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Summary

Background Although COVID-19 is predominantly a respiratory tract infection, current antibody treatments are
administered by systemic dosing. We hypothesize that inhaled delivery of a monoclonal antibody may be a more
effective and convenient route. We investigated the safety, tolerability, and pharmacokinetics of IN-006, a
reformulation of regdanvimab for nebulized delivery by a handheld nebulizer.

Methods A Phase 1 study was conducted in healthy volunteers aged 18-55 a Phase 1 unit in Melbourne, Australia
(ACTRN12621001235897). Study staff and participants were blinded to treatment assignment, except for pharmacy staff
preparing the study drug. The ratio of active:placebo randomization to each cohort was set at 3:1. The primary outcomes
were safety and tolerability. Exploratory outcomes were pharmacokinetics of IN-006 in nasal fluid and serum.

Findings Twenty-three participants were enrolled and randomized across two single dose and one multiple dose
cohorts (30 mg or 90 mg single nebulized dose, or seven daily 90 mg doses). There were no serious adverse events.
All enrolled participants completed the study without treatment interruption or discontinuation. All treatment-
emergent adverse events were transient, non-dose dependent, and graded mild to moderate in severity.
Nebulization was well-tolerated and completed in an average of 6 min. Geometric mean nasal fluid concentrations
of IN-006 in the multiple dose cohort were 739.8 pg/mL at 30 min after dosing and 1.2 pg/mL at 22 h.
Geometric mean serum levels in the multiple dose cohort peaked at 0.51 pg/mL 3 days after the final dose.

Interpretation IN-006 was well-tolerated and achieved concentrations in the respiratory tract orders of magnitude
above the ICso range typical of antiviral mAbs. These data support further development of nebulized delivery of
antiviral mAbs for respiratory infectious disease.

Funding This work was funded by the U.S. Army Medical Research and Development Command (W81XWH-15-9-0001)
and regdanvimab was provided by Celltrion, Inc.

Copyright © 2025 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: SARS-CoV-2; Clinical trial; Phase I; Antibodies; Monoclonal; Respiratory system

Introduction exclusively via the apical (luminal) side of the airway
SARS-CoV-2,"* like many viruses that cause acute res-  epithelium, and also primarily buds from infected cells
piratory infections (ARIs), infects cells almost  Vvia the apical surface.”* Progeny virus must then travel
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Research in context

Evidence before this study

Prior experiences with systemically administered mAbs for
acute respiratory tract infections have often suffered from
limited efficacy, due in part to the slow and limited
pulmonary distribution of systemically administered mAbs.
Few studies have attempted nebulization of mAbs directly
into the respiratory tract, likely due to the longstanding
dogma that mAbs cannot be stably nebulized.

Added value of this study

Our study investigated the safety, tolerability, and upper
respiratory tract and serum pharmacokinetics of IN-006, a
reformulation of regdanvimab given by inhalation with a
handheld nebulizer. We hypothesized that once daily inhaled
delivery of mAbs could sustain high mAb concentrations at
the site of infection. The study showed that inhaled IN-006

through airway mucus to reach uninfected epithelial
cells as the infection spreads from the upper respiratory
tract (URT) to the lower respiratory tract (LRT) and the
deep lung.’”® Neutralizing monoclonal antibodies
(mAbs) must therefore reach a high enough concen-
tration in the airway lumen to effectively neutralize the
virus and halt the infection.

mADbs distribute very inefficiently from the blood into
the respiratory tract fluids, resulting in mAb concentra-
tions in the airway fluids that are orders of magnitude
lower than those in the serum, following intravenous (IV)
or intramuscular (IM) administration.""? Despite these
limitations, IV-administered mAbs against SARS-CoV-2
can be effective in treating infected individuals at high
risk of severe COVID-19 when they are given early in the
course of the infection,** implying that sufficient
amounts of mAb can distribute into the airway lumen.
Nevertheless, high doses of mAD are generally required if
given IV, reducing the number of treatment courses
available from a given supply of drug. Delayed distribu-
tion into the lung also limits the treatment window for
preventing severe COVID-19."

Nebulization has been used to conveniently deliver
protein therapeutics (e.g., Pulmozyme) directly to the
lungs. Importantly, direct inhaled delivery can achieve
far higher concentrations of drugs in the lungs than can
be achieved by IV or IM administration, within minutes.
Since the pattern of deposition of nebulized drugs along
the respiratory tract is largely determined by the aerosol
particle size,™ it is possible to use a nebulizer that
generates a broad aerosol size distribution to deliver
drug throughout the entire respiratory tract, from the
nasal turbinates in the URT, to conducting airways in
the LRT, to the deep lungs. Thus, nebulized delivery is
likely the fastest method to achieve inhibitory concen-
trations of mAb in the airway fluids along the entire
respiratory tract. Nebulization also enables convenient

was very well-tolerated and achieved concentrations in the
upper respiratory tract that were orders of magnitude above
those previously reported after systemic administration of
mAbs.

