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Background. Human metapneumovirus (hMPV) and parainfluenza virus type 3 (PIV3) cause respiratory tract illness in
children and the elderly. No licensed vaccines are available.

Methods. In this phase 1, randomized, dose-ranging, first-in-human study, the safety, reactogenicity, and humoral
immunogenicity of an investigational mRNA-based hMPV and PIV3 combination vaccine, mRNA-1653, were evaluated in
healthy adults aged 18-49 years. Sentinel participants (n=20) received 2 doses of mRNA-1653 (25, 75, 150, or 300 pg) in the
dose escalation phase, and participants (n=104) received 2 doses of mRNA-1653 (75, 150, or 300 pg) or placebo in the dose
selection phase; injections were 28 days apart.

Results. The most common solicited reactogenicity events were injection site pain, headache, fatigue, and myalgia, the majority
of which were grade 1 or 2. A single mRNA-1653 dose increased neutralization titers against hMPV and PIV3 1 month after
vaccination compared with baseline. No notable increases in neutralizing antibody titers were observed with escalating dose
levels after mRNA-1653, although no statistical inferences were made; a second mRNA-1653 dose had little observable impact

on antibody titers. Neutralizing titers through 1 year remained above baseline for hMPV and returned to baseline for PIV3.

Conclusions.
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Human metapneumovirus (hMPV) of the Prneumoviridae family
consists of 2 major genotypes (A and B) and is an important cause
of upper and lower respiratory tract infections [1-3]. Clinical fea-
tures of hMPV infection range from mild respiratory symptoms
to severe respiratory disease, including bronchitis and pneumonia
[1]. Infants and young children are particularly at risk for severe
disease [4]. Globally in 2018, hMPV was attributed to an estimated
11.1 million cases of acute lower respiratory tract infections,
502 000 hospital admissions, and 11 300 deaths among children
<5 years of age [4]. hMPV infection often requires medical atten-
tion and is associated with a substantial health care burden in

Received 21 January 2022; editorial decision 11 April 2022; accepted 28 April 2022; pub-
lished online 1 May 2022

Present affiliations: *Orbimed Advisors, New York, NY, USA; °Clover Biopharmaceuticals,
Boston, MA, USA

Correspondence: Allison August, MD, Moderna, Inc., Cambridge, MA 02139 (allison.
august@modernatx.com).

Open Forum Infectious Diseases®

© The Author(s) 2022. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of
the work, in any medium, provided the original work is not altered or transformed in any way,
and that the work is properly cited. For commercial re-use, please contact journals.permissions
@oup.com

https://doi.org/10.1093/0fid/ofac206

children <5 years of age, particularly infants, accounting for
6%—7% of all acute respiratory illness or fever in inpatient and out-
patient settings [5]. Children hospitalized with hMPV are more
likely to be diagnosed with pneumonia and to require supplemen-
tal oxygen [5]. Among the elderly, outbreaks of hMPV in long-
term care and skilled nursing facilities are associated with high
morbidity and mortality rates [6, 7].

Human parainfluenza viruses (PIVs) belong to the
Paramyxoviridae family and are another important cause of
acute respiratory illnesses [8]. Four serotypes have been identi-
fied; serotype 3 (PIV3) is the most frequent among PIV isolates
and is associated with pneumonia, bronchiolitis, and bronchitis
[8, 9]. PIVs are a major cause of inpatient hospital burden
among young children and are responsible for a reported
6.8% of all hospitalizations for acute respiratory illness or fever
[10, 11]. Although more common among infants and children,
PIV and hMPV infections can occur at any age; older adults
and individuals with chronic or immunocompromising condi-
tions are at particular risk [12-19].

Currently, no licensed vaccines or antiviral therapies are
available for the treatment or prevention of hMPV and PIV3 in-
fections [1, 8, 20]. Messenger RNA (mRNA) vaccines present an
ideal platform to effectively combat these pathogens.
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mRNA vaccines have advantages over other vaccine plat-
forms, including rapid, simple, and scalable manufacturing; ver-
satile antigen design; and inclusion of multiple antigens within a
single vaccine, potentially across different pathogens [21, 22].
Several clinical trials have evaluated the safety, immunogenicity,
and efficacy of mRNA-based vaccines, most notably
mRNA-1273, which targets severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection [23-25]. A phase 3 trial
of mRNA-1273 reported 94.1% efficacy in preventing sympto-
matic SARS-CoV-2 infection and 100% efficacy against severe
infection, with an acceptable safety profile, supporting emergen-
cy use authorization or regulatory approvals in numerous coun-
tries during the coronavirus disease 2019 pandemic [25-28].

