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A phase 1 trial of lipid-encapsulated mRNA
encoding a monoclonal antibody with neutralizing
activity against Chikungunya virus

Allison August®'®4, Husain Z. Attarwala', Sunny Himansu®?, Shiva Kalidindi’,
Sophia Lu', Rolando Pajon', Shu Han', Jean-Michel Lecerf!, Joanne E. Tomassini', Marjie Hard',
Leon M. Ptaszek®?2, James E. Crowe ©®3 and Tal Zaks'

Chikungunya virus (CHIKV) infection causes acute disease characterized by fever, rash and arthralgia, which progresses to
severe and chronic arthritis in up to 50% of patients. Moreover, CHIKV infection can be fatal in infants or immunocompro-
mised individuals and has no approved therapy or prevention. This phase 1, first-in-human, randomized, placebo-controlled,
proof-of-concept trial conducted from January 2019 to June 2020 evaluated the safety and pharmacology of mRNA-1944,
a lipid nanoparticle-encapsulated messenger RNA encoding the heavy and light chains of a CHIKV-specific monoclonal neu-
tralizing antibody, CHKV-24 (NCT03829384). The primary outcome was to evaluate the safety and tolerability of escalating
doses of MRNA-1944 administered via intravenous infusion in healthy participants aged 18-50 years. The secondary objectives
included determination of the pharmacokinetics of mRNA encoding for CHKV-24 immunoglobulin heavy and light chains and
ionizable amino lipid component and the pharmacodynamics of mRNA-1944 as assessed by serum concentrations of mRNA
encoding for CHKV-24 immunoglobulin G (IgG), plasma concentrations of ionizable amino lipid and serum concentrations of
CHKV-24 IgG. Here we report the results of a prespecified interim analysis of 38 healthy participants who received intrave-
nous single doses of mMRNA-1944 or placebo at 0.1, 0.3 and 0.6 mg kg, or two weekly doses at 0.3mgkg"'. At 12, 24 and 48 h
after single infusions, dose-dependent levels of CHKV-24 IgG with neutralizing activity were observed at titers predicted to be
therapeutically relevant concentrations (>1ug ml-") across doses that persisted for >16 weeks at 0.3 and 0.6 mgkg~' (meanft,,
approximately 69 d). A second 0.3 mg kg dose 1 week after the first increased CHKV-24 IgG levels 1.8-fold. Adverse effects
were mild to moderate in severity, did not worsen with a second mRNA-1944 dose and none were serious. To our knowledge,
mRNA-1944 is the first mRNA-encoded monoclonal antibody showing in vivo expression and detectable ex vivo neutralizing
activity in a clinical trial and may offer a treatment option for CHIKV infection. Further evaluation of the potential therapeutic

use of MRNA-1944 in clinical trials for the treatment of CHIKV infection is warranted.

alphavirus family and is transmitted by Aedes mosquitoes.
Infection with CHIKV causes an acute disease that can prog-

ress to severe and chronic arthritis in up to 50% of patients and can
be fatal in some populations, including infants and immunocom-
promised individuals'-. Although historically CHIKV infection has
been an endemic pathogen limited to Africa and Asia, more recently
outbreaks and epidemics have occurred in other regions due to the
increasing distribution of the Aedes vector. In 2004, a CHIKV epi-
demic in Kenya spread rapidly across the Indian Ocean and India,
attributed to spread by viremic travelers, leading to millions of
infected individuals worldwide, including in countries of Europe and
the Americas®. In 2015, in the Americas, 693,489 suspected cases of
CHIKV were reported to the Pan American Health Organization’.
In 2016, Brazil, Bolivia and Colombia reported the most cases world-
wide, followed by India, Kenya and Argentina’*. In 2017, cases were
reported in ten European countries, with more than half occurring
in Italy; overall there were >1 million cases of CHIKV infection
reported in the Americas and an estimated 3 million cases globally”*.
Currently, there is no licensed vaccine nor antiviral drug avail-
able to prevent CHIKYV infection. Several approaches are in develop-
ment including various vaccine and passive immunization strategies

( : HIKV is a positive-sense, single-stranded RNA virus in the

based on the known roles of humoral and cellular immunity toward
the protection and elimination of CHIKV infection'>%°"'2, Defining
a correlate of protection for the implementation of clinical trials in
the evaluation of vaccines and therapeutics for CHIKV is important
because this virus causes large epidemics that are followed by a rapid
decline in new infections due to herd immunity. Studies in small
animals and nonhuman primates suggest that neutralizing antibod-
ies are a potential immune correlate of protection for CHIKV'*-'°,
CHIKYV infection induces high levels of neutralizing antibodies
in humans that mainly recognize the envelope glycoprotein (E2)
and correlate with viral clearance and protection across genotypes.
There is also evidence for the long-term persistence of CHIKV neu-
tralizing antibodies, which remain protective for years in previously
infected individuals'’~". Passive immunotherapy with convalescent
sera from CHIKV-infected patients or human CHIKV-specific neu-
tralizing human monoclonal antibodies that mainly recognize the
E2 glycoprotein, also prevent CHIKV infection in animal models,
providing an additional possible approach for the prevention of
infection and disease’~*". In humans, epidemiological studies iden-
tified levels of pre-existing CHIKV neutralizing antibodies associ-
ated with a decreased risk of symptomatic CHIKV infection and
correlated with those in convalescent patient sera**.
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Monoclonal antibody therapies have been approved clinically
for frontline prevention or treatment of several infectious diseases
including respiratory syncytial virus, Zaire Ebola virus, human
immunodeficiency virus and inhalational anthrax*-*. Similar ther-
apies for the treatment of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection are being actively studied for
their potential to provide passive immunity as both prophylaxis in
susceptible populations and strategies for treatment of active infec-
tions’*>. However, the development and widespread use of mono-
clonal antibody therapeutics has been impeded by subtherapeutic
neutralizing effects in some cases, production challenges and high
costs associated with the manufacture of recombinant antibody
proteins®->>.

Alternative methods to produce effective, safe and cost-effective
monoclonal antibody therapies are being pursued, including those
based on DNA and RNA delivery, which can circumvent the purifi-
cation process and posttranslational modification concerns related
to recombinant antibody technology”. mRNA platforms have
been used to generate monoclonal antibodies in preclinical stud-
ies** and antigens that elicit immune responses in early-phase
and advanced vaccine clinical trials*~*. The efficacy of mRNA plat-
forms in eliciting binding and neutralizing antibodies has also been
shown in recent mRNA vaccine trials for SARS-CoV-2 (refs. %),
Moreover, mRNA sequence modification affords the opportunity to
engineer both antigen and antibody modifications, including anti-
body constant region (Fc) alterations that extend half-life, reduce
innate immune activation, optimize effector function or eliminate
Fc receptor interactions potentially related to antibody-dependent
enhancement of pathogenesis and enhance antiviral potencies®*-.

Werecentlyreported thatalipid nanoparticle (LNP)-encapsulated
mRNA encoding the light and heavy chains of a human monoclonal
antibody (CHKV-24 IgG) targeting the CHIKV E2 glycoprotein elic-
ited high levels of biologically relevant neutralizing antibodies when
administered by infusion into mice or cynomolgus macaques™.
The antibody protected against arthritis, musculoskeletal disease
and lethal challenge in mice infected with CHIKV. Infusion of the
mRNA-encoding CHKV-24 IgG in cynomolgus macaques was well
tolerated with mean maximum serum concentrations of human
CHKYV-24 IgG antibodies (10.1-35.9ugml™") reached at 24h that
exceeded the levels needed for protection in mice (3-10pgml™)
and were detectable through day 83 after a single dose at 0.5 mgkg™"
and through day 100 after 2 weekly doses of 3mgkg™" (ref. **). The
antibody levels achieved in these preclinical studies, combined with
evidence for the protective roles of CHIKV neutralizing antibody in
animal models and seroepidemiological studies in humans, suggest
that serum levels of CHKV-24 IgG >1ugml™ represent an initial
target anticipated to correlate with neutralizing activity to inform
vaccine and therapeutic antibody development'***.

These preclinical data support further assessment of the clinical
potential of this LNP mRNA (mRNA-1944). In this report, we pres-
ent the results of the interim analysis of a phase 1, first-in-human,
randomized, placebo-controlled, proof-of-concept trial of the
safety, tolerability, pharmacokinetics (PK) and pharmacodynamics
(PD) of mRNA-1944 in healthy adults.