Implications of all the available evidence

Inhaled delivery of potent antiviral mAbs could potentially
offer a more effective and convenient treatment option for
COVID-19 and other acute respiratory infections. Achieving
high concentrations of mAbs in the respiratory tract
immediately after dosing may broaden the time window for
initiation of treatment, and likely substantially reduce the
total dose required per patient. Future research will focus on
evaluating the efficacy of inhaled mAbs in treating patients
with acute infections and preventing transmission.

self-dosing at home, reducing the burden on patients
and on healthcare infrastructure.

We developed IN-006, a reformulation of regdanvi-
mab, for nebulized delivery as an inhaled treatment for
COVID-19. Regdanvimab, an IV-dosed human IgG,
mAb directed against the SARS-COV-2 spike protein
receptor binding domain (RBD), was approved in the
European Union for adults with COVID-19 who did not
require supplemental oxygen and who were at increased
risk of progression to severe COVID-19. We previously
reported the results from preclinical activities that sup-
ported a firstin-human study of inhaled IN-006,
including muco-trapping of SARS-CoV-2 virions, GLP
nebulization stability studies, and excellent tolerability
in GLP inhaled toxicology and GLP tissue cross reac-
tivity experiments.” The current report describes a
Phase 1 study designed to assess the safety, tolerability,
and nasal fluid and serum pharmacokinetics of nebu-
lized IN-006 in healthy adults.

Methods

Clinical study design and participants

This double-blind, placebo-controlled, firstin-human,
ascending-dose pharmacokinetic and safety study was
conducted in a Phase 1 unit in Melbourne, Australia. This
study was prospectively registered in the Australian New
Zealand Clinical Trials Registry (ACTRN12621001235897).
Eligible participants were enrolled sequentially into three
cohorts: a single low dose cohort (30 mg), a single high-
dose cohort (90 mg), and a multiple high-dose cohort
(seven daily 90 mg doses). For each single dose cohort, a
sentinel pair (with one active and one placebo recipient)
was initially dosed, followed by a two-day safety monitoring
period prior to the dosing of the remainder of the cohort.
Advancing to subsequent cohorts was done after review of
a summary of all safety parameters available over seven
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days after final dosing of the preceding cohort by a Dose
Escalation Committee. The DEC was composed of the
study principal investigator, the sponsor medical monitor,
and a third physician independent of the study (see Ac-
knowledgements). The data in the safety summary was
prepared and presented blinded to participant assignment
Dby the data team at the study site. Fig. 1 provides a diagram
of the process flow, study structure, and times of phar-
macokinetic evaluations.

Ethics

The study was carried out according to the International
Council for Harmonisation Good Clinical Practice
guidelines and Declaration of Helsinki, and conducted
in compliance with local regulatory requirements and
was approved by The Alfred Hospital Office of Ethics
and Research Governance, Melbourne, VIC, Australia
(IRB Protocol: IRB00002274). Informed consent was
obtained in advance of all study-related procedures.

Inclusion and exclusion criteria

Eligibility criteria required that participants be adults
18-55 years of age with a body-mass index of 18-32 kg/
m?* who were in good health as judged by medical his-
tory, physical exam, clinical chemistry and hematology
assessments, electrocardiogram, forced expiratory vol-
ume in 1 s (FEV;) >90% predicted, and negative
serology for HBsAg, HCV, and HIV antibodies. Partic-
ipants were required to be non- or light smokers. The
FEV, threshold was changed to >80% predicted after
enrolling the first 7 participants.

A

| 102 adults assessed for eligibility

79 excluded
53 did not meet eligibility criteria
18 Exclusionary medical conditions

Participants were excluded for known or suspected
symptomatic viral infection or signs of active pulmonary
infection or pulmonary inflammatory conditions within
14 days of dosing initiation, a history of airway hyper-
responsiveness, angioedema, anaphylaxis, or a positive
alcohol breathalyzer test and/or urine drug screen for
substances of abuse.

During recruitment of the 7 participants comprising
the first single dose cohort, participants who had
received a COVID-19 vaccine were excluded. However,
due to rapidly increasing local vaccine availability and
uptake, this criterion was modified to exclude only those
vaccinated within two weeks of initial dosing, or those
with plans to be vaccinated within two weeks after
completion of dosing.