An investigational combination mRNA-based vaccine,
mRNA-1653, is in development for the prevention of respirato-
ry disease associated with hMPV and PIV3 infections. This bi-
valent vaccine consists of 2 distinct nucleoside-modified
mRNA sequences that encode for the full-length membrane-
bound fusion proteins of hMPV and PIV3 co-formulated in a
lipid nanoparticle. mRNA-1653 is the first combination
mRNA vaccine simultaneously targeting these 2 respiratory vi-
ruses. The current phase 1 dose-ranging, first-in-human study
evaluated the safety, reactogenicity, and immunogenicity of
mRNA-1653 in healthy adults 18-49 years of age.

METHODS

Study Design

This phase 1 randomized, observer-blind, placebo-controlled,
dose-ranging, first-in-human study evaluated the safety, reac-
togenicity, and immunogenicity of mRNA-1653 in healthy
adults across 3 sites in the United States from November
2017 to July 2019 (Protocol number mRNA-1653-P101;
ClinicalTrials.gov NCT03392389).

The study design included dose escalation and dose selection
phases. Before dosing, vaccine administration personnel car-
ried out randomization using an interactive response technol-
ogy (IRT) system. In the dose escalation phase, 20 sentinel
participants (5 per dose level) were sequentially recruited to re-
ceive 1 of 4 escalating dose levels of mRNA-1653 (25, 75, 150, or
300 pg) or placebo via intramuscular injection. These 5 partic-
ipants per dose level cohort were randomized in a 4:1 ratio to
receive mRNA-1653 or placebo at day 1 (dose 1) and the
same dose level at month 1 (dose 2; 28 days after dose 1).
Blinded safety reviews were conducted by an internal safety
team at prespecified time points, and favorable outcomes per-
mitted dose continuation within each cohort and dose escala-
tion to the next dose level cohort. Following review of the
dose escalation phase (up to day 35) by the safety monitoring
committee, the 3 highest dose levels with acceptable safety
and reactogenicity profiles were evaluated in the dose selection
phase.

In the dose selection phase, 104 participants were random-
ized (1:1:1:1) to receive 1 of 3 dose levels of mRNA-1653 (75,
150, or 300 pg) or placebo at day 1 (dose 1). At month 1
(dose 2; 28 days after dose 1), participants within each
mRNA-1653 dose level were randomized (1:1) to receive a sec-
ond dose of mRNA-1653 (2-dose mRNA-1653 groups) or pla-
cebo (1-dose mRNA-1653 groups). All participants who
received placebo on day 1 (dose 1) received placebo at month
1 (dose 2). The unblinded safety monitoring committee re-
viewed safety and reactogenicity data at prespecified time
points.

Study Objectives

The primary objective was to evaluate the safety, reactogenicity,
and humoral immunogenicity of mRNA-1653 administered
according to a 1-dose vs 2-dose schedule through 28 days fol-
lowing the last vaccination. An additional primary objective
was to select an optimal dose range and schedule of
mRNA-1653 for further clinical development. Secondary ob-
jectives were to evaluate the safety and humoral immunogeni-
city of a 1-dose vs 2-dose schedule through 12 months
following dose 2.

Participants

Participants included generally healthy males and nonpregnant
females 18-49 years of age with a body mass index (BMI) of
18-35 kg/m”. Full eligibility requirements are described in
the Supplementary Data.

Patient Consent

All patients provided written informed consent before study
procedures. The design of the study, protocol, amendments,
and informed consent form were approved by the investigators’
institutional review boards. The study was conducted accord-
ing to the principles of the International Council for
Harmonisation Good Clinical Practice guidelines. All aspects
of the study were performed in accordance with the ethical
principles originating in the Declaration of Helsinki, the proto-
col, and all national, state, and local laws or regulations.