Results

Trial population. Between 10 January 2019 and 1 June 2020, 38
participants were enrolled in the study. All were considered eligible.
Between 22 January 2019 and 18 June 2020, all 38 were random-
ized to treatment with a single dose of mRNA-1944 at 0.1 mgkg,
0.3mgkg™, 0.6 mgkg™ or 0.6 mgkg™" preadministered with a ste-
roid to assess its impact on infusion-related reactions (0.6 mgkg™
with a steroid) or placebo, or 2 weekly doses at 0.3 mgkg™" or placebo
administered on days 1 and 8 (Fig. 1). All 38 participants received
the intended treatment at the study site and were observed for 48h
afterwards as inpatients. Participants were followed for safety, PK
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and PD analyses for at least eight weeks postdose (data cutoff date:
15 October 2020) during the prespecified interim analysis. Per pro-
tocol, the follow-up of study participants for safety, PK and PD will
continue for 12 months postdose. The follow-up data will be sum-
marized in a subsequent report.

The baseline characteristics of participants were generally bal-
anced between treatment groups (Table 1). The mean age of partici-
pants was 35 years, 53% were female and most participants (74%)
were white. Participants had a mean body weight of 76kg and a
body mass index (BMI) of 27.1kgm™

Safety. Safety was assessed in the safety population, which included
all 38 participants who received at least 1 dose of mRNA-1944 or
placebo treatment. Adverse events (AEs) were graded according
to the National Cancer Institute Common Terminology Criteria
for Adverse Events (CTCAE) v.5”. Overall, 19 (50%) participants
reported treatment-related AEs (Table 2), nearly all of which were
attributed to infusion-related reactions (18 (95%)). All AEs were
transient and resolved spontaneously without treatment except for
one episode of emesis for which the participant received ondanse-
tron. There were no deaths, serious AEs or discontinuations due to
AEs. The most common treatment-related AEs occurring at a fre-
quency of >5% in the study across the mRNA-1944 groups were
headache, nausea and myalgia; chills, fatigue and nausea occurred
in those on placebo. The highest frequencies of treatment-related
AEs were reported in the 0.6mgkg™ groups with and with-
out steroid and in the 0.3mgkg™" group combined for 2 doses.
Few treatment-related AEs occurred in the single-dose 0.1 and
0.3mgkg™' mRNA-1944 and placebo groups.

Treatment-related AEs were generally mild to moderate in sever-
ity (Table 2 and Supplementary Table 1), most of which were grade
1 events. Six (21.4%) grade 2 events and 1 (3.6%) grade 3 event were
reported for the 28 participants across the mRNA-1944 groups. In
the 0.6 mgkg™ group (without steroid), the most frequent grade 2
events were nausea and vomiting (2 (50.0%) of 4 participants for
each) and there was also 1 grade 3 event of sinus tachycardia that
started 1h postdose and resolved without intervention by 16 h post-
dose. In the 0.6 mgkg™ preadministered steroid group, 1 grade 2
event of headache was reported. In the 0.3mgkg™ 2-dose group,
the most frequently reported grade 2 events were nausea in 1 (17%)
and vomiting in 2 (33%) of 6 participants after the first dose and
retching in 1 (17%) after the second dose (Supplementary Table 2).
No grade 3 events occurred at either dose in this group, nor was
there an increase in the percentage of participants who reported any
AE with the second dose compared with the first dose. There were
no exacerbations or worsening of symptoms in any participant after
the second dose compared with dose 1. Also, the rate and severity
distribution of AEs was lower than those reported in the 0.6 mgkg™
groups and the overall AE profile was similar to that of the other
dose groups.

Changes from baseline for all laboratory assessments were
generally minimal and similar between all treatment and placebo
groups including both doses in the 0.3 mgkg™" 2-dose regimen with
no meaningful changes in liver or kidney laboratory results. One
grade 3 AE of increased white blood cell count, which returned to
normal 5d postdose, was observed in the 0.6 mgkg™" group.

Serum levels of CHKV-24 IgG. Serum levels of CHKV-24 IgG
were assessed in the PK population, consisting of participants in the
safety population who had had detectable serum mRNA encoding
for CHKV-24 IgG, which included 28 participants on active treat-
ment. The administration of mRNA-1944 resulted in dose-related
increases in CHKV-24 IgG serum levels at the 0.1, 0.3 and
0.6 mgkg™' doses after a single administration (maximum observed
effect (E,,,) =2.0-10.2ugml™"; Fig. 2a, Table 3 and Supplementary
Table 3). At these doses, CHKV-24 IgG reached peak levels within
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n=38

Participants enrolled

l

Intravenous
dose allocation
n=38
0.1mgkg™ 0.3mgkg™’ 0.6 mg kg™’ 0.6 mg kg™ + steroid® 0.3mg kg™, 2 dose™®
n=8 n=8 n=6 n=8 n=8
0.1 mgkg™ 0.3mgkg™ 0.6 mg kg™ 0.6 mg kg™ + steroid 0.3mg kg™ + 2 dose
sentinel sentinel sentinel® sentinel sentinel
n=3 n=3 n=3 n=3 n=3
Expansion Expansion Expansion® Expansion Expansion
3:2 randomization 3:2 randomization 3:2 randomization 3:2 randomization 3:2 randomization
n=5 n=5 n=3 n=5 n=5
Completed Completed Completed Completed Completed

0.3mgkg ' n=6
Placebo n=2
Analysis n=8

0.1mgkg ' n=6
Placebon=2
Analysis n=8

Analysis n=6

06mgkg ' n=4
Placebo n=2

0.3mgkg ' n=6
Placebo n=2
Analysis n=8

0.6 mg kg™ + steroid n=6
Placebo n=2
Analysis n=8

Fig. 1| Trial flow. The study protocol planned to enroll 8 participants per treatment group. Six of 8 participants were allocated in the 0.6 mgkg™' dose
group due to the decision to augment the premedication regimen with steroid to assess its potential mitigation of infusion-related reactions

(0.6 mgkg™"+ steroid group). *Participants received loratadine and ranitidine 90 min before infusion. *Participants received loratading, ranitidine (sentinel,
expansion) and acetaminophen (expansion) 90 min before infusion. ¢Participants received steroid (dexamethasone) and diphenhydramine and famotidine
90 min before infusion. 4Participants received diphenhydramine and famotidine 90 min before infusion. *Participants were administered two 0.3 mgkg™'

doses on days 1and 8.

Table 1| Demographic and baseline characteristics of the study participants

mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944  Placebo Overall
0.1mgkg™ 0.3mgkg 0.6 mgkg™ 0.6mgkg'+ 0.3mgkg™ All All
steroid® 2-dose’®
n=6 n=6 n=4 n=6 n=6 n=28 n=10 n=38
Age, years mean  34.0 (20-43) 37.5(32-50) 36.3(23-49)  36.2(24-49) 34.7(20-46) 357(20-50) 33.2(24-46) 35.0(20-50)
(range)
Women, n (%) 3(50.0) 4 (66.7) 1(25.0) 5(83.3) 2(33.3) 15 (53.6) 5(50.0) 20 (52.6)
Race, n (%)
White 4(66.7) 5(83.3) 2 (50.0) 6 (100) 3(50.0) 20 (71.4) 8(80.0) 28 (73.7)
Black or African 2 (33.3) 1(16.7) 1(25.0) 0 3(50.0) 7 (25.0) 1(10.0) 8 (21.1)
American
Other 0 0 1(25.0) 0 0 1(3.6) 1(10.0) 2(5.3)
Weight, meankg 85.8 78.8 85.3 69.6 68.2 77.0 73.2 76.0
BMI, mean kgm=2 29.9 29.6 30.3 24.8 25.6 279 25.0 271

Percentages are based on the number of participants in the safety population who received the specified treatment and the total number in each group. *Participants received loratadine and ranitidine
90 min before infusion. "Participants received loratadine, ranitidine (sentinel, expansion) and acetaminophen (expansion) 90 min before infusion. Participants received steroid (dexamethasone) and
diphenhydramine and famotidine 90 min before infusion. ¢Participants received diphenhydramine and famotidine 90 min before infusion. Participants were administered two 0.3 mgkg™' doses on

days 1and 8.