Study endpoints

The primary endpoints for both the SAD and MD cohorts
were the incidence and severity of AEs. This was assessed
by monitoring treatment-emergent adverse events, pre-
and post-dose vital signs, ECG, FEV;, SpO,, hematology
and chemistry safety blood tests, and physical examina-
tions. Follow-up continued for 28 days, with assessments
on the days indicated in Fig. 1B. For the SAD and MD
Cohorts, exploratory endpoints included IN-006 concen-
tration in nasal swabs and serum. During the study, in all
cohorts, we also evaluated for potential harms including
nervous system effects (e.g., dizziness, dysgeusia, head-
ache, presyncope), respiratory, thoracic, or mediastinal
disorders (e.g., cough, oropharyngeal pain, throat irrita-
tion), musculoskeletal disorders, complications associated

l Dosing of Sentinels PK sampling (serum),

:g E?él Baseline, Day 8 (SAD only)
[ »l ol l Dosing of Remainder of Cohort Y Day 15 (MD only)

2 Inadequate contraception method ) Study Day Day 29 (SAD and MD)

1 Positive alcohol/drug test o

1Age € o Nasal sampling. AE collection

14 declined participation
12 other reasons
oo © o0 o ° ° ° Cohort 3
1Y LA L Y ! Multiple dose
‘ 23 randomly assigned ‘ 12345678 10 15 22 29 (2:6)
l ¢ 90 mg daily
colo o o
17 assigned IN-006 6 assigned placebo YY VYOOV Y Cohort 2
5 Cohort 1 2 Cohort 1 'S Single 90 mg dose
6 Cohort 2 2 Cohort 2 1212345678 15 (2:6)
6 Cohort 3 2 Cohort 3 . .
l 90 mg
colo o o
| 17 received IN-006 | ‘ 6 received placebo ‘ YY ovToT oy Y ~ Cohort1
Single 30 mg dose
1212345678 15 .
. . (2:5)
| 17 included in analyses | | 6 included in analyses | 30mg

Fig. 1: INH-006-01 clinical trial (A) process flow, and (B) study structure and times of sample collection for pharmacokinetic evaluations. In
panel B, the number of placebo vs. IN-006-treated subjects are shown in parentheses, for example (2:5) in Cohort 1 representing 2 placebo, 5
IN-006 subjects. Together, these figures demonstrate the recruitment of subjects, random assignment, and the timepoints at which samples

were collected for analysis.
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with the device, and changes in forced expiratory volume
or transaminase measurements.

Randomization and masking

A randomization schedule was prepared using validated
software (SAS, PROC PLAN) by an unblinded statistical
team members who had no responsibility for moni-
toring and data management of this study, with pro-
visions for each sentinel pair to include one active and
one saline placebo assignment, and for the overall ratio
of active to placebo assignment of each cohort to be 3:1.
The randomization code was held by unblinded phar-
macy staff who prepared the doses in matching syringes
with identical appearances for loading into the nebulizer
by clinical staff. The randomization sequence was
maintained under controlled access, with a copy of the
randomization sequence provided to an unblinded site
pharmacy staff member responsible for randomizing
the subject and dispensation of study drug. Other study
staff, participants, and those assessing outcomes were
blinded to assignment.

Interventions/Clinical procedures

IN-006 drug substance was produced under Good
Manufacturing Practices (GMP) and supplied as a liquid
formulation in glass vials from the manufacturer,
Celltrion, Inc. IN-006 was provided in a syringe as a
liquid formulation to be loaded into the InnoSpire Go
vibrating mesh nebulizer (Koninklijke Philips N.V.,,
cleared under 510 K K170853). Placebo participants
received an identical syringe containing saline instead of
IN-006, which was also loaded into and administered via
the InnoSpire Go Nebulizer.

Participants were instructed to breathe in slowly
through the nebulizer mouthpiece and to breathe out
through their nose. Nasal fluid was obtained by
rotating a flocked swab (Copans Cat. # 56380CS01) for
10-15 s at mid-turbinate depth (4-5 cm). Sampling
alternated between right and left nostrils during
sequential sample collection timepoints. The amount
of nasal fluid sample collected by each individual swab
was determined by weighing the sample-containing
swab and sample tube before and after it was incu-
bated in buffer for extraction, rinsed, and oven dried.
Sampling times for nasal fluid and serum are shown in
Fig. 1B. Vital signs and FEV; were measured before
nebulization and 15 and 30 min after completion of
nebulization.

Measurement of IN-006 concentration in human
serum and nasal fluid, and PK modeling

ELISAs to measure IN-006 in biological samples were
based on anti-idiotypic antibodies that bind the specific
hypervariable region on the Fab domain of IN-006,
allowing sensitive differentiation of IN-006 from
endogenous anti-RBD antibodies in vaccinated or pre-
viously infected subjects. Please refer to the online

supplement for further details on sample extraction,
ELISA design, and PK modeling.