Vaccine

The mRNA-1653 vaccine is bivalent, containing 2 distinct
nucleoside-modified mRNA sequences encoding the native,
membrane-anchored fusion glycoproteins of hMPV and
PIV3 encapsulated in a lipid nanoparticle, as described previ-
ously [29, 30]. The encoded antigens are not engineered with
prefusion conformation stabilizing mutations, yet cell-based
in vitro expression studies using prefusion-specific monoclonal
antibodies demonstrate that a large portion of the expressed
hMPV and PIV3 fusion proteins are in the prefusion
conformation (data not shown). The sources of the encoded
antigens were the hMPV A strain, TN/92-4, and the PIV3
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strain, PER/FLA4815/2008. LNPs have become a preferred
method for the delivery of mRNAs and typically consist of 4
components: (1) ionizable lipids that promote the assembly
of LNPs into delivery vehicles; (2) phospholipids that form
the lipid bilayer structures in LNPs; (3) polyethylene glycol
(PEG) lipids; and (4) sterols that improve the stability of
mRNA formulations within the LNPs and the LNP vehicle, re-
spectively [21, 31]. The vaccine (25, 75, 150, or 300 pg total
mRNA [1:1 mass ratio of hMPV and PIV3 fusion glycoprotein
mRNA sequences]) or placebo (0.9% sodium chloride) was ad-
ministered as 0.5-mL intramuscular injections into the deltoid
muscle on a 2-dose vaccination schedule at day 1 (preferably
the nondominant arm) and month 1 (either arm).

Safety Assessments

Safety assessments in the dose escalation and dose selection
phases included monitoring and recording of solicited local
and systemic adverse events (AEs), unsolicited AEs, medically
attended AEs (MAEs), serious AEs (SAEs), AEs of special inter-
est (AESIs), clinical laboratory test results, vital sign measure-
ments, and physical examinations. Solicited (local and
systemic) and unsolicited AEs were collected within 7 and 28
days of vaccination, respectively. Reports of MAEs, SAEs, and
AESIs were collected during the entirety of the study (day 1
through month 13). AE intensity was graded according to the
Center for Biologics Evaluation and Research Guidance
Toxicity Grading Scale for Healthy Adult and Adolescent
Volunteers Enrolled in Preventive Vaccine Clinical Trials
[32]. Blood for safety laboratory testing was collected at days
1, 7, and 35 and at months 1 and 2.

Immunogenicity Assessments

Blood for immunogenicity analysis was collected before injec-
tion on day 1 and month 1 and at months 2, 7, and 13.
Assessments of anti-hMPV and anti-PIV3 antibodies were per-
formed using qualified virus neutralization assays (HMPV A
strain NL/1/00, HMPV B strain NL/1/99, and HPIV3 strain
C243), similar to the assessments previously described for
quantification of respiratory syncytial virus serum neutralizing
antibodies [33]. Assay method details are described in the
Supplementary Methods.

Data Analysis
As this is a descriptive study, there was no formal hypothesis
testing or formal statistical comparisons across dose levels
and vaccination schedules. The sample size was based on prac-
tical considerations to provide a sufficient descriptive summary
of the safety and immunogenicity of mRNA-1653. All analyses
were performed using SAS, version 9.4 (SAS Institute, Cary,
NC, USA).

Data from the participants receiving mRNA-1653 in the dose
escalation phase were pooled for analysis with the data from the

participants assigned to the 2-dose schedule of the correspond-
ing dose level in the dose selection phase. Data from placebo re-
cipients across cohorts in the dose escalation phase were pooled
for analysis with the data from placebo recipients in the dose
selection phase. Arms were grouped into the following catego-
ries: placebo, 25-ug mRNA-1653 2-dose, 75 pg-mRNA-1653
2-dose, 75-ug mRNA-1653 1-dose, 150-pg mRNA-1653
2-dose, 150-ug mRNA-1653 1-dose, 300-pg mRNA-1653
2-dose, and 300-pg mRNA-1653 1-dose. Data analysis sets
are defined in the Supplementary Methods.

