were in group 1 (uninfected
placebo-treated), six lambs were in group 2 (uninfected 0.3 mg/
kg ALX-0171-treated), five lambs were in group 3 (hRSV-
infected placebo-treated) and six lambs were in group 4 (hRSV-
infected 0.3 mg/kg ALX-0171-treated) (see Table 1). In study 4,
two lambs were assigned to each of 4 groups. Group 1 lambs
were hRSV-infected and placebo-treated, whereas group 2, 3 and
4 lambs were hRSV-infected and treated with ALX-0171 at
0.04 mg/kg, 0.08 mg/kg and 0.3 mg/kg, respectively. On day 0, all
lambs in study 1, study 2, study 3 (except group 1 and 2) and
study 4 were infected with hRSV Memphis 37 strain by the inha-
lation route, whereas uninfected control lambs (study 3 – groups
1 and 2) received nebulized cell-conditioned media as described
below. ALX-0171 treatment started either on Day 1 (study 1) or
Day 3 (study 2, 3 and 4) post-infection and was repeated daily
until Day 5 post-infection. In total, four lambs were excluded
from the studies on various days post-infection because of sec-
ondary bacterial infections. One lamb was from study 1 group 4,
two lambs were from study 2 group 2 and one lamb was from
study 3 group 2. On day 6 post-infection, all other lambs were
euthanized with an intravenous injection of sodium pentobarbital
(Beuthanasia�, Schering-Plough Animal Health Corporation)
overdose (1 mL/5 kg). During necropsy, tissue samples were col-
lected from each lung lobe of all animals in the same manner,
with uniform sampling of each lobe.

Animals

Male and female Suffolk, Polypay or Dorsett cross colostrum-
deprived neonatal lambs (1-3 days of age) were obtained from
local farms (Lester, Iowa, USA). Lambs were fed lamb milk
replacer (Milk Products Inc., Chilton, WI, USA) that lacked
supplemental iodide as of birth and were given Naxcel (Ceftio-
fur sodium, Pfizer) 1–2 mg/kg subcutaneously once daily to
reduce/prevent secondary bacterial infections. The animals
had not been subjected to other experiments before the study.
All efforts were made to minimize animal discomfort and
limit the number of animals used. Study protocols were
approved by the Institutional Animal Care and Use Commit-
tee (approval #12-12-7470-O and 8-15-8064-O) and were per-
formed in accordance with the animal welfare bylaws of the
Iowa State University, which are in accordance with the Asso-
ciation for Assessment and Accreditation of Laboratory Ani-
mal Care (AAALAC) regulations. The studies were also
approved by the Institutional Biosafety Committee (approval
#10-D/I-0020-A and 15-I-0024-A/H) at Iowa State University.

Compounds

ALX-0171 is a trimeric Nanobody consisting of three hRSV-
targeting subunits linked by two glycine-serine linkers, and was

produced using a Pichia pastoris X-33 expression system.18

ALX-0171 formulation buffer, which consists of NaCl as osmo-
lality agent and phosphate as buffer component, was used as a
placebo. The formulation components and their concentration
were selected based on their compatibility with pulmonary
administration.

Infection of lambs

PARI LC SprintTM nebulizers (PARI Respiratory Equipment,
Inc., Lancaster, PA, USA) were used to administer virus or cell-
conditioned media (media from HEp-2 cells lacking hRSV) to
each lamb. They were attached to a conical mask fitted with a
round rubber diaphragm with a pre-cut center hole through
which the nose and mouth of the lamb was inserted (MidWest
Veterinary Supply, Inc., Burnsville, MN). Three 2 mL aliquots
of virus-containing media or control media were administered
to each animal over the course of 23 minutes at 4 L/min at 16
PSI (Philips Respironics Air Compressor, Andover, MA, USA),
resulting in the total inhalation of about 6 mL by each lamb.
Identical viral inoculum doses were used for each lamb (hRSV
M37 strain at 1.27-1.48 £ 107 FFU/mL in media with 20% w/v
sucrose).

Drug administration

An Aeroneb� Solo System (Aerogen Ltd, Galway, Ireland),
consisting of the Aeroneb� Solo mesh nebulizer and the Aero-
neb� Pro-X controller were used in accordance with the
instruction manual as provided by the manufacturer. The esti-
mated particle sizes obtained with these meshes were in the
range of 3.27 § 0.13 mm (MMAD). The assembly and opera-
tion of the Aeroneb� Solo System was done according to the
nebulizer instruction manual. The nebulizer and the T-piece
were inserted into the breathing circuit. Air was supplied to
the system at an airflow speed of 2 L/min using a compressed
air canister that was attached directly to the nebulizer T-piece.

