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A BS T R AC T
BACKGROUND

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late
2019 and spread globally, prompting an international effort to accelerate development
of a vaccine. The candidate vaccine mRNA-1273 encodes the stabilized prefusion
SARS-CoV-2 spike protein.
METHODS

We conducted a phase 1, dose-escalation, open-label trial including 45 healthy adults,
18 to 55 years of age, who received two vaccinations, 28 days apart, with mRNA-1273
in a dose of 25 μg, 100 μg, or 250 μg. There were 15 participants in each dose group.

The authors’ full names, academic degrees, and affiliations are listed in the Appendix. Address reprint requests to Dr.
Jackson at Kaiser Permanente Washington Health Research Institute, 1730 Minor Ave., Suite 1600, Seattle, WA 98101,
or at lisa.a.jackson@kp.org.
*The mRNA-1273 Study Group members
are listed in the Supplementary Appendix, available at NEJM.org.
Drs. Graham and Beigel contributed equally to this article.

RESULTS

After the first vaccination, antibody responses were higher with higher dose (day
29 enzyme-linked immunosorbent assay anti–S-2P antibody geometric mean titer
[GMT], 40,227 in the 25-μg group, 109,209 in the 100-μg group, and 213,526 in
the 250-μg group). After the second vaccination, the titers increased (day 57 GMT,
299,751, 782,719, and 1,192,154, respectively). After the second vaccination, serumneutralizing activity was detected by two methods in all participants evaluated,
with values generally similar to those in the upper half of the distribution of a
panel of control convalescent serum specimens. Solicited adverse events that occurred in more than half the participants included fatigue, chills, headache, myalgia,
and pain at the injection site. Systemic adverse events were more common after
the second vaccination, particularly with the highest dose, and three participants
(21%) in the 250-μg dose group reported one or more severe adverse events.

This article was published on July 14, 2020,
at NEJM.org.
DOI: 10.1056/NEJMoa2022483
Copyright © 2020 Massachusetts Medical Society.

CONCLUSIONS

The mRNA-1273 vaccine induced anti–SARS-CoV-2 immune responses in all participants, and no trial-limiting safety concerns were identified. These findings
support further development of this vaccine. (Funded by the National Institute of
Allergy and Infectious Diseases and others; mRNA-1273 ClinicalTrials.gov number, NCT04283461).
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independent safety monitoring committee. All
participants provided written informed consent
before enrollment. The trial was conducted under
an Investigational New Drug application submitted to the Food and Drug Administration. The
vaccine was codeveloped by researchers at the
National Institute of Allergy and Infectious Diseases (NIAID, the trial sponsor) and at Moderna
(Cambridge, MA). Moderna was involved in discussions of the trial design, provided the vaccine
candidate, and, as part of the writing group, contributed to drafting the manuscript. The Emmes
Company, as a subcontractor to the NIAID, served
as the statistical and data coordinating center,
developed the statistical analysis plan, and performed the analyses. The manuscript was written
entirely by the authors, with the first author as
the overall lead author, the fourth author as the
lead NIAID author, and the last two authors as
senior authors (details are provided in the Supplementary Appendix, available at NEJM.org). The
authors had full access to the data reports, which
were prepared from the raw data by the statistical
Me thods
and data coordinating center, and vouch for the
Trial Design and Participants
completeness and accuracy of the data and for
We conducted a phase 1, dose-escalation, open- the fidelity of the trial to the protocol.
label clinical trial designed to determine the safety,
reactogenicity, and immunogenicity of mRNA- Vaccine
1273. Eligible participants were healthy adults The mRNA-1273 vaccine candidate, manufactured
18 to 55 years of age who received two injections by Moderna, encodes the S-2P antigen, consistof trial vaccine 28 days apart at a dose of 25 μg, ing of the SARS-CoV-2 glycoprotein with a trans100 μg, or 250 μg. On the basis of the results membrane anchor and an intact S1–S2 cleavage
obtained in patients at these dose levels, addi- site. S-2P is stabilized in its prefusion conformational groups were added to the protocol; those tion by two consecutive proline substitutions at
results will be reported in a subsequent publica- amino acid positions 986 and 987, at the top of
tion. Participants were not screened for SARS- the central helix in the S2 subunit.8 The lipid
CoV-2 infection by serology or polymerase chain nanoparticle capsule composed of four lipids was
reaction before enrollment. The trial was con- formulated in a fixed ratio of mRNA and lipid.
ducted at the Kaiser Permanente Washington The mRNA-1273 vaccine was provided as a sterile
Health Research Institute in Seattle and at the liquid for injection at a concentration of 0.5 mg
Emory University School of Medicine in Atlanta. per milliliter. Normal saline was used as a diluThe protocol, available with the full text of this ent to prepare the doses administered.
article at NEJM.org, permitted interim analyses
to inform decisions regarding vaccine strategy Trial Procedures
and public health; this interim analysis reports The vaccine was administered as a 0.5-ml injecfindings through day 57. Full details of the trial tion in the deltoid muscle on days 1 and 29;
design, conduct, oversight, and analyses can be follow-up visits were scheduled for 7 and 14 days
found in the protocol and statistical analysis after each vaccination and on days 57, 119, 209,
plan (available at NEJM.org).
and 394. The dose-escalation plan specified enThe trial was reviewed and approved by the rollment of four sentinel participants in the 25-μg
Advarra institutional review board, which func- group, followed by four sentinel participants in
tioned as a single board and was overseen by an the 100-μg group, followed by full enrollment of

he severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged
in December 2019 and spread globally,
causing a pandemic of respiratory illness designated coronavirus disease 2019 (Covid-19).1 The
urgent need for vaccines prompted an international response, with more than 120 candidate
SARS-CoV-2 vaccines in development within the
first 5 months of 2020.2 The candidate vaccine
mRNA-1273 is a lipid nanoparticle–encapsulated,
nucleoside-modified messenger RNA (mRNA)–
based vaccine that encodes the SARS-CoV-2 spike
(S) glycoprotein stabilized in its prefusion conformation. The S glycoprotein mediates host cell
attachment and is required for viral entry3; it is
the primary vaccine target for many candidate
SARS-CoV-2 vaccines.4-7
We conducted a first-in-human phase 1 clinical trial in healthy adults to evaluate the safety
and immunogenicity of mRNA-1273. Here we report interim results of the trial.
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those two dose groups. If no halting rules were
met after all participants in those two dose groups
completed day 8, four sentinel participants in the
250-μg group were enrolled, followed by the remainder of that dose group.
Participants recorded local and systemic reactions, using a memory aid, for 7 days after each
vaccination. Participants were not instructed to
routinely use acetaminophen or other analgesics
or antipyretics before or after the vaccinations
but were asked to record any new medications
taken. Adverse events were graded according to
a standard toxicity grading scale (Table S1 in the
Supplementary Appendix).9

Statistical Analysis

Results of immunogenicity testing of the 45 enrolled participants excluded findings for day 36,
day 43, and day 57 for 3 participants who did not
receive the second vaccination and for time points
at which specimens were not collected (in the
100-μg group: 1 participant at day 43 and day 57;
in the 250-μg group: 1 participant at day 29 and
1 at day 57). Confidence intervals of the geometric means were calculated with the Student’s
t distribution on log-transformed data. Seroconversion as measured by ELISA was defined as an
increase by a factor of 4 or more in antibody titer
over baseline.

Assessment of SARS-CoV-2 Binding Antibody
and Neutralizing Responses

Binding antibody responses against S-2P and the
isolated receptor-binding domain, located in the
S1 subunit, were assessed by enzyme-linked immunosorbent assay (ELISA). Vaccine-induced neutralizing activity was assessed by a pseudotyped
lentivirus reporter single-round-of-infection neutralization assay (PsVNA) and by live wild-type
SARS-CoV-2 plaque-reduction neutralization testing (PRNT) assay. ELISA and PsVNA were performed on specimens collected from all participants on days 1, 15, 29, 36, 43, and 57. Because
of the time-intensive nature of the PRNT assay,
for this report of the interim analysis, results
were available only for the day 1 and day 43 time
points in the 25-μg and 100-μg dose groups.
For comparison of the participants’ immune
responses with those induced by SARS-CoV-2
infection, 41 convalescent serum specimens were
also tested. The assays were performed at the
NIAID Vaccine Research Center (ELISA and
PsVNA) and the Vanderbilt University Medical
Center (PRNT).
Assessment of SARS-CoV-2 T-Cell Responses

T-cell responses against the spike protein were
assessed by an intracellular cytokine–staining
assay, performed on specimens collected at days
1, 29, and 43. For this report of the interim
analysis, results were available only for the 25-μg
and 100-μg dose groups. These assays were performed at the NIAID Vaccine Research Center.
(See the Supplementary Appendix for details of
all assay methods and for characteristics of the
convalescent serum specimens.)