Statistical analysis

Sample size was chosen according to conventions for
Phase 1, first-in-human studies. Formal sample size and
power calculations were not performed, given that this
was a Phase 1 study and no statistical comparisons were
made across outcomes for the different treatment
groups beyond simple descriptive summary data.
Continuous variables were summarized using descrip-
tive statistics including number of non-missing obser-
vations, mean, SD, median, minimum, and maximum
values. Categorical variables were summarized with
frequency counts and percentages. Placebo recipients in
different cohorts were pooled. The safety analysis
included all randomized participants who received any
dose of study drug. The pharmacokinetic population
included all participants who received any dose of IN-
006. No inferential statistical tests were conducted.
Serum PK parameters of IN-006 were determined using
Phoenix WinNonlin version 8.3.

Role of the funding source

U.S. Army Medical Research & Development Com-
mand provided funding but was not involved in the
design or execution of this project, nor in the analysis of
data or reporting of study results. Celltrion Inc. provided
regdanvimab drug material and contributed to study
design and manuscript review but was not involved in
clinical data analysis or safety assessments.

Results

From among 102 adults who were screened, 23 partic-
ipants were sequentially assigned to one of three co-
horts. The first participant was randomized on
September 22, 2021, and the last participant visit was on
December 29, 2021. Of these participants, 17 were
randomly assigned to receive IN-006, and 6 were
randomly assigned to receive placebo. All 23 partici-
pants received their assigned treatment as intended and
completed the final study visit on Study Day 29. The
study was completed on December 29, 2021. Participant
flow is diagrammed in Fig. 1A, and participant de-
mographics are listed in Table 1.

Safety and tolerability

Treatment emergent adverse events (TEAEs) are listed
in Table 2. Nebulization of IN-006 was well-tolerated
and completed in an average of 6 min for the 90 mg
dose (range 4-9 min). Eight (53.3%) of the 15 partici-
pants included in the single ascending dose cohorts
experienced at least 1 TEAE (6 of 11 receiving IN-006, 2
of 4 receiving placebo). Among the 11 participants
receiving IN-006, the most frequently reported TEAEs in
the SAD cohorts were headache (2/11; 18.2%) and
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SAD 30 mg SAD 90 mg MD 90 mg Pooled Overall
placebo total
IN-006 (n = 5) Placebo (n =2) IN-006 (n=6) Placebo (n=2) IN-006 (n=6) Placebo (n=2) (n=06) (n=123)
Sex
Female 1 (20%) 2 3 (50%) 0 2 (33.3%) 1 3 (50%) 9 (39.1%)
Male 4 (80%) 0 3 (50%) 2 4 (66.7%) 1 3 (50%) 14 (60.9%)
Age, years
Mean + Standard deviation 30.0 £ 57 33.0 £ 11.3 247 + 5.4 35.7 £ 10.5 30.9 £ 9.2
Range 21-37 29, 30 20-50 28, 52 18-31 29,46 28-52 18-52
Race
White 3 (60%) 2 4 (66.7%) 2 4 (66.7%) 1 5 (83.3%) 16 (69.6%)
Black or African American 0 0 0 0 0 0 0 0
Asian 2 (40%) 0 2 (33.3%) 0 1 (16.7%) 1 1 (16.7%) 6 (26.1%)
American Indian or Alaska Native 0 0 0 0 1 (16.7%) 0 0 1 (4.3%)
Native Hawaiian or other Pacific Islander 0 0 0 0 0 0 0 0
Australian Aboriginal or Torres Strait Islander 0 0 0 0 0 0 0 0
Other 0 0 0 0 0 0 0 0
Ethnic origin
Not Hispanic or Latino 5 (100%) 1 6 (100%) 2 5 (83.3%) 2 5 (83.3%) 21 (91.3%)
Hispanic or Latino 0 1 0 0 1 (16.7%) 0 1 (16.7%) 2 (8.7%)
Weight (kg)
Mean + Standard deviation 83.7 + 24.4 68.7 + 17.0 68.5 + 16.7 85.2 + 13.2 76.2 + 185
Range 53.9-111 703, 78.8 53-99.8 97.5, 101.8 50.8-87.6 72.7, 90 70.3-101.8 50.8-111

Table 1: Demographics of enrolled participants.