36-48h postdose followed by a decline with an overall mean ter-
minal half-life (t,,) of approximately 69 d. Peak levels of CHKV-24
IgG at all dose levels exceeded 1pugml™, the lowest effective con-
centration anticipated to correlate with neutralizing activity'**%>;
at doses >0.3mgkg~, concentrations of CHKV-24 IgG >1pgml™
were present for at least 16 weeks post-single dose. Steroid premedi-
cation at the 0.6 mgkg™" level led to a slightly lower (approximately
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1.7-fold) CHKV-24 IgG E,,, (6.1ugml™) compared with the
0.6mgkg™ group without steroid premedication (10.2pgml™
Supplementary Fig. 1a, Table 3 and Supplementary Table 3). Serum
exposures for CHKV-24 IgG were consistent for the single dose
administered in the 0.3mgkg™" group (7.9ugml™) and the first
dose (7.2pgml™) in the 0.3mgkg™" 2-dose group. Administration
of a second weekly mRNA-1944 dose at 0.3 mgkg™ was associated
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Table 2 | Treatment-related AEs

mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944  Placebo
0.1mgkg™" 0.3mgkg™  0.6mgkg™ 0.6 mgkg '+ 0.3mgkg™' All All
steroid® 2-dose®
AE, n (%) n=6 n=6 n=4 n=6 n=6 n=28 n=10
Any 1(16.7) 1(16.7) 4 (100.0) 6 (100.0) 5(83.3) 17 (60.7) 2(20.0)
Grade 1 1(16.7) 1(16.7) 2 (50.0) 4(66.7) 2(333) 10 (35.7) 2 (20.0)
Grade 2 1(25.0) 2(33.3) 3(50.0) 6 (21.4) 0
Grade 3 0 0 1(25.0)f 1(3.6) 0
Grade 4 0 0 0 0 0 0 0
Serious 0 0 0 0 0 0 0
Leading to death 0 0 0 0 0 0 0
Leading to discontinuation 0 0 0 0 0 0 0
Occurring in >5% of participant SOC, preferred term, CTCAE®
Headache 1016.7) 3(75.0) 4(66.7) 1(16.7) 9 (321 0
Nausea 0 0 2 (50.0) 2(333) 3(50.0) 7 (25.0) 1(10.0)
Myalgia 0 0 0 4 (66.7) 1016.7) 5(7.9) 0
Dizziness 0 0 2 (50.0) 1(16.7) 1(16.7) 4(14.3) 0
Chills 0 0 2 (50.0) 1(16.7) 1016.7) 4(14.3) 1(10.0)
Vomiting 0 0 2 (50.0) 0 2(333) 4(14.3) 0
Flushing 0 0 1(25.0) 1016.7) 2(33.3) 4(14.3) 0
Increased heart rate 0 0 0 3(50.0) 0 3(10.7) 0
Pyrexia 0 0 2 (50.0) 0 0 2(70) 0
Back pain 0 0 0 1016.7) 1(16.7) 270 0
Musculoskeletal stiffness 0 0 2 (50.0) 0 0 2(70) 0
Increased white blood cell 0 0 1(25.0) 1(16.7) 0 2 (70) 0
count
Sinus tachycardia 0 0 2 (50.0) 0 0 2 (70) 0
Decreased appetite 0 0 0 0 2(33.3) 2(70) 0
Hyperhidrosis 0 0 0 1(16.7) 1016.7) 271 0
Fatigue 0 0 0 0 1016.7) 1(3.6) 1(10.0)

n=number of participants randomized and exposed to the specified study treatment. Treatment-emergent, treatment-related AEs were defined as any event not present before exposure to the study
treatment or any event already present that worsened in intensity or frequency after exposure and was considered treatment-related by the investigator. In each group, a participant was counted once if

the participant reported one or more AEs. Percentages are based on the number of participants in the safety population who received the specified treatment and total (n) in the group. AEs were coded
using the Medical Dictionary for Regulatory Activities v.23.0 (grade 1, mild; grade 2, moderate; grade 3, severe; grade 4, life-threatening). *Participants received loratadine and ranitidine 90 min before
infusion. "Participants received loratadine, ranitidine (sentinel, expansion) and acetaminophen (expansion) 90 min before infusion. “Participants received steroid (dexamethasone) and diphenhydramine and
famotidine 90 min before infusion. ¢Participants received diphenhydramine and famotidine 90 min before infusion. “Participants were administered two 0.3 mgkg™" doses on days 1and 8. ‘One participant
had 2 grade 3 AEs (one of increased white blood cell count and one of sinus tachycardia). 8AEs are listed in order of decreasing frequency of treatment-related AEs >5% for the active treatment group. SOC,

system organ class.

with a 1.8-fold linear accumulation of CHKV-24 IgG concentra-
tions (E,.,=12.9ugml™), consistent with the extended terminal t,,
of CHKV-24 IgG.

Levels of CHKV-24 mRNA and ionizable amino lipid compo-
nent. Serum levels of mRNAs encoding of CHKV-24 IgG and an
ionizable amino lipid (IAL) component were assessed in 28 par-
ticipants in the PD analysis set that comprised those in the safety
population who had both detectable mRNA encoding for each of
the heavy and light chains of CHKV-24 IgG and IAL component
concentrations. The serum concentrations of the mRNAs encoding
the heavy and light chains increased in a dose-proportional man-
ner after single administration of 0.1, 0.3 and 0.6mgkg™ doses.
Peak concentrations were observed during the first 1-18h after the
end of intravenous infusion with maximum serum concentration
(Cpay) values ranging from 0.12 to 1.5ugml™ (Fig. 2b, Table 3 and
Supplementary Table 3). Serum concentrations of mRNA encoding
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the heavy and light chains of CHKV-24 IgG declined rapidly after
reaching peak levels with a terminal t,,, of 83.5h (range 46.4-126)
and 86.2h (range 46.8-134.7), respectively. As observed for the
serum levels of CHKV-24 IgG, mRNA heavy and light chain C,,
concentrations were approximately 1.7-fold lower in the 0.6 mgkg™
steroid premedication group (Supplementary Fig. 1b, Table 3 and
Supplementary Table 3). The results for mRNAs encoding the heavy
and light chains of CHKV-24 IgG in the 0.3mgkg™ 2-dose group
were comparable to those in the single-dose 0.3 mgkg™" group and
were similar after the first and second doses of treatment. The C_,,
values for the heavy and light chains, respectively were 0.80 and
0.53ugml" after the first dose and 0.92 and 0.58 pgml™ after the
second dose. The serum exposure ratios of the heavy-to-light chain
mRNAs were consistent across doses. Likewise, mean t,,, values
were comparable at the first (64.8 (range 58.0-74.9) and 62.6 (56.9-
71.2)) and second (60.7 (43.9-77.6) and 61.2 (44.3-78.3)) doses for
the mRNA heavy and light chains, respectively. Clearance rates for
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the mRNA heavy and light chains ranged from 2.3 to 10.2mlhkg™!
across all dose groups.

The levels of the IAL component in the serum were evaluated
in all dose groups except the 0.1 mgkg™" group. The maximum
serum concentrations of IAL were observed at the end of intrave-
nous infusion, which declined rapidly to undetectable levels beyond
48h postdose. The mean terminal t;,, was 7.3h (range 4.5-9.6) for
the single 0.3mgkg™' and 0.6 mgkg™" doses (Fig. 2b, and Table 3
and Supplementary Table 3). The C,,, values for IAL increased
dose-proportionately with mean values of 7.1 and 15.3 ugml™! for
the 0.3 and 0.6 mgkg™' single-dose groups, respectively. Serum IAL
exposures (C,,. and area under the concentration curve from time
0 to 168d (AUC,_,4)) were similar between the groups receiving a
single infusion of 0.6 mgkg™"' of mMRNA-1944 with or without steroid
premedication (Supplementary Fig. 1b, Table 3 and Supplementary
Table 3). In the 0.3mgkg™" 2-dose group, serum IAL exposures
postinfusion were similar at the first (AUC,_;=7.8 hpgml™) and
second (AUC,_ 4, =10.1hpgml™) dose indicating that no substan-
tial accumulation of IAL was observed after the second weekly dose.