R e sult s
Trial Population

The 45 enrolled participants received their first
vaccination between March 16 and April 14, 2020
(Fig. S1). Three participants did not receive the
second vaccination, including one in the 25-μg
group who had urticaria on both legs, with onset
5 days after the first vaccination, and two (one in
the 25-μg group and one in the 250-μg group)
who missed the second vaccination window owing to isolation for suspected Covid-19 while the
test results, ultimately negative, were pending.
All continued to attend scheduled trial visits. The
demographic characteristics of participants at
enrollment are provided in Table 1.
Vaccine Safety

No serious adverse events were noted, and no
prespecified trial halting rules were met. As noted above, one participant in the 25-μg group was
withdrawn because of an unsolicited adverse
event, transient urticaria, judged to be related to
the first vaccination.
After the first vaccination, solicited systemic
adverse events were reported by 5 participants
(33%) in the 25-μg group, 10 (67%) in the 100-μg
group, and 8 (53%) in the 250-μg group; all were
mild or moderate in severity (Fig. 1 and Table S2).
Solicited systemic adverse events were more common after the second vaccination and occurred in
7 of 13 participants (54%) in the 25-μg group, all
15 in the 100-μg group, and all 14 in the 250-μg
group, with 3 of those participants (21%) reporting one or more severe events.
None of the participants had fever after the
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Table 1. Characteristics of the Participants in the mRNA-1273 Trial at Enrollment.*
Characteristic

25-μg Group
(N=15)

100-μg Group
(N=15)

250-μg Group
(N=15)

Overall
(N=45)

9 (60)

7 (47)

6 (40)

22 (49)

Sex — no. (%)
Male
Female

6 (40)

8 (53)

9 (60)

23 (51)

36.7±7.9

31.3±8.7

31.0±8.0

33.0±8.5

American Indian or Alaska Native

0

1 (7)

0

1 (2)

Asian

0

0

1 (7)

1 (2)

Black

0

2 (13)

0

2 (4)

White

15 (100)

11 (73)

14 (93)

40 (89)

0

1 (7)

0

1 (2)

1 (7)

3 (20)

2 (13)‡

6 (13)

24.6±3.4

26.7±2.6

24.7±3.1

25.3±3.2

Age — yr
Race or ethnic group — no. (%)†

Unknown
Hispanic or Latino — no. (%)
Body-mass index§

*	Plus–minus values are means ±SD.
†	Race or ethnic group was reported by the participants.
‡	One participant did not report ethnic group.
§	The body-mass index is the weight in kilograms divided by the square of the height in meters. This calculation was
based on the weight and height measured at the time of screening.

first vaccination. After the second vaccination,
no participants in the 25-μg group, 6 (40%) in the
100-μg group, and 8 (57%) in the 250-μg group
reported fever; one of the events (maximum temperature, 39.6°C) in the 250-μg group was graded
severe. (Additional details regarding adverse events
for that participant are provided in the Supplementary Appendix.)
Local adverse events, when present, were nearly all mild or moderate, and pain at the injection
site was common. Across both vaccinations, solicited systemic and local adverse events that
occurred in more than half the participants included fatigue, chills, headache, myalgia, and pain
at the injection site. Evaluation of safety clinical
laboratory values of grade 2 or higher and unsolicited adverse events revealed no patterns of concern (Supplementary Appendix and Table S3).
SARS-CoV-2 Binding Antibody Responses