Geometric mean titers (GMTs) of the serum anti-hMPV and
anti-PIV3 neutralizing antibodies with 95% CIs and geometric
mean ratios (GMRs) of neutralizing antibody titers at each in-
dividual postvaccination time point over baseline with 95% Cls
were tabulated. The 95% CIs of mean difference in natural log-
transformed values were calculated using t-distribution and
back-transformed to the original scale. The percentages of par-
ticipants with a seroresponse (defined as >4x baseline value)
in serum anti-hMPV and anti-PIV3 neutralizing antibody titers
from visit day 1 (baseline) to postvaccination time points were
tabulated with 2-sided 95% Clopper-Pearson Cls.

RESULTS

Participants

A total of 124 participants were enrolled, including 20 partici-
pants in the dose escalation phase and 104 participants in the
dose selection phase (Supplementary Figure 1). All participants
received dose 1, and 120 participants (96.8%) received dose 2. A
total of 120 participants (96.8%) completed the study, 20
(100%) in the dose escalation phase and 100 (96.2%) in the
dose selection phase. Of the 4 participants (3.2%) who discon-
tinued, 2 (1.6%) were lost to follow-up and 2 (1.6%) discontin-
ued for other reasons (1 moved to a new location, and 1 was
unavailable for clinic visits).

Most participants were female (62.9%), White (65.3%), and
not of Hispanic, Latino, or Spanish ethnicity (88.7%), with a
mean age (range) of 36.7 (19-49) years and a mean BMI of
27.3 kg/m2 at baseline (Table 1). Mean baseline values for age
and BMI were generally similar across the mRNA-1653 and
placebo groups.

Concomitant use of medication within 28 days of vaccina-
tion was recorded; analgesic or antipyretic medications were
taken by 35.1% and 18.7% of the mRNA-1653 recipients and
by 3.3% and 0.0% of placebo recipients after the first and second
vaccinations, respectively. No prophylactic use of analgesics or
antipyretics was reported.

Solicited Injection Site Adverse Events

All 124 subjects were included in the solicited safety set and the
overall safety set. The majority of solicited local reactogenicity
events were grades 1 and 2. Injection site pain was the most
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Table 1. Participant Baseline Characteristics (Exposed Set®)
mMRNA-1653
25 ug 75 ug 150 pg 300 ug
All
Placebo 2-Dose 1-Dose 2-Dose 1-Dose 2-Dose 1-Dose 2-Dose  Combined Participants
(n=30° (=4 (=13> (=17° ("=13" (=17° (=13° (=17° (=94° (=124

Age

Mean + SD, y 39.7 + 28.0 + 36.4 + 39.6 + 34.3 + 35.6 + 34.9 + 35.1 + 35.7 + 36.7 +

7.7 9.4 6.2 6.9 9.1 8.0 8.3 9.5 8.2 8.3

Range, y 19-48 20-38 25-45 29-49 20-47 22-48 19-47 19-49 19-49 19-49
Sex, No. (%)°

Male 12 (40.0) 1(25.0) 3(23.1) 4 (23.5) 4(30.8) 7 (41.2) 4(30.8) 11(64.7) 34(36.2) 46 (37.1)

Female 18 (60.0) 3(75.0) 10(76.9) 13 (76.5) 9(69.2) 10 (68.8) 9(69.2) 6 (35.3) 60 (63.8) 78 (62.9)
Race, No. (%)°¢

American Indian or Alaskan Native 1 (3.3) 0 0 0 0 0 0 0 0 1(0.8)

Asian 1(3.3) 0 0 0 0 0 0 0 0 1(0.8)

Black or African American 8(26.7) 2 (50.0) 6 (46.2) 3(17.6) 5 (38.5) 6 (35.3) 2(15.4) 8(47.1) 32 (34.0) 40(32.3)

White 20 (66.7) 2 (50.0) 7 (563.8) 14 (82.4) 8(61.5) 10(58.8) 11(84.6) 9 (52.9) 61(64.9) 81 (65.3)

Multiracial 0 0 0 0 0 1(5.9) 0 0 1(1.1) 1(0.8)
Ethnicity, No. (%)°

Hispanic, Latino, or Spanish 3(10.0) 0 3(23.1) 1(5.9) 2(15.4) 1(5.9) 2(15.4) 2(11.8) 11011.7) 14(11.3)