Serum neutralizing antibody titers. The neutralizing activity of
CHKV-24 IgG against CHIKV was assessed in the serum of partici-
pants using the plaque reduction neutralization test (PRNT) after
the administration of single doses of 0.1, 0.3 and 0.6 mgkg™ mRNA
and placebo at 12, 24 and 48 h. Dose-dependent neutralizing anti-
body titers were observed in all participants who were administered
mRNA-1944 at all dose levels with no observable PRNT, geomet-
ric mean titers (GMTs) in placebo recipients at the limit of detec-
tion (<10) by 12h (Supplementary Fig. 2). After single doses of
mRNA-1944 at the 0.3 and 0.6 mgkg™" doses, 100% of participants
had achieved PRNT,, GMTs >100, a level previously associated
with protection from CHIKYV infection in humans®>*°, and persisted
through 48h (Fig. 3). Overall, these data indicated that functional
CHKV-24 IgG antibodies were produced by mRNA-1944.

Other exploratory parameters. Two participants on placebo had
pre-existing anti-polyethylene glycol (PEG) mean titers of 223 at
day 1 that were detectable through 24 weeks then were undetectable
through 48 weeks. None of the participants treated with mRNA-1944
had detectable anti-PEG or anti-CHKV-24 IgG antibodies before or
after administration of treatment at all doses. Transient increases in
serum levels of C-reactive protein, complement, interleukin-6 (IL-
6) and interferon gamma-induced protein 10 (IP-10) were observed
at 12-24h postdose that rapidly declined during 48 h among partic-
ipants who received single doses of mRNA-1944 in the 0.6 mgkg™!
(with or without steroid) and 0.3 mgkg™" 2-dose groups compared
with participants who received placebo (Supplementary Fig. 3).
Increases in the levels of these proteins were similar after the first
and second doses at 0.3 mgkg™ mRNA-1944 with no exacerbation
of these elevations noted on administration of the second dose.

Discussion

Given the continued global spread of CHIKV infection and its
attendant morbidity, there is a need to develop vaccines and ther-
apeutics. Currently, with no approved vaccines or therapeutics,
CHIKYV control measures rely on the use of personal protective
measures and vector control’. While vaccines are highly effective

in controlling vector-borne disease such as for yellow fever and
Japanese encephalitis, given the rapid spread and high attack rates
of CHIKYV, therapeutics would also be beneficial®. As such, various
vaccine and passive immunization strategies are under evaluation.
This first-in-human phase 1 trial evaluated the safety and tolerabil-
ity of escalating doses of mRNA-1944, encoding a CHIKV neutral-
izing antibody, administered by intravenous infusion in adults aged
18-50 years as a potentially adjunctive therapy to vaccination to
help prevent and better control worldwide CHIKYV infection. Single
administration of mRNA-1944 at doses of 0.1, 0.3 and 0.6 mgkg™
and a second dose at the intermediate 0.3mgkg™" level elicited
dose-dependent increases in CHKV-24 IgG at levels predicted to
provide protection against human infection and disease based on
previous studies and also had an acceptable safety profile at these
doses'**>?. Thus, mRNA-1944 may offer a therapeutic option for
the prevention and treatment of CHIKV infection, although addi-
tional longer-term studies in larger populations are needed.

Across doses, AEs in the study were mild to moderate in sever-
ity and transient in duration. Most treatment-related AEs reported
were infusion-related reactions. The most commonly reported AEs
were headache, nausea and myalgia in the mRNA-1944 group, and
chills, fatigue and nausea in participants on placebo. There were few
treatment-related AEs at the lower doses or in the placebo group,
with the highest frequencies of AEs observed in the 0.6 mgkg™
groups and in the 0.3 mgkg™ combined for 2 doses group. Most
AEs were grade 1 (35.7%) and 2 (21.4%) events across the mRNA-
1944 groups with a single grade 3 (3.6%) AE of sinus tachycardia
reported in 1 participant in the 0.6 mgkg™"' group, which resolved
without intervention within 16h postdose. There were no deaths
or serious AEs or discontinuations due to AEs; AEs did not worsen
with a second dose.

Although encapsulation of mRNA in LNPs ensures robust deliv-
ery to the cytosol, such particles can elicit immune-related and
cellular toxicities”**. As shown in animal models, LNPs can acti-
vate the complement system and also splenic B cells that produce
anti-PEG antibodies; however, optimal mRNA and LNP formula-
tion can mitigate these effects™*. In our phase 1 study, detectable
levels of ionizable lipid component were readily eliminated within
a terminal mean half-life of 9.2h; intervention-induced anti-PEG
and anti-CHKV-24 IgG antibodies were not detected. Additionally,
while systemic delivery of foreign RNA can activate an innate
immune response, the mRNAs encoding CHKV-24 IgG were gen-
erally eliminated within 48h postdose in the serum of participants.
Postdose levels of C-reactive protein, complement and the acute
phase reactants IL-6 and IP-10 were transient and declined within
48h, which is consistent with the rapid elimination of both LNP
and mRNA.

The use of mRNA technology for protein production may mini-
mize the need to deliver high doses of antibody typically used for
therapeutic antibodies and the exposure necessary for maximal
effect’”’. Transient production of high local concentrations of
mRNA-encoded proteins of interest can be obtained within hours
in the absence of dose-limiting toxicity’>”. In this study, single
administration of mRNA-1944 encoding the light and heavy chains
of CHKV-24 IgG by intravenous infusion resulted in rapidly gener-
ated levels of neutralizing antibodies at all doses tested by 12h that
peaked within 48 h with a measured mean half-life of approximately

>
>

Fig. 2 | Serum concentration of CHKV-24 IgG, mRNA encoding heavy and light chains of CHKV-24 IgG and IAL. a, Mean serum concentration time
profiles of CHKV-24 IgG after the administration of single doses of 0.1, 0.3 and 0.6 mgkg~" and 2 doses of 0.3 mgkg™" mRNA-1944 over the course of
366d and during 28d (inset). b, Mean serum concentration time profiles for mRNA (heavy and light chains) and IAL during 28 d. The error bars represent
the s.e.m. The dotted lines represent the serum target concentration of 1Tug ml~' antibody anticipated to provide neutralizing antibody protection against
CHIKV infection™?>?%>* n=6 participants at each time point for the single-dose 0.1, 0.3 and 0.6 mgkg™" + steroid and 2-dose 0.3 mgkg™" groups; n=4
participants at each time point for the single-dose 0.6 mgkg™" group examined over 366 d for CHKV-24 IgG and over 28 d for mRNA (heavy and light

chains) and IAL.
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69d. Additionally, the high levels of antibody achieved by 36-48h  from both symptomatic CHIKV infection and subclinical sero-
exceeded the anticipated protective CHIKV neutralizing antibody  conversion®*. At the 0.3 and 0.6mgkg™ doses, antibody levels
level of 1 ugml™', shown previously to be associated with protection  persisted for a least 16 weeks postdose and 100% of participants
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Table 3 | PK and PD parameters for CHKV-24 IgG mRNA encoding the heavy and light chains of CHKV-24 IgG and IAL

mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944 mRNA-1944
0.1mgkg™" 0.3mgkg" 0.6 mgkg 0.6 mgkg"'+ 0.3mgkg™" 0.3mgkg"' 2-dose?*
steroid® 2-dose’s 1st dose  2nd dose

Parameter n=6 n=6 n=4 n=6 n=6 n=6
CHKV-24 IgG

E o pgml™ 2.0 (40.4) 7.9 (18.2) 10.2 (29.6) 6.1(47.0) 7.2 (26.9) 12.9 (21.4)
mean (CV%)

TE ux N 36.0 48.0 (36.0-481) 48.0 (36.0-48.0) 48.0(24.0-48.0) 36.0(24.0-48.0) 42.0(24.0-48.0)
median (range) (24.0-48.0)

AUEC¢s pghml~! 260 (40.0) 1,070 (21.9) 1,310 (20.0) 846 (48.2) 965 (28.3) 1,830 (21.9)
mean (CV%)

AUEC_,, pghml 2,820 (58.6) 11,600 (24.6) 13,400 (58.1) 11,200 (30.0) NA 23,400 (26.9)
mean (CV%)

tiyp h 1,470 (34.6) 1,930 (15.4) 1,570 (48.8) 1,720 (24.1) NA 1,520 (20.9)
mean (CV%)
mRNA light chain