Binding antibody IgG geometric mean titers
(GMTs) to S-2P increased rapidly after the first vaccination, with seroconversion in all participants by
day 15 (Table 2 and Fig. 2A). Dose-dependent responses to the first and second vaccinations
were evident. Receptor-binding domain–specific
antibody responses were similar in pattern and
magnitude (Fig. 2B). For both assays, the medi4

an magnitude of antibody responses after the
first vaccination in the 100-μg and 250-μg dose
groups was similar to the median magnitude in
convalescent serum specimens, and in all dose
groups the median magnitude after the second
vaccination was in the upper quartile of values in
the convalescent serum specimens. The S-2P
ELISA GMTs at day 57 (299,751 [95% confidence
interval {CI}, 206,071 to 436,020] in the 25-μg
group, 782,719 [95% CI, 619,310 to 989,244] in
the 100-μg group, and 1,192,154 [95% CI,
924,878 to 1,536,669] in the 250-μg group) exceeded that in the convalescent serum specimens
(142,140 [95% CI, 81,543 to 247,768]).
SARS-CoV-2 Neutralization Responses

No participant had detectable PsVNA responses
before vaccination. After the first vaccination,
PsVNA responses were detected in less than half
the participants, and a dose effect was seen
(50% inhibitory dilution [ID50]: Fig. 2C, Fig. S8,
and Table 2; 80% inhibitory dilution [ID80]: Fig.
S2 and Table S6). However, after the second vaccination, PsVNA responses were identified in
serum samples from all participants. The lowest
responses were in the 25-μg dose group, with a
geometric mean ID50 of 112.3 (95% CI, 71.2 to
177.1) at day 43; the higher responses in the
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Mild

Symptom

Dose Group

Any systemic symptom

Moderate

Severe

Vaccination 1

Vaccination 2

25 µg
100 µg
250 µg
25 µg —

Arthralgia

100 µg
250 µg
25 µg

Fatigue

100 µg
250 µg
—

25 µg —

Fever

100 µg —
250 µg —
25 µg —

Chills

100 µg
250 µg
Headache

25 µg
100 µg
250 µg
25 µg

Myalgia

100 µg
250 µg
Nausea

—

25 µg
100 µg —
250 µg

Any local symptom

25 µg
100 µg
250 µg

Size of erythema or redness

—

25 µg —
100 µg
250 µg

Size of induration or swelling

—

25 µg —
100 µg
250 µg

Pain

25 µg
100 µg
250 µg
0

20

40

60

80

100

0

20

40

60

80

100

Percentage of Participants

Figure 1. Systemic and Local Adverse Events.
The severity of solicited adverse events was graded as mild, moderate, or severe (see Table S1).

100-μg and 250-μg groups were similar in magnitude (geometric mean ID50, 343.8 [95% CI,
261.2 to 452.7] and 332.2 [95% CI, 266.3 to 414.5],
respectively, at day 43). These responses were
similar to values in the upper half of the distribution of values for convalescent serum specimens.
Before vaccination, no participant had detectable 80% live-virus neutralization at the highest
n engl j med

serum concentration tested (1:8 dilution) in the
PRNT assay. At day 43, wild-type virus–neutralizing activity capable of reducing SARS-CoV-2 infectivity by 80% or more (PRNT80) was detected
in all participants, with geometric mean PRNT80
responses of 339.7 (95% CI, 184.0 to 627.1) in
the 25-μg group and 654.3 (95% CI, 460.1 to
930.5) in the 100-μg group (Fig. 2D). Neutralizing
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Day 57

183,652
(122,763–274,741)

233,264
(164,756–330,259)

208,652
(142,803–304,864)

18,149
(11,091–29699)

6567
(3651–11,812)

55
(44–70)

14

14

15

15

15

15

14

14

15

15

15

15

no.

371,271
(266,721–516,804)

558,905
(462,907–674,810)

499,539
(400,950–622,369)

93,231
(59,895–145,123)

34,073
(21,688–53,531)

166
(82–337)

782,719
(619,310–989,244)

811,119
(656,336–1,002,404)

781,399
(606,247–1,007,156)

109,209
(79,050–150,874)

86,291
(56,403–132,016)

131
(65–266)

GMT (95% CI)

100-μg Group

13

14

14

14

15

15

13

14

14

14

15

15

no.

