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ABSTRACT

BACKGROUND

Coronavirus-like particles (CoVLP) that are produced in plants and display the
prefusion spike glycoprotein of the original strain of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are combined with an adjuvant (Adjuvant System 03
[AS03]) to form the candidate vaccine.

METHODS

In this phase 3, multinational, randomized, placebo-controlled trial conducted at
85 centers, we assigned adults (218 years of age) in a 1:1 ratio to receive two in-
tramuscular injections of the CoVLP+AS03 vaccine or placebo 21 days apart. The
primary objective of the trial was to determine the efficacy of the CoVLP+AS03
vaccine in preventing symptomatic coronavirus disease 2019 (Covid-19) beginning
at least 7 days after the second injection, with the analysis performed after the
detection of at least 160 cases.

RESULTS
A total of 24,141 volunteers participated in the trial; the median age of the participants
was 29 years. Covid-19 was confirmed by polymerase-chain-reaction assay in 165
participants in the intention-to-treat population; all viral samples that could be
sequenced contained variants of the original strain. Vaccine efficacy was 69.5%
(95% confidence interval [CI], 56.7 to 78.8) against any symptomatic Covid-19 caused
by five variants that were identified by sequencing. In a post hoc analysis, vaccine
efficacy was 78.8% (95% CI, 55.8 to 90.8) against moderate-to-severe disease and
74.0% (95% CI, 62.1 to 82.5) among the participants who were seronegative at
baseline. No severe cases of Covid-19 occurred in the vaccine group, in which the
median viral load for breakthrough cases was lower than that in the placebo group
by a factor of more than 100. Solicited adverse events were mostly mild or moderate
and transient and were more frequent in the vaccine group than in the placebo group;
local adverse events occurred in 92.3% and 45.5% of participants, respectively, and
systemic adverse events in 87.3% and 65.0%. The incidence of unsolicited adverse
events was similar in the two groups up to 21 days after each dose (22.7% and 20.4%)
and from day 43 through day 201 (4.2% and 4.0%).

CONCLUSIONS
The CoVLP+AS03 vaccine was effective in preventing Covid-19 caused by a spectrum
of variants, with efficacy ranging from 69.5% against symptomatic infection to 78.8%
against moderate-to-severe disease. (Funded by Medicago; ClinicalTrials.gov num-
ber, NCT04636697.)
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INCE ITS EMERGENCE IN 2019, SEVERE

acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has caused more than 497 mil-
lion cases of coronavirus disease 2019 (Covid-19)
and resulted in 6.1 million deaths globally.? The
scientific community responded to this threat by
developing an unprecedented diversity of vaccines.?
The spike (S) glycoprotein is the antigen in most
of these vaccines, and S-specific neutralizing anti-
bodies have been correlated with protection against
infection.* Trials that were conducted early in the
pandemic generally showed high vaccine efficacy
against the original Wuhan-Hu-1 strain of SARS-
CoV-2.5¢ Several vaccines have since been deployed
with success’” and with acceptable safety profiles
despite rare, platform-related adverse events.®°
More recently, reduced protection due to waning
immunity and the emergence of variants have
been reported.’® Booster doses are being de-
ployed to restore levels of neutralizing antibod-
ies and improve cross-protection against a range
of variants.!

Tensions that have been created by the demand
for boosters in populations with high levels of
vaccination and the need for primary vaccination
in unvaccinated populations! suggest that ad-
ditional vaccines are needed to meet the global
demand. Vaccines that remain stable at refrigerator
temperatures or that can overcome concerns in
vaccine-hesitant populations® could also be useful.

A coronavirus-like particle (CoVLP) vaccine is
being produced in a plant-based platform, which
has been used to generate a number of viral vac-
cines that have shown substantial immunogenic-
ity and efficacy.*® In the cells of the plant leaves,
the expression of the SARS-CoV-2 S protein leads
to the formation of viruslike particles measuring
100 to 150 nm. After harvesting and purification,
these particles are stable for at least 6 months at
2 to 8°C. Adjuvant System 03 (AS03, GlaxoSmith-
Kline) initiates a transient innate response’® and
increases the magnitude, quality, and durability of
adaptive responses.”” AS03 has been used in pan-
demic influenza vaccines as well as in other li-
censed and candidate vaccines.!® In early studies,
the CoVLP+AS03 vaccine (Covifenz, Medicago) in-
duced strong and durable levels of neutralizing
antibodies and a balanced T-cell response (inter-
feron-y and interleukin-4),?° both of which could
contribute to protection.” Here, we report the
early results of a pivotal phase 3 trial of the
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CoVLP+AS03 vaccine to evaluate its efficacy and
safety.