Prior to dosing, the nebulizer reservoir was filled with fol-
lowing volumes of different concentrations of ALX-0171 or
ALX-0171 formulation buffer (placebo): either 4 mL (3 mg/kg
target inhaled dose), 1.3 mL (1 mg/kg target inhaled dose)
0.4 mL (0.3 mg/kg target inhaled dose), 0.2 mL (0.08 mg/kg tar-
get inhaled dose) or 0.1 mL (0.04 mg/kg target inhaled dose). A
cone mask (Cat # 05305, A.M. Bickford, Inc, US) was attached
to the nebulizer T-piece and was placed over the lamb’s nose,
mandible and maxilla. The nebulizer was turned on at a con-
stant nebulization mode and the cone mask was firmly held in
place during the duration of the nebulization. Once the dose
had been nebulized (i.e., when the nebulizer reservoir was
empty), the face mask was removed and the nebulizer switched
off. The lamb was then returned to its cage and general health
(alertness, responsiveness, ability to stand and move) was mon-
itored for 10 minutes.

Calculation of inhaled dose

The total dose emitted by the nebulizer was determined per
administration by weighing the nebulizer before and after the
administration and deducing the nebulized volume. The
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nebulized volume of ALX-0171 was then multiplied by the con-
centration of ALX-0171 to determine the delivered dose. The
inhaled dose per lamb (i.e., the dose reaching the tip of the
snout) was estimated to be 11% of the delivered dose based on
experiments in which a similar nebulizer setup as the one that
was used in these studies was connected to a breathing simula-
tor programmed for neonatal breathing. The inhaled fraction
was defined as the fraction that was found back on the inhala-
tion filter in relation to the total nebulized dose. The body-
weight adjusted inhaled doses were expressed as mg/kg and
were calculated as the inhaled dose on each specific day divided
by the measured body weight on the corresponding dosing day.

Preparation of hRSV Memphis 37 virus stock

Memphis 37 (M37) hRSV is a wild type RSV-A, first isolated
from a 4 month-old infant56 and used in human clinical stud-
ies.39,57-59 HEp-2 cells were infected in 300 cm2

flasks at 0.5-1
multiplicity of infection (MOI) at a confluence of 80-90% by
applying 4-5 mL of hRSV stock (Memphis 37 hRSV that was
used originated from Meridian LifeScience, Memphis, TN,
USA). Usually within 48-60 hours, abundant syncytia appeared
and close to 100% cytopathic effect was reached (as ascertained
by periodic inverted microscope inspections). The monolayers
of cells were then scraped off the bottom of each 300 cm2

flask
using a large rubber policeman (sterile plastic tool commonly
used for cell scraping). The collected cell solutions were trans-
ferred to polypropylene 15 mL conical centrifuge tubes (»1
tube per 300 cm2

flask), vortexed for 10 seconds at high speed
and centrifuged at 2500 rpm (»1260 x g) for 10 minutes.
Supernatants were then collected from each tube and kept in
separate tubes, while each resulting pellet was resuspended in
5 mL of phosphate-buffered saline (PBS) pH 7.4. Each cell pel-
let sample was then sonicated for 5 £ 2-second pulses with
5 seconds in between (to avoid overheating samples) using a
tip-style sonicator (Sonic Dismembrator Model 500, Fisher-
Scientific) with a pre-sterilized tip (tip was pre-soaked in 70%
ethanol for 10 minutes followed by air-drying). Sonicated sam-
ples were then centrifuged again at 2500 rpm (»1260 x g) for
10 minutes and the resulting supernatants were added to each
of the corresponding supernatants collected initially. The sam-
ples were then diluted with a solution of 60% sucrose, 10% fetal
bovine serum (FBS) in PBS to obtain 20% w/v total sucrose
concentration, which was shown to be beneficial in preserving
virulence post freeze-thaw and post-nebulization.60 The titer of
virus was subsequently determined, after one freeze-thaw cycle
at -80�C, in a small portion of the resulting stocks that were ali-
quoted into cryovials for this purpose using the infectious FFU
assay. The remainder of the stock was frozen/stored at -80�C
until needed for use in the lambs. The Memphis 37 hRSV strain
used in this study was passaged 6 times on Vero cells, then
twice on HEp-2 cells. Sucrose was added to 20% and the virus
stock was frozen at ¡80�C and titered for infectivity on HEp-2
cells as has been characterized previously in this model.60