Not Hispanic, Latino, or Spanish 27 (90.0) 4 (100.0) 10(76.9) 16(94.1) 11(84.6) 16(94.1) 11(84.6) 15(88.2) 83(88.3) 110(88.7)
BMI

Mean + SD, kg/m? 27.0 + 26.4 + 26.8 + 27.7 + 26.2 + 28.1 + 26.9 + 28.5 + 27.4 + 27.3 +

3.9 5.3 83 4.0 5.2 3.8 3.7 4.3 4.1 4.0
Range, kg/m? 20.4-34.7 19.4-325 21.1-32.6 20.5-34.6 185-345 22.7-34.8 20.6-35.0 20.1-34.7 18.5-35.0 18.5-35.0

Abbreviation: BMI, body mass index.
#All participants in the randomized set who received any study vaccination.

®Number of participants randomized and exposed to study vaccination.

°Number of participants in each treatment group who have nonmissing data for the corresponding baseline characteristic.

common solicited local reactogenicity event, reported by 80
(85.1%) and 39 participants (70.9%) in the mRNA-1653 treat-
ment groups after doses 1 and 2 (2-dose groups only), respec-
tively (Figure 1). In the placebo group, 3 (10.7%) and
4 participants (14.8%) reported injection pain after doses 1
and 2, respectively. Rates of injection site pain after dose 1
were lowest after the 25-ug mRNA-1653 dose (3 [75.0%]); how-
ever, a dose-response trend was not observed at the higher dos-
es (75 pg: 26 [86.7%]; 150 pg: 25 [83.3%]; 300 pg: 26 [86.7%]).
A higher percentage of participants reported pain at the injec-
tion site after dose 2 in the 75-, 150-, and 300-ug mRNA-1653
2-dose groups than in the 1-dose groups that received placebo
for the second injection. A lower or similar percentage of par-
ticipants reported grade 3 injection site pain after the second
mRNA-1653 vaccination (2-dose groups only; 3 participants
[5.45%]) compared with the first mRNA-1653 vaccination
(both 1-dose and 2-dose groups; 12 participants [12.8%]). A
grade 3 solicited AE (erythema) was reported by 1 participant
(3.8%) in the placebo group. Grade 3 erythema and swelling
were reported by 1 (1.2%) and 2 participants (2.4%), respective-
ly, in the mRNA-1653 treatment groups after dose 1.

The mean duration ranges for injection site pain, erythema, and
swelling in the mRNA-1653 treatment groups were 2.3-3.4, 0-4.0,

and 0-2.5 days, respectively, after dose 1 and 2.2-3.0, 0-4.0, and
0-3.0 days, respectively, after dose 2 (2-dose groups only). After
dose 2, the mean durations of injection site pain in the
mRNA-1653 2-dose groups were similar to the mRNA-1653
1-dose groups that received placebo for the second injection
(2.2-3.0 vs 1.0-2.8 days, respectively).

Solicited Systemic Adverse Events

Headache, fatigue, and myalgia were the most common solicit-
ed systemic reactogenicity events, reported by 48 (51.6%), 44
(47.8%), and 39 (42.4%) mRNA-1653 recipients after dose 1
and by 23 (41.8%), 20 (36.4%), and 24 (43.6%) mRNA-1653 re-
cipients after dose 2 (2-dose groups only) (Figure 1). After dose
2, a higher percentage of participants reported headache, fa-
tigue, and myalgia in the 75-, 150-, and 300-ug mRNA-1653
2-dose groups compared with the 1-dose groups that received
placebo for the second injection. One participant in the
300-pg mRNA-1653 1-dose group reported a nonurticarial tho-
racic rash beginning 3 days after vaccination that lasted for
2 days; the rash did not recur following dose 2. After dose 2,
the frequency of solicited systemic events generally increased
with dose level in the 2-dose groups.
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Figure 1.  Solicited local and systemic adverse events within 7 days of doses 1 and 2 (first vaccination and second vaccination solicited safety set?). Solicited local (A) and
systemic (B) adverse events presented by grade and treatment group following each dose. Dose 1, n = number of participants in the first vaccination solicited safety set; Dose
2, n = number of participants in the second vaccination solicited safety set. ?All participants in the exposed set with any solicited local or systemic reactogenicity events data
after dose 1 or 2.
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Table 2. Unsolicited Treatment-Related Adverse Events (Exposed Set®)

mMRNA-1653
25 ug 75 ug 150 pg 300 ug
Placebo 2-Dose 1-Dose 2-Dose 1-Dose 2-Dose 1-Dose 2-Dose Combined
(n=30)° (n=4)° (n=13)° (h=17)° (n=13)° (n=17)° (n=13)° (n=17)° (n=94)°
No. (o/o)c