METHODS

TRIAL DESIGN AND OVERSIGHT

Enrollment for this ongoing randomized, placebo-
controlled trial was conducted from March 15 to
September 2, 2021, at 85 sites in Argentina, Brazil,
Canada, Mexico, the United Kingdom, and the
United States. The trial, which was funded by
Medicago with financial support from the Cana-
dian Innovation, Science and Economic Develop-
ment Strategic Innovation Fund, was designed by
company representatives with input from Glaxo-
SmithKline. Syneos Health Canada provided trial-
management services. Site investigators were re-
sponsible for the recruitment of trial participants,
local trial conduct, and data collection. Key labo-
ratory analyses were performed by Viroclinics.
All the participants provided written informed
consent.

The protocol and protocol amendments (avail-
able with the full text of this article at NEJM.org)
were reviewed by the appropriate institutional
review board or ethics committee at each trial
site. At the time of the vaccine efficacy and safety
analyses, the investigators, trial staff members,
and participants remained unaware of trial-group
assignments; a limited number of team members
had unblinded access to the data to facilitate sub-
mission of clinical safety findings to regulatory
agencies and the data and safety monitoring com-
mittee. Representatives of Medicago and Glaxo-
SmithKline were responsible for the writing and
review of the manuscript and for the decision to
submit the manuscript for publication. These rep-
resentatives vouch for the integrity and complete-
ness of the data and for the fidelity of the trial to
the protocol. Details regarding the trial oversight
are provided in the Supplementary Appendix, avail-
able at NEJM.org.

TRIAL OBJECTIVE

The primary objective of the trial was to determine
the efficacy of the CoVLP+ASO03 vaccine. After the
detection of at least 160 laboratory-confirmed
Covid-19 cases at least 7 days after the second
trial injection, the primary vaccine efficacy results
were calculated after a median safety follow-up of
at least 2 months. The data-cutoff dates for the
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EFFICACY OF RECOMBINANT PLANT-BASED COVID-19 VACCINE

efficacy and safety analyses were August 20, 2021,
and October 25, 2021, respectively.

PARTICIPANTS AND RANDOMIZATION

Trial participants were adults (>18 years of age)
who had not received previous vaccination against
SARS-CoV-2 and who had no history of confirmed
Covid-19. Full inclusion and exclusion criteria are
provided in the Supplementary Appendix and the
protocol. Participants were randomly assigned in
a 1:1 ratio to receive two sequential intramuscular
injections of the CoVLP+AS03 vaccine or placebo,
administered 21 days apart. Staff members who
were unaware of trial-group assignments per-
formed all safety evaluations. The intention-to-
treat population included all the participants who
had undergone randomization. The safety popu-
lation included all the participants in the inten-
tion-to-treat population who had received at least
one dose of vaccine or placebo. The per-protocol
population included all the participants who had
received two doses of vaccine or placebo as sched-
uled and who had no major protocol deviations.

TRIAL INJECTIONS

The CoVLP vaccine, which has been described pre-
viously,”** displays full-length, prestabilized S
glycoprotein trimers from SARS-CoV-2 (hCoV-19/
USA/CA2/2020) expressed in Nicotiana benthamiana.
The vaccine contained 3.75 ug of CoVLP combined
with AS03, which contains DL-a-tocopherol and
squalene, in a final volume of 0.5 ml. The placebo
injection contained 0.5 ml of phosphate-buffered
saline with polysorbate-80. Both the vaccine and
placebo were injected in two doses administered
21 days apart.

SAFETY ASSESSMENTS
At the time of this report, data regarding solicited
adverse events were available for 4136 participants
in the vaccine group and 3683 in the placebo group
who had received two doses of the vaccine or
placebo according to the protocol and completed
at least 2 months of follow-up after the second
dose. Local and systemic solicited adverse events
within 7 days after each dose were collected by
means of written or electronic diaries. Unsolicited
adverse events were monitored for 21 days after
each dose.