oropharyngeal pain (2/11; 18.2%). All but 1 TEAE were
mild. One participant who received IN-006 low dose
(30 mg) experienced a moderate event (increased
transaminases on Day 29), which was not considered to
be related to study drug by the investigator due to the
long interval (28 days) between dosing and the observed
elevation, and the intervening normal transaminases
observed at 7 days after dosing. Moreover, there is
extensive experience with the intravenous administra-
tion of regdanvimab, and liver toxicity was not observed
in prior Phase 1 and Phase 2/3 studies at doses of up to
80 mg/kg, wherein systemic (serum) Cmax was more
than 3000 times higher than serum Cmax observed after
nebulization in our study. Three (3/15; 20.0%) partici-
pants experienced at least 1 TEAE considered related to
study drug by the investigator. These events included
headache, cough, and oropharyngeal pain. All 3 related
TEAEs were mild and resolved. There was no evidence
of a dose-related effect (Table 2).

In the multiple dose cohort, no TEAEs were reported
in participants receiving placebo. Among the 6 partici-
pants receiving IN-006, 4 (66.7%) participants experi-
enced at least 1 TEAE. The most frequently reported
TEAE was dizziness (2/6; 33.3%). All but 1 TEAE were
mild. One participant receiving IN-006 experienced a
moderate event (pain in extremity), which was consid-
ered unlikely to be related to study drug by the investi-
gator. Two (33.3%) participants experienced at least 1
TEAE considered related to study drug by the
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investigator. These drug-related TEAEs were dizziness
and decrease in FEV;: the latter was noted 15 min after
nebulization, was not associated with symptoms or
abnormal vital signs, resolved within 15 min, and did
not recur with subsequent doses. Both events were mild.
Comparisons of pre- and post-dosing FEV; are
described in detail in the Supplementary Data File.

No severe TEAEs, SAEs, or TEAEs leading to dis-
continuations were reported in either the single dose or
multiple dose cohorts. The most frequently reported
TEAEs in participants receiving IN-006 across all three
cohorts were headache (2/23; 11.8%) and oropharyngeal
pain (2/23; 11.8%), both appearing only in the SAD
cohorts and not in the multiple dose cohort. There were
no unexpected safety signals.

Pharmacokinetics

For single dose cohorts, the geometric mean concen-
trations of IN-006 per mL of nasal fluid were 146 pg/mL
and 459 pg/mL for the 30 mg and 90 mg dose,
respectively, measured 3 h after dosing; the difference
in these values is consistent with a 3-fold increase in the
dose administered (Table 3). In the multiple dose
cohort, the repeated dosing provided additional oppor-
tunities for more nasal concentration measurements
across more time points. The nasal concentrations
measured 30 min after dosing on Days 1, 2, and 3 were
a geometric mean of 607 pg/mL, which was higher than
the geometric mean concentration measured 3 h after
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IN-006 IN-006 IN-006 Placebo
30 mg 90 mg 90 mg (n = 6)
single dose single dose 7 daily doses
(n=5) (n=6) (n =6)
Participants with any treatment- 3 3 4 2
emergent adverse event (TEAE)
Participants with nebulization- related 1 0 2 0
TEAE®
Number of serious adverse events 0 0 0 0
Number of TEAEs 6 5 6 4
Nervous system disorders 3 2 3 3
Dizziness 0 0 3 0
Dysgeusia 0 1 0 0
Headache 3 0 0 3
Presyncope 0 1 0 0
Respiratory, thoracic and mediastinal 1 2 1 0
disorders
Cough 1 0 0 0
Oropharyngeal pain 0 2 0 0
Throat irritation 0 0 1 0
Musculoskeletal and connective tissue 0 0 1 0
disorders
Pain in extremity 0 1 0
General disorders and administration 0 1 0 1
site conditions
Complication associated with device® 0 1 0 0
Fatigue 0 0 0 1
Investigations 2 0 1 0
Forced expiratory volume decreased 0 0 1 0
Spirometry abnormal 1 0 0 0
Transaminases increased 1 0 0 0
?0ccurring within 2-h of completing nebulization; (cough, FEV; decrease). "Contraceptive intrauterine device.
Table 2: Summary of safety findings and adverse events.

dosing (94 pg/mlL). This indicates that peak exposure
occurred shortly after dosing, and the nasal concentra-
tions were reduced by 3 h post-dose. There was minimal
intranasal accumulation upon repeated dosing, as the
concentrations of IN-006 measured 22 h after a single
dose were <2% of the concentrations immediately
following dosing (Fig. 2). Though a very rough estimate,
the difference in nasal concentrations between 30 min
and 22 h post-dose suggest the interval represented
~4-9 half lives, which would be consistent with an
intranasal half-life on the roughly estimated order of
2-6 h, markedly longer than the timescale of mucocili-
ary clearance transit time estimates of ~5-15 min from
saccharin transit time tests.'®"”