Monitoring of clinical parameters

Lambs were monitored daily for body weight, rectal tempera-
ture, heart rate, respiratory rates (by auscultation) and percent

blood oxygenation measurements. Oxygenation levels of arte-
rial blood were assessed by a pulse oximeter (PalmSAT 2500A
VET, Nonin Medical, Inc Plymouth, MN, USA). The probe of
the oximeter was manually secured at the root of the tail (a nat-
urally hairless site), nearest the anus. The femoral artery was
then palpated to measure the pulse rate and was compared
with the pulse rate displayed on the oximeter. The Sp02 values
were considered for the analysis only if the two pulse rates were
within 10% of each other as described.61 Increased expiratory
effort (forced expiration) was scored daily, as were animal
“wheeze” scores, using criteria previously reported.24

Blood collection

Approximately 1-1.5 mL of blood (at least 500 mL of plasma)
was drawn from the external jugular vein with a syringe, and
placed in spray-coated K2EDTA vacutainer tubes. The fur at
the sampling site was shaved and extensively washed prior to
blood withdrawal to avoid any contamination of deposited
ALX-0171. The blood samples were then centrifuged at 1,600 x
g for 10 min at 4�C in order to obtain plasma. Samples were
stored at � -60�C prior to analysis.

Collection of bronchoalveolar lavage fluid

Following euthanasia, the lungs of each lamb were removed
and each left and right lung was separated and weighed. BALF
was collected and processed from the right lung lobe as previ-
ously described.24

Gross lesions evaluation and scoring

Following euthanasia, the thorax was opened and the heart and
esophagus were removed from the lungs. The percentage
parenchymal involvement of gross hRSV lesions was scored for
each individual lung lobe. The percentage of a specific lobe tis-
sue that was affected by hRSV in relation to the overall lobe tis-
sue being scored was estimated. Mean percentage averages per
lobe were calculated for each day of necropsy.

Histologic lung evaluation and scoring

A histologic score was determined by evaluating percent involve-
ment. This consolidation score is an overall score based on the
percentage of lung involvement in areas with hRSV lesions.
Alveolar consolidation was defined by reduced expansion of
alveolar lumen due to alveolar septal infiltration of neutrophils,
lymphocytes, plasma cells, and type II cell hypertrophy along
with intraluminal accumulation of neutrophils, macrophages,
and small amounts of cell debris. The score was defined by con-
verting the observed percentage ranges to a simple integer-based
consolidation scale: 0% consolidationD 0, 1-9% consolidationD
1, 10-39% consolidation D 2, 40-69% consolidation D 3, 70-
100% consolidation D 4. Group averages were calculated for the
alveolar consolidation score. In addition to the alveolar consoli-
dation score, bronchiolitis, neutrophil infiltration, peribronchio-
lar and perivascular infiltration of lymphocytes, syncytial cell
formation, and epithelial alterations were also individually
scored as previously published.24
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Immunohistochemistry for viral antigen detection

Immunohistochemistry for the detection of hRSV antigen was
performed on 5 mm-thick formalin-fixed paraffin-embedded
lamb lung tissue sections taken from the right and left cranial,
left middle, and left caudal lung lobes of each animal in accor-
dance with methods published previously.24 20 unique 10X
fields on each slide (containing two lung sections each) were
assessed for hRSV antigen staining by counting positively-
stained cells within bronchioles and alveoli. The mean number
of stained bronchi/bronchioles and alveoli per field were
counted.

Reverse transcription polymerase chain reaction
assessment of hRSV RNA expression levels in lamb lung
tissue

For each animal, tissue samples from right and left cranial, left
middle and left caudal lung lobes (0.3-0.4 g of each lobe) were
homogenized for total RNA isolation in TRIzol (Invitrogen),
assessed for quantity and purity by spectrometry, and then RT-
qPCR was performed using a One-Step Fast RT-qPCR kit mas-
ter mix (Quanta, BioScience, Gaithersburg, MD) in a GeneAmp
5700 Sequence Detection System (Applied Biosystems, Carls-
bad, CA) with PREXCEL-Q for all set up calculations as previ-
ously described. 32, 62 Primer and probe sequences for all
targets were designed with ABI Primer Express 2.0, and have
been used previously.32,62 All samples were diluted to achieve a
final RT-qPCR concentration of 0.784 ng/mL. Thermocycling
conditions were 5 minutes at 50�C; 30 seconds at 95�C; and 45
cycles of 3 seconds at 95�C and 30 seconds at 60�C. Samples
and standards were assessed in duplicate, and each target gene
quantification cycle (Cq) value was converted to a relative
quantity (Qr) based on each target’s standard curve using: Qr D
EAMP

(b-Cq), wherein “b” and “EAMP” are the y-intercept and
exponential PCR amplification value, respectively. EAMP values
were obtained from the slope (m) of each target standard curve
by: EAMP D 10(-1/m), and all Qr values interpolated from stan-
dard curves were normalized to total lung RNA per RT-qPCR.
No-RT control reactions gave either no signal or generated Cq
values greater than 13 cycles later than those in the correspond-
ing RT-qPCR target reactions.