582,259
(404,019–839,134)

644,395
(495,808–837,510)

720,907
(591,860–878,090)

120,088
(71,013–203,077)

87,480
(51,868–147,544)

576
(349–949)

1,192,154
(924,878–1,536,669)

994,629
(806,189–1,227,115)

1,261,975
(973,972–1,635,140)

213,526
(128,832–353,896)

163,449
(102,155–261,520)

178
(81–392)

GMT (95% CI)

250-μg Group

37,857
(19,528–73,391)

142,140
(81,543–247,768)

38

38

GMT (95% CI)

no.

Convalescent Serum

of

Day 1

299,751
(206,071–436,020)

379,764
(281,597–512,152)

391,018
(267,402–571,780)

40,227
(29,094–55,621)

32,261
(18,723–55,587)

116
(72–187)

GMT (95% CI)

25-μg Group

n e w e ng l a n d j o u r na l

ELISA anti–receptor-binding
domain

15

no.

Day 1

ELISA anti–S-2P

Time Point

Table 2. Geometric Mean Humoral Immunogenicity Assay Responses to mRNA-1273 in Participants and in Convalescent Serum Specimens.*
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15
15
13
13
13

Day 15†

Day 29

Day 36

Day 43

Day 57

13

Day 43

339.7
(184.0–627.1)

4

80.7
(51.0–127.6)

112.3
(71.2–177.1)

105.8
(69.8–160.4)

11.7
(9.7–14.1)

14.5
(9.8–21.4)

10

GMR (95% CI)

GMT (95% CI)

25-μg Group

14

15

14

14

15

15

15

15

no.

654.3
(460.1–930.5)

4

231.8
(163.2–329.3)

343.8
(261.2–452.7)

256.3
(182.0–361.1)

18.2
(12.1–27.4)

23.7
(13.3–42.3)

10

GMR (95% CI)

GMT (95% CI)

100-μg Group

14

14

14

14

15

15

no.

NA

NA

270.2
(221.0–330.3)

332.2
(266.3–414.5)

373.5
(308.6–452.2)

20.7
(13.3–32.2)

26.1
(14.1–48.3)

10

GMR (95% CI)

GMT (95% CI)

250-μg Group

3

38

no.

158.3
(15.1–1663.0)

109.2
(59.6–199.9)

GMR (95% CI)

GMT (95% CI)

Convalescent Serum

*	ELISA denotes enzyme-linked immunosorbent assay, GMT geometric mean titer, GMR geometric mean response, ID50 50% inhibitory dilution, NA not available, PRNT80 plaque-reduction neutralization testing assay that shows reduction in SARS-CoV-2 infectivity by 80% or more, and PsVNA pseudotyped lentivirus reporter neutralization assay.
†	Seroconversion occurred in all participants at day 15.
‡	Samples that did not neutralize at the 50% level are expressed as less than 20 and plotted at half that dilution (i.e., 10).
§	All day 1 specimens exhibited less than 80% inhibitory activity at the lowest dilution tested (1:8) and were assigned a titer of 4.

15

Day 1§

Live virus PRNT80

15

no.

Day 1

PsVNA ID50‡

Time Point
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Figure 2 (facing page). SARS-CoV-2 Antibody
and Neutralization Responses.
Shown are geometric mean reciprocal end-point enzyme-linked immunosorbent assay (ELISA) IgG titers to
S-2P (Panel A) and receptor-binding domain (Panel B),
PsVNA ID50 responses (Panel C), and live virus
PRNT80 responses (Panel D). In Panel A and Panel B,
boxes and horizontal bars denote interquartile range
(IQR) and median area under the curve (AUC), respectively. Whisker endpoints are equal to the maximum and minimum values below or above the median ±1.5 times the IQR. The convalescent serum
panel includes specimens from 41 participants; red
dots indicate the 3 specimens that were also tested
in the PRNT assay. The other 38 specimens were
used to calculate summary statistics for the box plot
in the convalescent serum panel. In Panel C, boxes
and horizontal bars denote IQR and median ID50 , respectively. Whisker end points are equal to the maximum and minimum values below or above the median ±1.5 times the IQR. In the convalescent serum
panel, red dots indicate the 3 specimens that were
also tested in the PRNT assay. The other 38 specimens were used to calculate summary statistics for
the box plot in the convalescent panel. In Panel D,
boxes and horizontal bars denote IQR and median
PRNT80 , respectively. Whisker end points are equal
to the maximum and minimum values below or
above the median ±1.5 times the IQR. The three convalescent serum specimens were also tested in ELISA
and PsVNA assays. Because of the time-intensive nature of the PRNT assay, for this preliminary report,
PRNT results were available only for the 25-μg and
100-μg dose groups.