Crnax, pEMI™ 0.12 (70.7) 0.29 (89.9) 1.5 (44.4) 0.90 (48.5) 0.53 (45.6) 0.58 (30.3)
mean (CV%)

taw D 121(4.0-48.0) 3.5 (1.0-18.0) 2.0 (1.0-8.0) 2.0 (2.0-4.0) 4.0 (1.0-6.0) 2.0 (1.0-6.0)
median (range)

AUC ¢ pghml™! 8.0 (75.6) 17.7 (77.8) 70.4 (27.6) 49.4 (35.8) 32.2(42.6) 26.9 (30.3)
mean (CV%)

AUCq, pghml™’ 1.6 (77.4) 27.2(73.6) 89.9 (18.4) 60.4 (33.8) 379 (43.8) NA
mean (CV%)

ttyp [ 87.4 (52.6) 88.8 (31.5) 82.5(35.9) 68.6 (30.9) 62.6 (9.4) 61.2 (22.9)
mean (CV%)

Clearance, mlhkg™ 4.6 (69.6) 7.4 (99.4) 2.3(16.0) 3.8 (51.6) 3.1(45.9) 3.4 (22.5)
mean (CV%)
mRNA heavy chain

C oo, HEMI™ 0.21(78.4) 0.50 (86.6) 2.7 (321 1.5 (53.7) 0.80 (45.5) 0.92 (29.5)
mean (CV%)

o D 18.0 (2.0-24.0) 1.0 (1.0-18.0) 2.0 (1.0-8.0) 4.0 (2.0-24.0) 4.0 (1.0-6.0) 1.5 (1.0-6.0)
median (range)

AUCq .5, pghml™ 13.4 (85.2) 31.3(87.1) 121.0 (15.4) 84.9 (39.6) 49.8 (46.5) 42.0 (34.3)
mean (CV%)

AUCq, pghml™’ 18.9 (83.7) 46.5 (80.0) 154.0 (10.9) 102.0 (35.2) 60.1(49.3) NA
mean (CV%)

tyah 85.9 (51.9) 85.0 (27.4) 79.6 (31.0) 67.2 (30.2) 64.8 (9.7) 60.7 (22.5)
mean (CV%)

Clearance mlhkg™' 5.8 (70.2) 10.2 (106.4) 2.6 (10.8) 4.6 (54.9) 41(52.2) 4.4 (24.9)
mean (CV%)
1AL

Crrae HgMI™ NA 71 (@371 15.3 (51.2) 16.3 (28.3) 5.8 (22.2) 8.0 (50.9)
mean (CV%)

taw D NA 1.0 (0.5-1.1) 1.0 (0.5-3.0) 1.00 (0.5-1.0) 1.00 (0.5-1.0) 1.00 (0.5-1.0)
median (range)

AUC ¢, pghml~! NA 9.5(43.4) 20.7 (24.3) 28.7 (31.7) 7.8 (15.6) 10.1 (40.1)
mean (CV%)

AUCq. pghml™ NA 9.5 (43.4) 20.7 (24.3) 28.7 (31.8) 7.8 (15.6) NA
mean (CV%)

ty2 h NA 8.0 (39.3) 6.7 (33.9) 13.3(25.7) 8.1(40.1) 9.8 (26.8)
mean (CV%)

Clearance, mlhkg™ NA 369 (43.8) 313 (30.8) 232 (30.7) 404 (20.0) 334 (29.5)

mean (CV%)

AUEC, s, area under the effect curve from time O to 168 d. *Participants received loratadine and ranitidine 90 min before infusion. ®Participants received loratadine, ranitidine (sentinel, expansion) and
acetaminophen (expansion) 90 min before infusion. “Participants received steroid (dexamethasone) and diphenhydramine and famotidine 90 min before infusion. ¢Participants received diphenhydramine
and famotidine 90 min before infusion. ¢Participants were administered two 0.3 mgkg™"' doses on days 1and 8. NA, not assessed.
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Fig. 3 | Neutralizing antibody titers for single-dose groups. Serum neutralizing titers of CHKV-24 1gG against CHIKV were assessed using the PRNT at
12, 24 and 48 h after administration of 0.1, 0.3 and 0.6 mg kg™ (without steroid) doses of mMRNA-1944. The percentage of participants achieving PRNT,
GMTs >100 and the GMTs for each dose group are provided. PRNT,, GMT >100 represents a level of CHIKV neutralizing antibodies previously associated
with protection from both symptomatic CHIKV infection and subclinical seroconversion in humans2,

achieved a PRNT,, GMT >100, with a favorable safety profile.
Administration of a second dose of mRNA-1944 at the intermedi-
ate 0.3 mgkg™" level led to a 1.8-fold increase in the concentration
of CHKV-24 IgG, with an extended terminal t,,, of CHKV-24 IgG
similar to the mean half-life observed across single doses, while
maintaining an acceptable safety profile.

In this study, the two separate mRNAs encoding the heavy and
light chains of CHKV-24 IgG produced functional neutralizing
antibody and displayed consistent serum exposure ratios for the
CHKV-24 IgG heavy-to-light chain mRNAs across the dose groups
(Chax=1.5-1.8pgml™"). Overall, these data provide the first dem-
onstration in a clinical trial that antibody production by mRNA can
safely achieve predicted therapeutically relevant serum concentra-
tions, supporting the potential for this approach to have extended
utility across various infectious diseases beyond CHIKV infection
and in other therapeutic areas. Utilization of the mRNA platform
to produce multiple therapeutic proteins simultaneously was also
demonstrated in the phase 1 trial of a cytomegalovirus mRNA-1647
vaccine, consisting of five nRNAs encoding the subunits of the viral
pentameric antigen complex and an additional mRNA encoding the
viral glycoprotein B that resulted in high neutralizing titers**. While
mRNA technology allows for simultaneous translation and complex
protein formation from separate mRNAs, the expression of combi-
nations of antibodies would require designing single-chain antibod-
ies to prevent misassortment of heavy and light chains.

Although mRNA therapeutics are not yet commercially avail-
able, various mRNA vaccines have shown encouraging results in
early-stage clinical studies’ """, More recently, larger-scale test-
ing of mRNA vaccines in phase 3 clinical trials has demonstrated
protective efficacy against symptomatic SARS-CoV-2 infection*>*.
The success of these latter trials and data reported herein could aug-
ment the development of additional mRNA platform approaches
for treating emerging and existing pathogens.

This study has several limitations. Since the study was designed as
a dose-escalating phase 1 trial in healthy adults in the USA and par-
ticipants were primarily white, additional studies are needed to fully
assess the potential of this therapeutic approach in CHIKV-endemic
regions and other populations. Although robust neutralizing activity

NATURE MEDICINE | VOL 27 | DECEMBER 2021 2224-2233 | www.nature.com/naturemedicine

was observed in serum, the duration of neutralizing antibody was
assessed only up to 48h per the protocol and longer-term studies
are needed. Additionally, although the second dose of 0.3 mgkg™
mRNA-1944 resulted in a 1.8-fold linear increase in serum CHKV-24
IgG that persisted well above predicted levels of CHKV neutralizing
activity, assessment of neutralizing activity was not specified in the
protocol. Additionally, this study describes a therapeutic monoclo-
nal antibody approach for the treatment of CHIKV as a potentially
adjunctive therapy to vaccination using an intravenous infusion route
to rapidly generate high levels of antibody. A general limitation to this
approach is that intravenous delivery in low- or middle-income coun-
tries could be challenging in settings with restricted resources. While
antibody concentrations were generated that were expected to be suf-
ficient for infection prophylaxis based on preclinical studies and an
observed relationship between pre-existing CHIKV antibodies and
a decreased risk of symptomatic CHIKV infection in humans'>*,
it is unknown what levels of CHIKV monoclonal antibody would be
required for therapeutic use to prevent infection.