All unsolicited AEs 0 0 0 1(5.9) 1(7.7) 3(17.6) 3(23.1) 3(17.6) 11(11.7)
SAEs 0 0 0 0 0 0 0 0 0
Fatal AEs 0 0 0 0 0 0 0 0 0
AEs leading to withdrawal 0 0 0 0 0 0 0 0 0
AEs grade 3+ 0 0 0 0 0 0 1(7.7) 2(11.8) 3(3.2)
AESIs 0 0 0 0 0 0 0 0 0
MAEs 0 0 0 0 0 0 2(15.4) 3(17.6) 5 (5.3)

Abbreviations: AE, adverse event; AESI, adverse event of special interest; MAE, medically attended adverse event; SAE, serious adverse event.

2All participants in the randomized set who received any study vaccination.
PNumber of participants randomized and exposed to study vaccination.
°Number of participants in each treatment group reporting the event.

The majority of solicited systemic reactogenicity events were
grades 1 and 2. Grade 3 solicited systemic reactogenicity events
were not reported by placebo or 25-ug mRNA-1653 recipients
after dose 1 or 2. Grade 3 fever, headache, fatigue, myalgia, ar-
thralgia, and nausea were reported by 2 (2.1%), 5 (5.4%), 6
(6.5%),7 (7.6%),4 (4.3%), and 2 (2.2%) mRNA-1653 recipients,
respectively, after dose 1 and 1 (1.8%), 2 (3.6%), 2 (3.6%), 2
(3.6%), 1 (1.8%), and 0 (0%) mRNA-1653 recipients, respec-
tively, after dose 2 (Supplementary Table 2).

The mean durations for systemic reactogenicity events in the
mRNA-1653 treatment groups ranged from 1.3 to 2.2 days after
dose 1 and from 0 to 3.0 days after dose 2 (2-dose groups only).
After dose 2, the mRNA-1653 2-dose groups were similar to the
mRNA-1653 1-dose groups that received placebo for the sec-
ond injection in the mean durations of systemic reactogenicity
events (1.0-3.0 vs 1.0-5.5 days, respectively).

Unsolicited Adverse Events

Unsolicited AEs were reported by 48 mRNA-1653 recipients
(51.1%) and 10 placebo recipients (33.3%) (Supplementary
Table 1). The most common unsolicited AEs among
mRNA-1653 recipients were upper respiratory tract infection,
chills, and headache, which were reported by 5 participants
(5.3%) each. One participant (1.1%) reported an SAE (breast
cancer) ~1 month after receiving the mRNA-1653 75-ug
1-dose vaccination; the event was not considered related to
treatment by the investigator. Unsolicited MAEs were
reported by 33 mRNA-1653 recipients (35.1%) and 9 placebo
recipients (30.0%) after vaccination. The most common unso-
licited MAEs reported by mRNA-1653 recipients included
influenza, sinusitis, and nausea (3 participants each). No partic-
ipant withdrew from the study due to an unsolicited AE, and

there were no deaths or AESIs reported. Grade 3 or 4 unsolic-
ited AEs were reported by 6 mRNA-1653 recipients (6.4%;
injection site pain [n = 2], increased AST [n = 1], diverticulitis
[n=1], myalgia [n=1], decreased hemoglobin [n=1], and
prolonged prothrombin time [n = 1], which was the only grade
3 unsolicited AE that was considered treatment related) and 1
placebo recipient (3.3%; grade 3 decreased glucose) after
vaccination.

Treatment-related unsolicited AEs were reported
by 11 participants (11.7%) who received mRNA-1653
(Table 2); no treatment-related unsolicited AEs were report-
ed for participants in the 25-ug mRNA-1653 2-dose and
75-pg mRNA-1653 1-dose groups. Chills were the most com-
mon treatment-related unsolicited AE and were reported by
5 participants (5.3%).