PRNT80 average responses were generally at or
above the values of the three convalescent serum
specimens tested in this assay. Good agreement
was noted within and between the values from
binding assays for S-2P and receptor-binding domain and neutralizing activity measured by PsVNA
and PRNT (Figs. S3 through S7), which provides
orthogonal support for each assay in characterizing the humoral response induced by mRNA-1273.
SARS-CoV-2 T-Cell Responses

The 25-μg and 100-μg doses elicited CD4 T-cell
responses (Figs. S9 and S10) that on stimulation
by S-specific peptide pools were strongly biased
toward expression of Th1 cytokines (tumor necrosis factor α > interleukin 2 > interferon γ), with
minimal type 2 helper T-cell (Th2) cytokine expression (interleukin 4 and interleukin 13). CD8
T-cell responses to S-2P were detected at low levels after the second vaccination in the 100-μg dose
group (Fig. S11).

Discussion
We report interim findings from this phase 1
clinical trial of the mRNA-1273 SARS-CoV-2 vaccine encoding a stabilized prefusion spike trimer,
S-2P. Experience with the mRNA platform for
other candidate vaccines and rapid manufacturing allowed the deployment of a first-in-human
clinical vaccine candidate in record time. Product development processes that normally require
years10 were finished in about 2 months. Vaccine
development was initiated after the SARS-CoV-2
genome was posted on January 10, 2020; manufacture and delivery of clinical trials material
was completed within 45 days, and the first trial
participants were vaccinated on March 16, 2020,
just 66 days after the genomic sequence of the
virus was posted. The accelerated timeline generated key interim data necessary to launch advanced large-scale clinical trials within 6 months
after initial awareness of a new pandemic threat.
The two-dose vaccine series was generally
without serious toxicity; systemic adverse events
after the first vaccination, when reported, were
all graded mild or moderate. Greater reactogenicity followed the second vaccination, particularly in the 250-μg group. Across the three dose
groups, local injection-site reactions were primarily mild. This descriptive safety profile is similar
to that described in a report of two trials of avian
influenza mRNA vaccines (influenza A/H10N8
and influenza A/H7N9) that were manufactured
by Moderna with the use of an earlier lipid
nanoparticle capsule formulation11 and is consistent with an interim report of a phase 1–2 evaluation of a Covid-19 mRNA vaccine encoding the
S receptor-binding domain.6 Those studies showed
that solicited systemic adverse events tended to
be more frequent and more severe with higher
doses and after the second vaccination.
The mRNA-1273 vaccine was immunogenic,
inducing robust binding antibody responses to
both full-length S-2P and receptor-binding domain in all participants after the first vaccination
in a time- and dose-dependent fashion. Commensurately high neutralizing antibody responses
were also elicited in a dose-dependent fashion.
Seroconversion was rapid for binding antibodies,
occurring within 2 weeks after the first vaccination, but pseudovirus neutralizing activity was low
before the second vaccination, which supports
the need for a two-dose vaccination schedule. It
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is important to note that both binding and neutralizing antibody titers induced by the two-dose
schedule were similar to those found in convalescent serum specimens. However, interpretation
of the significance of those comparisons must
account for the variability in Covid-19 convalescent antibody titers according to factors such as
patient age, disease severity, and time since disease onset and for the number of samples in the
panel.12,13
Though correlates of protection from SARSCoV-2 infection have not yet been determined,
measurement of serum neutralizing activity has
been shown to be a mechanistic correlate of
protection for other respiratory viruses, such as
influenza14 and respiratory syncytial virus,15 and
is generally accepted as a functional biomarker
of the in vivo humoral response.16 In rhesus macaques given DNA vaccine candidates expressing
different forms of the SARS-CoV-2 spike protein,
post-vaccination neutralizing antibody titers were
correlated with protection against SARS-CoV-2
challenge.17 Humoral and cell-mediated immune
responses have been associated with vaccineinduced protection against challenge18 or subsequent rechallenge after SARS-CoV-2 infection in