Reverse transcription polymerase chain reaction
assessment for hRSV RNA in bronchoalveolar lavage fluid

Viral RNA was quantified by RT-qPCR in BALF obtained from
the right caudal lung lobe of each animal at necropsy as previ-
ously described.24 RT-qPCR for hRSV was then carried out as
described above.

Focus forming unit assay

BALF viral titers were measured for each lamb by flushing the
excised right caudal lung lobe with 5 mL of cold modified
Iscove’s media (42.5% Iscove’s modified Dulbecco’s medium,
7.5% glycerol, 1% heat-inactivated FBS, 49% DMEM, and
50 mg/mL kanamycin sulfate) after which 1 mL of the resulting
BAL fluid was placed on ice and spun down for 5 minutes in a

centrifuge at 3000 x g to pellet large debris. Approximately
800-850 mL of each supernatant was collected and then spun
through 850 mL-capacity 0.45 mm Costar SPIN-X filter at
15,600 x g for 5 minutes before being used in the standard
infectious FFU. For this, 200 mL of serially-diluted BALF sam-
ples were applied to HEp-2 cells (ATCC, CCL-23) grown to
70% confluence in 12-well culture plates (cat n� 07-200-81;
Fisher Scientific, Hanover, IL) in DMEM media (Mediatech,
Inc., Manassas, VA) supplemented to 10% with heat-inacti-
vated FBS (Atlanta Biologicals, Atlanta, GA) and 50 mg/mL
kanamycin sulfate (Invitrogen). Each sample was analyzed
undiluted and at four additional serial-dilutions of 1:10, 1:100,
1:1,000 and 1:10,000 in duplicate. Following a 48 hour incuba-
tion at 37�C, 5% CO2, the cells were fixed with cold 60% ace-
tone/40% methanol solution for 1 minute. Overnight primary
antibody (Goat polyclonal Ab to hRSV [all antigens] Cat n�

AB1128, EMD/Millipore/Chemicon, Billerica, MA) incubation
was then followed by washing and secondary antibody (Alexa-
Fluor 488 F(ab0)2 fragment of rabbit anti-Goat IgG (HCL), cat
n� A21222; Molecular Probes/Life Technologies) incubation
for 30 minutes. Plates were rinsed and inspected for the pres-
ence of fluorescing foci of infection using the FITC/GFP filter
on an inverted fluorescence microscope (Olympus CKX41,
Center Valley, PA, USA). Five or more fluorescing cells were
counted as single focal events. An average of 40 counts in a
1:10- diluted (duplicate) sample indicated an original BALF
sample “titer” of 2,000 [40 counts x dilution of 10 £ 1,000 mL/
mL]/200 mL assessed D 2,000 infectious FFU/mL. The quantifi-
cation limit of the assay was set at 5 FFU/mL (0.7 Log10 FFU/
mL).

Quantification of urea in BALF and in plasma

Quantification of urea in both plasma and BALF was done
using the QuantiChrom� Urea Assay Kit (BioAssay Systems)
according to the manufacturers instructions. The method was
validated specifically for lamb BALF and plasma. During urea
sample analysis, the calibrator inter-curve precision did not
exceed 5.4% and the intercurve accuracy was between -3.8%
and 3.0%.The inter-assay precision of the QC samples did not
exceed 2.5% and the inter-assay relative error was between
-0.6% and 2.1% for plasma and BALF combined.