There were no treatment-related, dose-related, or clinically
relevant trends for the hematology, coagulation, or serum
chemistry results. Means above the reference ranges were ob-
served for AST and erythrocyte distribution width; these dis-
crepancies were largely explained by high values for
individual participants. No trends were observed in the changes
from baseline in vital sign measurements. Most vital sign mea-
surement results were grade 0; there were no reports of toxicity
higher than grade 2 for any vital sign measurement. Physical
examination analyses were not performed.

Human Metapneumovirus and Parainfluenza Virus 3 Serum Neutralization
hMPV and PIV3 neutralizing antibody titers were present at
baseline (day 1) in all participants; baseline GMTSs were similar
across treatment groups (Figure 2).

After dose 1, mRNA-1653 increased neutralizing antibody
titers against hAMPV-A, hMPV-B, and PIV3 for all dose levels
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Figure 2. GMRs and GMTs of serum neutralizing antibodies by dose level® at baseline and month 1 for (A) hMPV-A, (B) hMPV-B, and (C) PIV3 (per-protocol immunogenicity
set®). ®Data are combined for the 1-dose and 2-dose mRNA-1653 groups at the 75-, 150-, and 300-pg dose levels. PAll evaluable participants from the full analysis set who
met all eligibility criteria, received study vaccination per protocol, did not receive a concomitant medication or vaccine leading to exclusion from analysis, did not present with
a medical condition that might impact immunogenicity assessment, complied with the vaccination schedule and timing of the postvaccination blood sampling, and had
>1 assay component for immune response evaluation at the respective time point (visit month 1). Abbreviations: BL, baseline; GMR, geometric mean ratio; GMT, geometric
mean titer; hMPV, human metapneumovirus; PIV3, human parainfluenza virus type 3.
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Figure 3. GMTs of serum neutralizing antibodies by vaccination group at baseline and months 1, 2, 7, and 13 for (A) hMPV-A, (B) hMPV-B, and (C) PIV3 (per-protocol
immunogenicity set?). °All evaluable participants from the full analysis set who met all eligibility criteria, received study vaccination per protocol, did not receive a concom-
itant medication or vaccine leading to exclusion from analysis, did not present with a medical condition that might impact immunogenicity assessment, complied with the
vaccination schedule and timing of the postvaccination blood sampling, and had >1 assay component for immune response evaluation at the respective time point (visit
month 1, 2, 7, or 13). Abbreviations: BL, baseline; GMT, geometric mean titer; hMPV, human metapneumovirus; PIV3, human parainfluenza virus type 3.

(25, 75, 150, and 300 pg), and although formal statistical com-
parisons were not conducted, no notable increase was observed
in titers with escalating dose levels (Figure 2). The GMRs (post-
baseline/baseline titers) for the combined mRNA-1653 groups
at month 1 were 6.04, 6.33, and 3.24 for hMPV-A, hMPV-B,
and PIV3, respectively. The seroresponses (defined as >4x
baseline value) for the combined mRNA-1653 groups were
60.2%, 68.2%, and 39.8% for hMPV-A, hMPV-B, and PIV3, re-
spectively. An exploratory analysis showed an inverse relation-
ship between baseline neutralizing antibody titer and the

response to the first mRNA-1653 vaccination (month 1/day 1
titer ratio) (Supplementary Figure 2).

Dose 2 (month 1) had little observable impact on the hMPV
and PIV3 neutralizing antibody titers when measured at month
2 (Figure 3). At month 7, the GMTs for all mRNA-1653 dose
levels remained above baseline. At month 13, the GMTs for
all mRNA-1653 dose levels remained above baseline for
hMPV-A and hMPV-B and returned approximately to
baseline for PIV3. Across the mRNA-1653 vaccination
groups, the month 7 GMR ranges were 1.82-5.54 for
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hMPV-A, 2.08-6.22 for hMPV-B, and 1.26-3.52 for PIV3
(Supplementary Table 3); the month 13 GMR ranges were
1.21-3.88 for hMPV-A, 1.76-5.38 for hMPV-B, and 0.73-
1.65 for PIV3.