In conclusion, this study demonstrated that administration of
LNP mRNA-1944 encoding the heavy and light chains of CHKV-
24 IgG produced high levels of functional neutralizing antibody
and that CHKV-24 IgG persisted for several months at levels above
the anticipated protective titers needed to prevent CHIKV infec-
tion, with an acceptable safety profile and predictable intra- and
interindividual pharmacology. These results suggest that an mRNA
antibody approach may have utility in the prevention and treat-
ment of CHIKV infection. Furthermore, this study demonstrates
the ability to produce functional proteins from separate mRNAs
encoding different proteins and the feasibility of using a repeat
dose regimen with this mRNA platform. Although the practicality
of LNP-encapsulated mRNAs for passive immunization has been
described in preclinical trials™***, this is the first clinical trial, to
our knowledge, that evaluates the safety and pharmacology of an
mRNA encoding a monoclonal antibody as a potential prophylactic
and therapeutic approach to treating disease. Future longer-term
studies are needed to further evaluate the potential protective effect
of this therapeutic approach in a wider population, including in
those in CHIKV-endemic areas.
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Methods
Study design and participants. This is a first-in-human phase 1, randomized,
investigator-blinded (except for sentinel participants), placebo-controlled, dose
escalation study to evaluate the safety, tolerability, PK and PD (CHKV-24 IgG)
of mRNA-1944 in healthy adult participants aged 18-50 years (NCT03829384).
Participants received intravenous single doses of mRNA-1944 or placebo at 0.1,
0.3, 0.6mgkg™" and 0.6 mgkg™’, or two weekly doses at 0.3 mgkg™". The study
was conducted at a single site in accordance with the International Council
on Harmonization of Good Clinical Practice guidelines and the protocol was
approved by regulatory (U. S. Food and Drug Administration) and institutional
review boards (Western Institutional Review Board). All participants provided
written informed consent.

Eligible participants were male and female adults, aged 18-50 years,
weighing 50 to <90kg with a maximum BMI <33kgm™ and considered by
the investigator to be in good general health based on medical history, clinical
laboratory assessments, electrocardiogram (ECG) results, vital sign measurements
and physical examination findings. Excluded from the study were those having
acute or chronic clinically important disease, elevated liver function tests and
creatinine or decreased platelets and safety laboratory test results of grade 2 or
higher. Also excluded were those who had anti-CHIKV IgG, had participated in
an investigational study involving any investigational product within 60d or 5
half-lives, received any live attenuated or inactive vaccines within 4 weeks before
the study start or had plans to receive any vaccine during the study, or received
a vaccine for CHIKYV, dengue, yellow fever, tick-borne encephalitis or Japanese
encephalitis virus at any time, or previously participated in an investigational study
involving LNPs. Receipt of a seasonal influenza vaccine was permissible. Those
with a known or suspected immune-mediated disease or immunosuppressive
condition (including lymphoproliferative disorders) as determined by medical
history and/or physical examination were also excluded. Pregnant or breastfeeding
females and sexually active male and female participants or those unwilling to use
adequate contraception for at least 36 weeks after the study drug infusion were also
excluded. A full listing of inclusion and exclusion criteria is provided in the online
protocol (Supplementary information).

Treatment. Since mRNA-1944 was administered for the first time to humans,
safety precautions such as sequential enrollment, premedication, dose escalation
and continuous safety evaluations were overseen by an internal safety team

(IST) and an unblinded independent safety monitoring committee (SMC). The
investigator, study participants, site monitors and study site personnel were blinded
to the study drug administered with the exceptions of the three unblinded sentinel
participants at each dose level and unblinded pharmacy personnel, study monitor
and clinical trial manager, as well as an unblinded team that provided safety data

to the SMC.

All doses of mRNA-1944 and placebo were administered intravenously as a
single 100 ml infusion in 2 syringes using a syringe infusion pump over 1-3h at the
study site (PPD Pharmacology Unit, Austin, Texas) by appropriately trained clinic
staff. Participants were observed for 48 h afterwards as inpatients. On day 1, all
participants in the dose level groups 0.1 and 0.3 mgkg™" and the expansion group of
the 0.6 mgkg~" group were premedicated with the antihistamine loratadine (10 mg,
oral) and the histamine-2 blocker ranitidine (150 mg, oral) approximately 90 min
before the planned start of study drug infusion. Acetaminophen (650 mg, oral) was
also given to the expansion participants in the 0.6 mgkg™" group as premedication.
Because 1 participant in the 0.6 mgkg™ dose level cohort (after receiving the oral
premedication regimen) developed a persistent grade 2 or higher infusion-related
reaction (IRR), the other participants in the 0.6 mgkg™" group were additionally
premedicated with the steroid dexamethasone (10 mg, intravenous) to assess
the impact of steroid on IRRs; loratadine (10 mg, oral) was replaced with
diphenhydramine (50 mg, oral) and ranitidine with famotidine (20 mg, oral). The
0.3 mgkg™" 2-dose group received diphenhydramine (50 mg, oral) and famotidine
(20mg, oral) as premedication at each day 1 and day 8 doses.

The mRNA-1944 drug product consisted of 2 mRNAs encoding the heavy
and light chains of the previously described CHKV-24 monoclonal antibody**
in an LNP formulation intended for intravenous infusion. This mRNA contains
the previously described LS mutations (M428L and N434S) in the constant (Fc)
region of the antibody to extend its serum half-life*~""**. The mRNA-1944 drug
product formulation included four lipid excipients: a proprietary IAL; a proprietary
high-purity PEG-2k-stearate monoester (modified PEG); and the commercially
available lipids cholesterol and 1,2-distearoyl-sn-glycero-3-phosphocholine. The
mRNA-1944 drug product was formulated with 20 mM of Tris buffer, 60 mM of
NaCl, 8% sucrose, 1.3% ethanol and 1 mM of diethylenetriaminepentaacetic acid
at pH 7.5; placebo was 0.9% sodium chloride. Additional details describing the
overall planned treatment strategy are provided in the Supplementary protocol.

Procedures. Seven dose groups of mRNA-1944 were planned to be investigated in
a dose escalation manner (Supplemental protocol) including single-dose groups
0f 0.1, 0.3, 0.6 and 1.0 mgkg~ and an optional 0.45 mgkg~' dose group and a
2-dose 0.3 mgkg™" group administered single doses of 0.3 mgkg™" on days 1 and

8. A second single-dose 0.6 mgkg™ group was added, which received steroid in
the premedication regimen for both placebo and mRNA-1944 groups to enable a

more robust characterization of the PK, PD and adverse reaction profile. A steroid
(dexamethasone) was also added to the premedication regimen in the 1.0 mgkg'
dose level group. Neither the optional 0.45 mgkg™' dose group nor the planned
1.0mgkg™" group were enrolled in the study.

Eight participants were planned to be enrolled at each dose level group with
six participants to receive mRNA-1944 and two to receive placebo. For each dose
level group, a sentinel dosing strategy was employed. In each group, mRNA-

1944 was administered to three participants (sentinel), one participant at a time
with a staggered minimum 7-d interval between each sentinel participant before
treating the remaining five participants (expansion) within each dose group.

Each sentinel participant was followed up for 7d after study drug infusion (first
48h administered as an inpatient) with a review of safety results by the IST. After
the confirmation of acceptable safety and tolerability by the IST for all sentinel
participants, including the cumulative safety results, at day 7 enrollment was
expanded and the remaining 5 participants within each dose level group were
randomly assigned to receive mRNA-1944 (0.1, 0.3 and 0.6 mgkg™") or placebo in a
3:2 ratio (active:placebo) for an overall ratio of 3:1. Randomization numbers were
assigned in a sequential ascending manner and sealed in an envelope, according to
a schedule developed by PPD Laboratories.

The SMC reviewed unblinded safety data of the entire dosed group through 7d
after the study drug infusion and cumulative safety data from all study participants
before escalation to the next dose level. Dose escalation to higher-dose level groups
could continue until a study pause rule was reached. Per protocol, optional dose
level groups for intermediate dose levels could be added for de-escalation of the
dose after review of cumulative data by the SMC and would be convened ad hoc
in the event of a study pause. Furthermore, the sponsor could stop dose escalation
once pharmacological goals were achieved. The start of the study was defined as
the first visit for the first participant screened and study completion as the final
date on which data for the primary end point were or expected to be collected
if the final date was not the same. The end of study was defined as the last visit
or last health status follow-up for the last participant discharged from the study.
The approximate duration of participation for each participant will be 13 months,
which includes a 28-d screening period.