Quantification of ALX-0171 in BALF and plasma

Plasma samples from hRSV-infected lambs were treated by
UV-irradiation for 1 hour in a biosafety cabinet prior to analy-
sis in the ELISA. During qualification of the assay, it was dem-
onstrated that this treatment did not affect the accuracy
of ALX-0171 determination in plasma. For BALF samples,
ALX-0171 quantification was performed in a biosafety cabinet.
Qualified ELISA and/or MSD methods were used for the quan-
tification of ALX-0171 in lamb plasma and BALF. In brief for
the ELISA methods, an anti-Nanobody Nanobody (Ablynx) for
plasma or a Nanobody-specific mouse monoclonal antibody
generated against ALX-0171 (Ablynx) for BALF were coated
overnight on a 96-well Maxisorp plate (Nunc). Samples were
applied on the coated plate and ALX-0171, present in the sam-
ple, was detected with a biotinylated monoclonal antibody
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generated against ALX-0171. This mAb was then detected by
horseradish peroxidase (HRP)-labeled streptavidin (Thermo
Scientific). Bound streptavidin-HRP was revealed by adding
100 ml/well of soluble high-sensitivity tetramethylbenzidine
(s(HS)TMB; SDT Reagents) for 15 min, followed by 1 N HCl.
The absorbance was read at 450 nm using a spectrophotometer,
and the reference wavelength was 620 nm. The sensitivity of the
ELISA methods were 21.5 ng/mL and 10.7 ng/mL in plasma
and BALF, respectively. During ALX-0171 sample analysis, the
calibrator inter-curve precision did not exceed 8.8% and the
intercurve accuracy was between -4.8% and 9.9%. The inter-
assay precision of the QC samples did not exceed 14.2% and
the inter-assay relative error was between -10.7% and 6.6% for
plasma and BALF combined.

For study 4, a more sensitive method was used. In brief,
streptavidin GOLD plates (MSD Mesoscale) were blocked with
SuperBlock T20 (Thermo Scientific) and a biotinylated Nano-
body-specific mAb was applied on the plates as capturing
reagent. Samples were applied on the plate and ALX-0171,
present in the sample, was detected with a sulfo-tagged Nano-
body-specific mAb. After addition of 1/2 diluted Read Buffer,
electricity was applied to the plate electrodes by the MSD
instrument leading to light emission by the sulfo label of the
mAb. Light intensity was subsequently measured by the MSD
instrument. The sensitivity of the MSD method was 1.0 ng/mL.
During ALX-0171 sample analysis, the calibrator inter-curve
precision did not exceed 4.5% and the intercurve accuracy was
between -4.9% and 5.4%.The inter-assay precision of the QC
samples did not exceed 12.0% and the inter-assay relative error
was between -14.8% and 13.4% for plasma.

Calculation of ALX-0171 concentration in lung Epithelial
Lining Fluid (ELF)

The ALX-0171 concentration in the epithelial lining fluid at nec-
ropsy was calculated based on the ALX-0171 concentration mea-
sured in BALF and following normalization by the Urea
method.63 The urea concentration in BALF was first corrected
for possible contamination with urea from blood using the
method described previously.64,65 The concentration of ALX-
0171 in epithelial lining fluid was calculated as described in dif-
ferent studies64-67 using the following formula: ELF[ALX-0171] D
BALF[ALX-0171] X ([UreaPlasma]/[UreaBALF Corr]). Where: ELF[ALX-
0171] is the ALX-0171 concentration in epithelial lining fluid,
BALF[ALX-0171] is the ALX-0171 concentration in recovered
BALF, [UreaPlasma] is the concentration of urea in plasma and
[UreaBALF Corr] is the corrected urea concentration in BALF.

Statistical analysis

All results were analyzed and interpreted using methods appro-
priate for the type of response analyzed. The lung measure-
ments (viral RNA copies/mL BALF and mg of tissue) were
analyzed with an ANOVA type model and the correction for
multiple testing was performed using the Hommel procedure.
The histopathological responses were summed per animal and
per response and were analyzed with a Poisson model. The
gross lesions and the immunohistochemistry scores were ana-
lyzed with a negative binomial model whereas the continuous

responses were analyzed with a mixed model. All statistical
analyses were performed using SAS 9.4. Interpretation of out-
come (e.g., statement on significance including significance
level as a p value) are given in the text or in the caption of fig-
ures. For clinical severity scores, a Kruskal-Wallis test was used
but, due to this exploratory endpoint, it was decided to perform
an exploratory analysis at a 5% significance level. Statistical
analysis was performed with GraphPad Prism (version 7)
software.

Abbreviations

BALF Bronchoalveolar lavage fluid
BQL Below quantification limit
DMEM Dulbecco’s Modified Eagle Medium
ELF Epithelial lining fluid
FBS Fetal bovine serum
FFU Focus Forming Units
(h)RSV (Human) Respiratory Syncytial Virus
IC90 Inhibitory Concentration 90%
LLOQ Lower limit of quantification
MMAD Mass Median Aerodynamic Diameter
PBS Phosphate-buffered Saline
PK Pharmacokinetics
RNA Ribonucleic acid
Rpm Rotations per minute
RT-qPCR Reverse transcription quantitative polymerase

chain reaction
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