DISCUSSION

This first-in-human study of mRNA-1653 in healthy adult par-
ticipants indicated that mRNA-1653 administered intramuscu-
larly had an acceptable safety profile and was well tolerated at
the 25-, 75-, 150-, and 300-pg dose levels, with no increase in
the overall number or severity of adverse events after dose 2.
A single dose of mRNA-1653 increased serum neutralization ti-
ters against h(MPV-A, hMPV-B, and PIV3 ~1 month after vac-
cination. While formal statistical analyses were not conducted,
increases in serum neutralization titers appeared similar across
dose levels. Furthermore, a second dose of mRNA-1653 had lit-
tle observable impact on the magnitude of hMPV or PIV3 neu-
tralization titers measured ~1 month after dose 2 compared
with 1 month after dose 1. While the hMPV neutralizing anti-
body titers remained above baseline at all mRNA-1653 dose
levels through month 13, PIV3 neutralizing antibody titers
were above baseline through month 7 and returned to baseline
at month 13.

Neutralizing antibodies against hMPV-A, hMPV-B, and
PIV3 were present at baseline in all participants, indicating pre-
vious exposure to both viruses. Most individuals are initially in-
fected with hMPV and PIV3 in early childhood, with 100%
seroprevalence of hMPV antibodies in older children through
the elderly [34, 35]. Reinfection in young and elderly adults is
well documented [13, 14, 35].

An increase in serum neutralizing antibody titers was not ob-
served across escalating dose levels following 1 or 2 doses of
mRNA-1653, suggesting that a low dose is sufficient to induce
the maximum increase in neutralizing antibody titers observed.
Results from this trial indicate the potential for mRNA-1653 to
induce humoral immune responses against hMPV and PIV3 in
a previously exposed population.

The safety and immunogenicity results of this phase 1 trial
informed the dose selection of mMRNA-1653 for further clinical
development. A phase 1b trial in healthy adults aged 18-49
years and children aged 12-59 months with serologic evidence
of prior hMPV and PIV3 exposure is expected to provide
additional safety and immunogenicity data for mRNA-1653
(NCT04144348).

mRNA-1653 is the first combination mRNA-based vaccine
evaluated clinically for h(MPV and PIV3 and the only vaccine
against hAMPV and PIV3 that has successfully demonstrated a
boost in neutralizing antibody titers to both viruses.
Differences in the potency of neutralizing antibodies elicited
by prefusion and postfusion stabilized hMPV F and PIV3 F
have been observed [36-38]. As such, engineering of the

mRNA constructs to exclusively encode prefusion stabilized
hMPV F and PIV3 F may further boost neutralizing antibody
titers and serves as a potential avenue for future optimization
of the mRNA-1653 vaccine. Importantly, this is the first clinical
report of an mRNA vaccine simultaneously targeting >2 path-
ogens by combining multiple mRNAs in a single injection. This
approach is novel, cost-effective, and may improve vaccination
uptake due to fewer injections and easier integration into exist-
ing vaccination schedules [39].

The limitations of this study include the small number of
participants enrolled. mRNA-1653 was evaluated in a healthy
adult population aged 18-49 years, potentially limiting the gen-
eralizability of the results to children and older adults; despite
the absence of an increase in titers with escalating dose levels
in the adult naturally primed population, the selected dose
children and the
Additionally, the overall trial population was predominantly fe-

may not be optimal for elderly.
male and White non-Hispanic, and the 300-pg 2-dose group
was predominantly male, limiting the generalizability of these
results to the US population. The relevance to both seropositive
and seronegative children is yet to be demonstrated, and a
1-dose series may be insufficient for the latter. Protective anti-
body levels for both hMPV and PIV3 are unknown; therefore,
the clinical significance of increased neutralizing antibody titers
requires further evaluation. As no formal statistical inferences
were made regarding immunogenicity across dose levels and
vaccine schedules, these comparisons are observational. A
study strength is the randomized, observer-blind, placebo-
controlled design and the robust assay performance that al-
lowed observance of clear immunogenicity results.

Overall, this study indicated that mRNA-1653 increased
hMPV and PIV3 neutralization titers in healthy adults aged
18-49 years and was well tolerated, with an acceptable safety
profile. These findings support the continued clinical develop-
ment of mRNA-1653 for the prevention of respiratory illness
associated with hMPV and PIV3 infections.
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