Reasons for study pause included the occurrence of any serious AE,
irrespective of assessed relatedness to study drug, or when two or more participants
experienced a grade 3 or higher AE including laboratory abnormalities, or a
grade 3 or higher IRR, or any clinical event in the opinion of the SMC that
contraindicated further dosing of additional participants.

Outcomes. The primary objective of this study was to evaluate the safety and
tolerability of escalating doses of mRNA-1944 administered via intravenous
infusion in healthy participants aged 18-50 years.

The secondary objectives included determination of the PK of mRNA encoding
for CHKV-24 IgG (heavy and light chain mRNA) and IAL and the PD of mRNA-
1944 as assessed by CHKV-24 IgG. Exploratory objectives of the study included
evaluations of the formation of anti-PEG and anti-CHKV-24 IgG antibodies, the
impact of several baseline characteristics on the PK/PD of mRNA-1944 encoding
for CHKV-24 IgG and IAL and the in vitro serum neutralizing antibody titer
against a clinically relevant strain of CHIKYV, as well as complement and acute
phase reactant parameters.

Safety evaluation. Safety and tolerability were assessed by monitoring and
recording AEs, including serious AEs, IRRs and AEs of special interest (AESIs),
prior and concomitant medication, clinical laboratory test results (hematology,
coagulation, serum chemistry including liver enzymes, urinalysis), vital sign
measurements (systolic and diastolic blood pressure, heart rate, respiratory rate,
body temperature), ECG results (and cardiac enzymes when obtained per protocol)
and physical examination findings.

An AE was defined as any untoward medical occurrence in a participant
administered a study drug regardless of a causal relationship with receipt of the
study drug. Treatment-emergent AEs were those not present before study drug
exposure or any event already present that worsened in intensity or frequency
after exposure. A treatment-related AE was any event for which there was a
reasonable possibility of its occurrence being causally associated with study
treatment as determined by the investigator. An IRR was any AE considered to be
related to the infusion of the study drug, including pain, tenderness, erythema/
redness and induration/swelling; they were assessed according to the CTCAE v.5
toxicity grading scale, recorded as AEs and followed until resolution®. Suspected
allergic (hypersensitivity) reactions and anaphylaxis were assessed according to
the clinical diagnostic criteria outlined by the National Institute of Allergy and
Infectious Diseases and CTCAE v.5 (refs. *>*°). AEs leading to study withdrawal or
dose modification were also evaluated by the investigator. An AE was considered
‘serious’ if, in the view of either the investigator or study sponsor, it resulted in
death, was life-threatening, requiring inpatient hospitalization or prolongation of
existing hospitalization, persistent or substantial disability/incapacity, a congenital
anomaly/birth defect or deemed a medically important event. AESIs related to
the administration of immunostimulatory agents included hypersensitivity (signs
and symptoms of generalized rash, generalized pruritus, generalized erythema,
cough, dyspnea, respiratory distress, acute bronchospasm, hypotension and
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chest discomfort), anaphylactic reaction, acute allergic reaction, angioedema and
allergic urticaria. AESIs also included gastrointestinal symptoms (nausea, diarrhea,
abdominal pain, vomiting) and/or grade 2 or higher liver function test elevation.

AEs were assessed and recorded from the time of participant informed
consent through 28d after study drug infusion (after the second infusion in the
0.3mgkg™" 2-dose group) and were followed until resolved, stabilized or judged
by the investigator to be not clinically important AEs were captured through the
study follow-up period of 12 months. All medically attended AEs were recorded for
3 months after study drug infusion and all serious AEs and AESIs were recorded
through week 52. Any new serious AE assessed as related to study drug infusion
was reported to the sponsor, regardless of when it occurred, throughout the
duration of the study.

The severity of AEs and laboratory abnormalities were classified by the
investigator according to the toxicity grading scale of mild (grade 1), moderate
(grade 2), severe (grade 3) and potentially life-threatening (grade 4) using the
CTCAE v.5 grading scale and were used to determine if a pause criterion was
met™. Vital signs were graded using the toxicity grading scale for healthy adult and
adolescent volunteers enrolled in preventive vaccine clinical trials tables for clinical
abnormalities®. The investigator determined whether there was a reasonable
possibility that an event was caused by the study drug for all AEs, serious AEs and
AESIs.

PK, PD and other analyses. Details of the specific assays supporting these analyses
are provided in the supplementary material.

PK analyses. PK data for mRNA encoding for the CHKV-24 IgG and IAL

were assessed from day 0 (predose) through 28 d for participants in the safety
population who had evaluable mRNA encoding for CHKV-24 IgG. To determine
the serum concentrations of mRNA encoding for CHKV-24 IgG and plasma
concentrations of IAL, blood samples were collected for the 0.1, 0.3 and 0.3 mgkg™"
2-dose and 0.6 mgkg~" with steroid dose groups, and the sentinel participant in

the 0.6 mgkg mg~' group without steroid, at 60 min prestudy drug infusion, at
mid-infusion (0.5h), at the end of infusion (1h+5min) and at 2, 4, 6, 8, 12, 18,

24 and 36h and on days 7, 14, 21 and 28 postinfusion. For expansion participants
in the 0.6 mgkg™" without steroid dose group who underwent a 3-h infusion,
blood samples were collected within 60 min predose, mid-infusion 1.5h, end of
infusion (3h+5min), at 4, 6, 8, 12, 18, 24, 36 and 48 h and on days 7, 14, 21 and
28 postdose. Where possible, the area under the concentration versus time curve
(AUC) from time 0 to the last measurable concentration (AUC, ), AUC from
time 0 extrapolated to infinity (AUC,_,,), C,. time to maximum observed serum
concentration (t,,,), t,,,» apparent clearance and volume of distribution at steady
state (V) were calculated as end points for mRNA encoding CHKV-24 IgG and for
TAL, respectively, using the actual sampling times relative to the start of infusion
rather than the scheduled sampling times.

PD analyses. PD data for serum CHKV-24 IgG were assessed from day 0 (predose)
through 366 d for 28 participants on active treatment in the safety population

who had evaluable mRNA encoding for CHKV-24 IgG. Blood samples for the
determination of serum concentrations of CHKV-24 IgG were collected for the 0.1,
0.3, 0.3mgkg™" 2-dose and 0.6 mgkg~" with steroid dose level groups and for the
sentinel participant in the 0.6 mgkg™" group without steroid within 60 min before
preinfusion, at mid-infusion (0.5h), at end of infusion (1h+5min) and at 2, 4, 6, 8,
12, 18, 24, 36 and 48 h, on days 7, 14, 21 and 28 and weeks 8, 12, 24, 36, 48 and 52
postinfusion. For the 3 expansion participants in the 0.6 mgkg~ dose group, blood
samples were collected within 60 min before study drug infusion, at mid-infusion
(1.5h), at end of infusion (3h+5min), at 4, 6, 8, 12, 18, 24, 36 and 48 h, on days

7, 14, 21 and 28 and weeks 8, 12, 24, 36, 48 and 52 postdose. Baseline-corrected
serum PD parameters of E, ,, time to maximum observed effect (TE,,,,), t, ,, area
under the effect curve (AUEC) from time 0 to the last measurable concentration
(AUEC, ) and area under the effect curve from time 0 extrapolated to infinity
(AUEC,_,,) were calculated, where possible, for CHKV-24 IgG concentration using
the actual sampling times relative to the start of infusion.

Other analyses. Blood samples for the determination of in vitro serum neutralizing
antibody titer against a clinically relevant strain of CHIKV were collected within

60 min before study drug infusion and at 12, 24 and 48 h postinfusion. For the
2-dose 0.3 mgkg~" group, blood samples were collected within 60 min before

study drug infusion and at 12, 24 and 48 h postdose on day 1 for the first dose and
day 8 for the second dose. To determine the anti-PEG antibodies, blood samples
were collected within 60 min before study drug infusion, on days 7, 14, 21 and

28 and weeks 8, 12, 24, 36, 48 and 52 postdose. Blood samples to determine the
anti-CHKV-24 IgG antibodies were collected within 60 min before study drug
infusion, on days 7, 14, 21 and 28 and weeks 8, 12, 24, 36, 48 and 52 postdose. Time
points were relative to the start of study drug infusion.