Serum concentrations of IN-006 were detectable by
12 h following nebulization at the 90 mg dose and
continued to rise through 120 h after a single dose
(cohorts 1 and 2), or through 216 h following the first
dose in those who received multiple doses (cohort 3)
(Fig. 3). In the multiple dose cohort, Cmax in the serum
occurred following the final dose, indicating accumula-
tion. The elimination half-life of IN-006 in the serum

was estimated to be ~253, 292, and 402 h in the 30 mg
single dose, 90 mg single dose, and the 7 daily 90 mg
dose cohorts respectively, comparable with regdanvimab
following intravenous administration (288 h'¥) (Table 4).
Although the serum concentrations of IN-006 were
markedly lower than those in the nasal fluid (Serum
geometric mean Cp,, of 0.51 pg/mL, compared to
740 pg/mL in nasal fluid), the serum concentration
remained well above the ICs, range achievable by potent
antiviral mAbs (e.g., ICsy of motavizumab and nirsevi-
mab against RSV ranged between 0.5 and 60 ng/mL for
most viral isolates.'*’

Discussion

Longstanding dogma has suggested that it is highly
challenging to stably nebulize mAbs,”** and that bio-
logic drugs would be quickly eliminated from the res-
piratory tract either by systemic absorption, physical
mucociliary clearance, or degradation by alveolar mac-
rophages, making it difficult to sustain therapeutic
concentrations.””* However, in this Phase 1 study, we
found that IN-006, a reformulation of regdanvimab for
nebulized delivery at point of care, was safe and well
tolerated in healthy adults. High concentrations of drug
were recovered from nasal samples, and detectable
levels were present in the serum. We also found that the
treatment was easily self-administered by participants
and was completed within minutes, with minimal side
effects.

Subjects were asked to breathe in slowly from the
nebulizer through their mouth and out quickly through
their nose. For this reason, the observed nasal swab
concentrations of IN-006 represent the fraction of drug
that was not deposited in the lower respiratory tract
upon inhalation, and instead was deposited in the nasal
turbinates during nasal exhalation. Nasal delivery upon
nasal exhalation was visually apparent in pilot experi-
ments: whereas there was no visible aerosol plume upon
nasal exhalation, oral exhalation led to a clearly visible
plume of aerosol. Despite not directly inhaling into the
nose, the amount of IN-006 deposited in the nasal pas-
sages during exhalation was well above typical antiviral
mAb ICsqs, even 22-24 h after dosing. Indeed, in the
multiple dose cohort, the mAD concentrations achieved
ranged from 3-7 orders of magnitude higher than the
ICso against susceptible variants (~4-20 ng/mL,"?).
This almost certainly reflects the much smaller surface
area of the nasal turbinates relative to the conducting
airways and the deep lungs, which require far less total
mAb dosed to achieve very high concentrations. The
ability to achieve very high mAb concentrations in the
nasal turbinates also strongly supports a once-daily
dosing regimen, or twice-daily dosing regimens with a
lower inhaled dose. Since SARS-CoV-2 infection and
replication initiates in the upper respiratory tract, these
data suggest that inhaled delivery of a neutralizing mAb
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Table 3: Summary of key intranasal PK parameters by cohort and dose day.

www.thelancet.com Vol 113 March, 2025

could enable effective treatment for mild to moderate
COVID-19 to reduce risk of progression to severe
COVID-19.

Although mAbs were proven to be effective thera-
peutics against sensitive strains of SARS-CoV-2, the
necessity for administration by IV, IM, or SC routes
substantially restricted the scope of their use in clinical
practice. Further, the requirement for infusion centers
and post-dosing observation both severely limited the
number of patients that could be treated and also greatly
increased costs and overall burden on the healthcare
system.* In contrast, nebulized delivery with a hand-
held nebulizer enables the convenience of at-home
dosing and takes only minutes to complete. IM in-
jections are limited by the volume that can be admin-
istered per injection (~1-3 mlL),” which in turn limits
the total dose of mAb that can be given at a time.
Furthermore, 1V, IM, and SC routes achieve Cmax pf
mAD in the airway lining fluid only after a delay of one
or more days, and, even then, only achieve airway con-
centrations that are a fraction of the concentrations in
plasma.'”""* The inability to achieve high concentra-
tions of mADb in the respiratory tract after systemic
dosing is likely partly responsible for the failure of many
prior clinical studies of intravenously administered
mADbs for ARIs. For instance, in a clinical trial of the
anti-influenza mAb CR6261, the peak nasal concentra-
tion was not achieved until 2 days after IV infusion,"
and the peak nasal concentration of ~0.597 pg/mL
was still ~10-fold lower than the concentrations we
observed in this study for IN-006 at the trough after
inhaled dosing (~5.8 pg/mL), despite the much lower
dose administered (90 mg IN-006 vs. ~3000+ mg
CR6261"). Unsurprisingly, patients were not protected
against influenza in that study of CR6261 and develop-
ment was halted.*” Notably, these data suggest that
nebulized dosing of mAb provides not only higher
concentrations in the respiratory fluids, at a faster speed
compared to systemic dosing, but can do so with far
greater delivery efficiency. That greater delivery effi-
ciency enables a lower total dose of mADb per patient,
reducing costs of treatment and increasing the number
of patients that could be treated from a fixed supply of
mAb. Combining these factors, we believe that inhala-
tion will become the preferred route of mAb delivery for
treating ARIs.