a rhesus macaque model.19 We found strong correlations between the binding and neutralization
assays and between the live virus and pseudovirus neutralization assays. The latter finding suggests that the pseudovirus neutralization assay,
performed under biosafety level 2 containment,
may, when validated, serve as a relevant surrogate
for live virus neutralization, which requires biosafety level 3 containment. In humans, phase 3
efficacy trials will allow assessment of the correlation of vaccine-induced immune responses
with clinical protection.
In this interim report of follow-up of participants through day 57, we were not able to assess
the durability of the immune responses; however, participants will be followed for 1 year after
the second vaccination with scheduled blood
collections throughout that period to characterize the humoral and cellular immunologic responses. This longitudinal assessment is relevant
given that natural history studies suggest that
SARS-CoV and MERS-CoV (Middle East respiratory syndrome coronavirus) infections, particularly mild illnesses, may not generate long-lived
antibody responses.20-22
The rapid and robust immunogenicity profile
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of the mRNA-1273 vaccine most likely results
from an innovative structure-based vaccine antigen design,23 coupled with a potent lipid-nanoparticle delivery system, and the use of modified
nucleotides that avoid early intracellular activation of interferon-associated genes. These features of the mRNA composition and formulation
have been associated with prolonged protein expression, induction of antigen-specific T-follicular helper cells, and activation of germinal center B cells.24 Stabilizing coronavirus spike proteins
by substituting two prolines at the top of heptad
repeat 1 prevents structural rearrangements of
the fusion (S2) subunit. This has enabled the
determination of atomic-level structure for the
prefusion conformation of spike from both endemic and pandemic strains, including HKU1,25
SARS-CoV,26 and MERS-CoV.27 Moreover, S-2P
conformational stability translates into greater
immunogenicity,27-29 based on preservation of
neutralization-sensitive epitopes at the apex of
the prefusion molecule, as shown for respiratory
syncytial virus F glycoprotein,30 and improved
protein expression,27 which is particularly advantageous for gene-based antigen delivery. Thus,
presentation of the naturally folded prefusion
conformation of the S glycoprotein to the immune system from an mRNA template enables
efficient within-host antigen production and
promotes both high-quality and high-magnitude
antibody responses to SARS-CoV-2.
Previous experience with veterinary coronavirus vaccines and animal models of SARS-CoV
and MERS-CoV infection have raised safety concerns about the potential for vaccine-associated
enhanced respiratory disease. These events were
associated either with macrophage-tropic coronaviruses susceptible to antibody-dependent enhancement of replication or with vaccine antigens
that induced antibodies with poor neutralizing
activity and Th2-biased responses.31 Reducing
the risk of vaccine-associated enhanced respiratory disease or antibody-dependent enhancement
of replication involves induction of high-quality
functional antibody responses and Th1-biased
T-cell responses. Studies of mRNA-1273 in mice
show that the structurally defined spike antigen
induces robust neutralizing activity and that the
gene-based delivery promotes Th1-biased responses, including CD8 T cells that protect against
virus replication in lung and nose without evidence of immunopathology.32 It is important to
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note that mRNA-1273 also induces Th1-biased
CD4 T-cell responses in humans. Additional testing in animals and ongoing T-cell analysis of
clinical specimens will continue to define the
safety profile of mRNA-1273.
These safety and immunogenicity findings
support advancement of the mRNA-1273 vaccine
to later-stage clinical trials. Of the three doses
evaluated, the 100-μg dose elicits high neutralization responses and Th1-skewed CD4 T cell
responses, coupled with a reactogenicity profile
that is more favorable than that of the higher
dose. A phase 2 trial of mRNA-1273 in 600
healthy adults, evaluating doses of 50 μg and
100 μg, is ongoing (ClinicalTrials.gov number,
NCT04405076). A large phase 3 efficacy trial,
expected to evaluate a 100-μg dose, is anticipated
to begin during the summer of 2020.
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