Statistical analysis. Per protocol, it was planned to enroll approximately 56
participants in the study, with 8 in each dose level group. No formal power
calculations or hypotheses testing were performed. The planned sample size was
regarded as appropriate to meet the objectives of this first-in-human study. The
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protocol-planned optional 0.45 mgkg™" dose group was not enrolled, nor the planned
1.0mgkg™" group; thus, 40 participants were planned for the dose level groups
included (0.1, 0.3, 0.6 mgkg~" with and without steroid and 0.3 mgkg™" 2-dose).

Safety and exploratory analyses were performed in the safety population, which
comprised all enrolled participants who received any dose infusion of mRNA-1944
or placebo. The PK analysis dataset included participants in the safety population
who had evaluable mRNA encoding for CHKV-24 IgG and IAL concentrations
and no major protocol deviations. The PD analysis dataset included participants
in the safety population who had evaluable CHKV-24 IgG concentrations and no
major protocol deviations impacting the PD assessments. No protocol deviations
occurred in the study.

Data are presented for participants on mRNA-1944 in each treatment group
and those on placebo pooled across the different treatment groups. Baseline
characteristics and demographics were summarized by descriptive statistics and
safety and immunogenicity by summary statistics. Descriptive statistics and
changes from baseline in continuous clinical laboratory results were summarized.
Serum mRNA encoding for the CHKV-24 IgG and plasma IAL concentrations
are listed and summarized descriptively by dose level (, arithmetic mean, s.d.,
coefficient of variation (CV), median, geometric mean, geometric CV, minimum
and maximum).

Noncompartmental PK parameters including AUC and half-life were derived
using Phoenix WinNonlin (Certara) v.6.4 or higher or SAS v.9.3 or higher (SAS
Institute) and were summarized by dose level using descriptive statistics (#,
arithmetic mean, s.d., CV, median, geometric mean, geometric CV, minimum and
maximum). For T,,,,, only n, median, minimum and maximum are presented.
Concentration values that were below the limit of quantitation were imputed as
missing for the derivation mean and s.e.m. descriptive statistics for concentrations
at each time point and for the calculation of individual noncompartmental
analysis parameters. Concentration versus time profiles for each participant and
the mean concentration versus scheduled time profiles are presented graphically.
Additionally, concentrations and PK parameters were summarized by dose level
using descriptive statistics for participants with a negative antidrug antibody
response. The statistical relationship between dose and PK parameters was
assessed overall and for participants with a negative antidrug antibody response.
Periodic PK and PD analyses were performed after completion of all participants
in all dose level groups. All data used for the interim analyses were unblinded to
participant-level treatment assignments; related parameter values used for the
interim analyses were derived from Phoenix WinNonlin v.6.4 or higher based on
nominal dosage and times.

The data used for the interim safety analyses included participant disposition,
demographic and baseline characteristics, study drug administration (including
infusion rate changes), laboratory test results, AEs (both infusion- and
non-infusion-related), previous and concomitant medication, ECGs (and cardiac
enzymes when obtained per protocol) and vital signs. The interim results presented
in this article are from a data cutoff date of 15 October 2020 and the data are
summarized for at least eight weeks postdose per participant. AEs, PK and PD will
be followed for 12 months in participants and a final analysis will be performed at
end of study after database lock. The trial was anticipated to complete at the end of
May 2021; however, due to COVID-19, the trial completion date was 7 June 2021.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Moderna is committed to sharing access to patient-level data and supporting
clinical documents from eligible studies with external researchers who provide
methodologically sound scientific proposals upon request once the trial is
complete. Such requests can be made to Moderna. A redacted protocol is available
online as supplementary material to this article.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Per protocol, it was planned to enroll approximately 56 participants in the study, with 8 in each dose level group. No formal power
calculations or hypotheses-testing were performed. The planned sample size was regarded as appropriate to evaluate the safety, PK and PD of
MRNA-1944 in this first-in-human study.
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Data exclusions  No data exclusions were used.

Replication Replication is not applicable as it was not planned. This is a phase 1 FIH study in an early stage of clinical development that would progress to
further assessment in a a next step trial such as phase 1a.

Randomization  Eight participants were planned to be enrolled at each dose level group with 6 participants to receive mRNA-1944 and 2 to receive placebo. In
each group, mRNA-1944 was administered to 3 participants (sentinel), 1 participant at a time to assess safety prior to treating the remaining
5 participants (expansion) within each dose group. Following confirmation of acceptable safety and tolerability for all sentinel participants,
enrollment was expanded (expansion) and the remaining 5 participants within each dose level group were randomly assigned to receive
mMRNA-1944 (0.1, 0.3 and 0.6 mg/kg) or placebo in a 3:2 ratio (active:placebo) for an overall ratio of 3:1.

Blinding This phase 1 trial was investigator-blinded (except for sentinel participants). As this is a FIH study for mMRNA-1944, a sentinel strategy was
utililized. The administration of mMRNA-1944 was not blinded in the case of sentinel participants to enable the assessment of safety by the IST.
The IST reviewed the safety of each sentinel participant for 7days, the first 48 hours of which occurred in-house at the site, prior to dosing the
next sentinel participant in each dose group. The IST then reviewed all sentinel data prior to randomly assigning the remainder of the dose
cohort to treatment (3active:2placebo). Randomization numbers were assigned in a sequential, ascending manner and sealed in an envelope.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™ Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used MRNA-1944 encoded and produced the heavy and light chains of chikungunya antibody in humans

Validation Serum antibodies produced elicited chikungunya neutralizing antibody, confirming that functional antibody was produced

Eukaryotic cell lines
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Policy information about cell lines

Cell line source(s) State the source of each cell line used.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.




Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for

mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pngme any commonly misidentified cell lines used in the study and provide a rationale for their use.

(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Healthy adult participants, 18 to 50 years of age. The mean age was 35 (range 20-50), 52.6% were female, 73.7% were White,
21.1% were Black or African American, and 5.3% were other.

Between January 10, 2019 and June 1, 2020, 38 adults were enrolled in the study, all of whom were eligible and randomized
to treatment during January 22, 2019 and June 18, 2020. Participants were recruited to this dedicated Phase 1 research unit
through largely three ways, (1) review of unit past participant logs for eligible individuals based on the inclusion and exclusion
criteria, (2) public advertisements using social media, and (3) referrals from primary care physicians. As such, there are not
believed to be any self-selection biases that would impact results.

The study was conducted at a single site in accordance with the International Council on Harmonization of Good Clinical
Practice guidelines and the protocol was approved by regulatory (Food and Drug Administration) and institutional review
board (Western Institutional Review Board (WIRB) 1019 39th Avenue SE Suite 120 Puyallup, WA 98374-2115)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

ClinicalTrials.gov Identifier: NCT03829384
Protocol was provided with submission

The study was conducted at a single site. in the US (study site in US, PPD Pharmacology Unit, Austin; 7551 Metro Center Drive, Suite
200 Austin, Texas 7874). Between January 10, 2019 and June 1, 2020, 38 adults were enrolled and randomized and treated January
22,2019 to June 18, 2020.

As this was a first-in-human study for mRNA-1944, the primary objective of this study was to evaluate the safety and tolerability of
escalating doses of mMRNA-1944 administered via intravenous (IV) infusion in subjects 18 to 50 years of age, and the secondary
objectives were to determine the PK of mRNA encoding for CHIKV24 IgG (heavy and light chain mRNA) and the ionic amino lipid (IAL),
and to determine the PD of mRNA-1944 as assessed by CHIKV24 IgG.

Safety and tolerability were assessed by monitoring and recording of adverse effects (AEs), including serious AEs, infusion-related
reactions, and AEs of special interest, prior and concomitant medication, clinical laboratory test results (hematology, coagulation,
serum chemistry including liver enzymes, and urinalysis), vital sign measurements (systolic and diastolic blood pressure, heart rate,
respiratory rate, and body temperature), ECG results (and cardiac enzymes when obtained per protocol), and physical examination
findings.

Pharmacokinetic data for mRNA encoding for the CHKV24 1gG and for IAL were assessed from day O (pre-dose) through 28 days for
participants in the safety population who had evaluable mRNA encoding for CHKV24 IgG. Pharmacodynamic data for serum CHKV24
1gG were assessed from day O (pre-dose) through 366 days for 28 participants on active treatment in the safety population who had
evaluable mRNA encoding for CHKV24 IgG.
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