Serious disease due to SARS-CoV-2 is accompanied
by the spread of the virus from the site of the initial
upper respiratory tract infection to the deep lungs.”
Unfortunately, the exact timing of such spread varies
across individuals, and some data suggest viruses can
even reach the LRT during the early stages of disease
when symptoms first emerge.’*? Thus, we believe
dosing to both the URT and LRT, rather than focusing
exclusively on the URT (e.g., via nasal sprays), will be
important to reduce risk of COVID-induced pneumonia
and hospitalization. While IN-006 levels in the LRT were
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Fig. 2: (A) Nasal fluid concentrations in single dose cohorts. (B) Comparison of nasal concentrations between single dose and multiple dose
cohorts at varying times after each dose. Lower limit of quantitation (LLOQ) varied by sample, depending on the mass of nasal fluid collected on
swab. For this figure, for samples that were measured as below the limit of quantitation (BLQ), the concentration was reported as the midway
point between 0 and the LLOQ for the purpose of calculating group average concentrations at each timepoint. For example, a BLQ sample
with an LLOQ of 1000 ng/mL was reported at 500 ng/mL. Error bars represent standard deviation. For panel B, please refer to online
Supplemental Figure S1 for further details and for an updated version of this figure in which two datapoints suspected to be swapped at the
time of data collection (one individual in Multiple Dose 3, at 3 h and 22 h) were corrected. Data here in Panel B is are not corrected for this

suspected error.

not directly measured in this study, the appreciable
serum concentrations and the delayed serum Tmax both
strongly suggest we were efficiently delivering IN-006
into the LRT and the deep lungs. Indeed, in a tox-
icokinetic multiple dose nebulization study of IN-006 in
rats, airway fluid concentrations exceeded the serum
concentrations by ~100-fold. Efficient delivery into the
LRT is a direct consequence of our design requirement
for the vibrating mesh nebulizer. The droplet size

distribution generated by the nebulizer (the fine particle
fraction, i.e., droplets <5 pm, and particularly those <2.5
pm') was intentionally selected to deliver a portion of
the mAbs throughout the LRT and deep lung. Further-
more, the fact that we observed a slow, steady rise of
serum concentrations in single dose cohorts over ~4
days, and peak serum concentrations in the multiple
dose cohort 2 days after last dose, suggests that we may
be sustaining high levels of IN-006 in the deep lungs for
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Fig. 3: Serum IN-006 concentrations in (A) single dose cohorts, and (B) multiple dose cohort (last dose administered at 144 h). Symbols plotted
below the dashed LLOQ line at 25 ng/mL represent the number of samples in each group that were BLQ at each timepoint.

at least 2—4 days after each dose. Assuming a ratio of
roughly 100:1 of antibody concentrations in the airway
fluid:serum, the mean serum concentration of 0.51 pg/
mL at Day 9 should translate to pulmonary fluid con-
centrations on the order of 51 pg/mL. These very high
mAD levels may reduce the risk of viral escape and
suggest that shorter durations of therapy may afford
appreciable protection against hospitalization.

The single- and multi-dose groups yielded somewhat
different estimates for the serum terminal half-life, with
the single-dose estimates of ~253 and 292 being more

www.thelancet.com Vol 113 March, 2025

similar to the 288 h expected from prior studies of IV-
administered regdanvimab.'® The estimate of 402 h for
the multi-dose group may be confounded by continued
distribution of IN-006 from the deep lung into the sys-
temic circulation (i.e., an extended alpha phase of dis-
tribution), potentially contributing toward a slower
estimated elimination. For the single-dose cohorts, the
estimation of serum half-life was somewhat complicated
by a number of samples that were BLQ at the last
timepoint collected. Nonetheless, we expect the serum
half-life of IN-006 that distributes into the serum to be
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Table 4: Summary of key serum PK parameters by cohort and dose day.

no different than if the mAb was administered sys-
temically, and to provide effective protection against
systemic viremia, in the unlikely situation that systemic
viremia occurs.

Regdanvimab (administered IV) was shown to be
highly efficacious for preventing severe COVID-19 in a
global Phase 3 study, leading to its approval in Republic
of Korea and European Union (EMEA/H/C/005854) for
preventing severe disease in patients presenting with
mild to moderate COVID-19, and emergency use
authorization (EUA) or conditional marketing authori-
zation in several additional countries worldwide.
Nevertheless, as SARS-CoV-2 continues to evolve, we
are pursuing development of a separate inhaled biologic
that possesses potent binding activity against every
variant tested to date. In light of the surprisingly long
airway retention of IN-006 observed here, we may
reduce the duration of dosing from 7 days to 5 days in
future clinical studies.

Compared to placebo, there appeared to be more IN-
006 treated subjects who experienced a cough, oropha-
ryngeal discomfort, or throat irritation. This could be
due to the very small number of participants, particu-
larly in the placebo group. Importantly, each of these
AEs were mild, resolved spontaneously, and there was
no evidence of a dose-dependent effect. These findings
underscore the likely safety of inhaling antiviral mAbs,
particularly on balance against the risks associated with
untreated ARIs, a balance that we will verify in future
clinical studies. The transaminase elevation observed in
one participant in the 30 mg single dose cohort was
judged to not be treatment-related by the Study PI,
primarily due to the long interval (28 days) between
dosing and the observed elevation, as well as the inter-
vening normal transaminases observed at 7 days after
dosing. Further, this was not observed in any subjects in
the multiple-dose, high-dose groups. Aside from those
TEAEs described in Table 2 and in the Discussion, other
values for patients were within normal ranges. Notably,
these safety assessments were conducted in generally
healthy individuals. Although it remains to be seen
whether patients infected with SARS-CoV-2 would see
similarly good safety and tolerability as healthy subjects,
our intended time for treatment is in the outpatient
setting, as soon as possible after COVID-19 diagnosis,
and prior to the need for supplemental oxygen or hos-
pitalization. As such, we expect these patients would be
relatively similar to healthy subjects enrolled in this
Phase 1 study. We also wish to point out that our
method of inhaled delivery relies on oral inhalation
rather than nasal inhalation. Thus, delivery to the lower
respiratory tract is not affected by potential infection-
induced variations in the upper respiratory tract.

Our study had several limitations. The population we
studied was small, as is typical of first-in-human studies.
Moreover, only healthy adults were enrolled in our
study, limiting its generalizability. Determining the full
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safety profile of nebulized IN-006 will require additional
studies in larger numbers of more diverse individuals.
The low recovered sample mass from nasal swabs
required substantial dilution for sample recovery,
limiting the sensitivity of the assay. As a result, some 24-
h post-dose samples and all later nasal samples were
below the limit of quantification. Some eligibility criteria
were modified during the study. Originally, we required
that subjects have FEV; of >90% predicted. In practice,
we found that many would-be subjects fell just short of
the 90% criterion despite being otherwise healthy. Since
relaxing this enrollment criterion did not impact our
ability to assess for safety, we relaxed the threshold to
>80%, which we believe may provide a better repre-
sentation of the range of FEV;s that might be present in
the treatable patient population. Another limitation of
our study is the lack of direct measurement of drug
levels in the LRT, due to COVID pandemic protocols
that prohibited collection of BALF at the time of this
study. The gradual increase in serum drug levels over
many days led us to speculate that a single inhaled dose
may sustain therapeutic levels of mAbs in the LRT for
many days to weeks. We are now conducting a Phase 1 b
study in which we will be able to collect BALF samples
to provide direct measurement of the levels of IN-006 in
the LRT. A better understanding of the efficiency of LRT
delivery as well as LRT PK will better help guide future
dosing regimens of other inhaled mAb therapies,
including potential use and limits for prophylaxis for
immunocompromised individuals or those with high-
risk exposure (e.g., a transcontinental plane ride, infec-
tious disease ward in hospital during the winter season).

In conclusion, IN-006, a reformulation of regdanvi-
mab for inhaled delivery, was found to be safe and well-
tolerated in healthy participants at single doses of 30 mg
and 90 mg, as well as seven consecutive daily doses of
90 mg. Nebulization resulted in IN-006 levels in nasal
fluids, and likely the lungs, that were orders of magni-
tude above the inhibitory concentrations of sensitive
SARS-CoV-2 variants within 30 min, and the continued
rise of serum concentration for days after dosing
implied substantial lasting IN-006 levels in the lungs.
These data support the ongoing development of inhaled
antiviral mAbs for ARIs.
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