Throughout the trial, an unblinded medical
monitor (Syneos Health Canada) and the pharma-
covigilance group at Medicago are reviewing all
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serious adverse events, medically attended adverse
events, adverse events leading to withdrawal from
the trial, adverse events of special interest (includ-
ing vaccine-associated enhanced respiratory dis-
ease, anaphylaxis or severe allergic reactions, and
potential immune-mediated disorders), and deaths.
Methods for the grading of adverse events and for
the implementation of trial-stopping rules are de-
tailed in the Supplementary Appendix. Unsolicited
adverse events were coded according to the terms
used in the Medical Dictionary for Regulatory Activities
(MedDRA), version 24.0.

EFFICACY ASSESSMENTS

The primary vaccine efficacy end point was the
prevention of symptomatic Covid-19 detected at
least 7 days after the second dose. Cases were ad-
judicated in a blinded fashion by a subcommittee
of the data and safety monitoring committee. A
positive case was defined as the presence of at
least one symptom that was compatible with
Covid-19 and positive results for SARS-CoV-2 on
a nasopharyngeal or nasal swab by reverse-tran-
scriptase—polymerase-chain-reaction (RT-PCR) as-
say (Viroclinics). This assay provided both qualita-
tive and quantitative results, including viral load
in copies per milliliter.

Additional efficacy assessments were the pre-
vention of severe or moderate-to-severe Covid-19
(a post hoc analysis), viral load at diagnosis, and
variant-specific efficacy. Assessments of disease
severity were based on the criteria of the Food and
Drug Administration.” A full list of the primary,
secondary, and exploratory objectives of the trial
are provided in Table S1 in the Supplementary
Appendix.

STATISTICAL ANALYSIS

Vaccine efficacy was calculated as 100 x (1—inci-
dence rate ratio), in which the incidence rate ratio
is defined as the ratio of the rate of Covid-19 cases
per person-year in the vaccine group to the rate
in the placebo group. The null hypothesis of no
between-group difference in vaccine efficacy was
rejected if the point estimate for vaccine efficacy
was at least 50% and the lower limit of the 95%
confidence interval was more than 30% with the
use of a binomial probability conditional on the
observed case margin. Descriptive safety analyses
were summarized as counts and percentages. De-
tails regarding the statistical analysis are provid-
ed in the Supplementary Appendix.
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580 Discontinued before day 21
(including those who discon-
tinued after randomization
and before vaccination)

1 Had =1 adverse event
195 Were lost to follow-up
19 Were nonadherent
15 Were withdrawn by physician
or investigator
1 Was withdrawn by sponsor
197 Withdrew consent
124 Withdrew to receive nontrial
vaccine
23 Had other reason
5 Had unknown reason

25,170 Participants were assessed
for eligibility

1023 Were excluded
6 Discontinued early

24,141 Underwent randomization and
were included in the intention-to-
treat population

Y

12,074 Were assigned to receive
CoVLP+AS03

12,067 Were assigned
to receive placebo

Y

12,036 Received CoVLP+AS03
and were included in the safety
analysis population

12,040 Received placebo and
were included in the safety

analysis p

opulation

260 Discontinued before day 42
1 Had adverse events
43 Were lost to follow-up
28 Were nonadherent
10 Were withdrawn by physician
or investigator
111 Withdrew consent
59 Withdrew to receive nontrial
vaccine
8 Had other reason

Y

11,494 Received dose 1 of
CoVLP+AS03 and continued
trial at day 21

11,032 Received dose 1 of
placebo and continued

trial at

day 21

1035 Discontinued before day 21
(including those who discon-
tinued after randomization
and before vaccination)

2 Had adverse events
2 Died
211 Were lost to follow-up
26 Were nonadherent
27 Were withdrawn by physician
or investigator
4 Were withdrawn by sponsor
322 Withdrew consent
410 Withdrew to receive nontrial
vaccine
26 Had other reason
5 Had unknown reason

Y

11,234 Received dose 2 of
CoVLP+AS03 and continued

9897 Received dose 2 of
placebo and continued

1135 Discontinued before day 42
2 Had adverse events
2 Died
38 Were lost to follow-up
25 Were nonadherent
32 Were withdrawn by physician
or investigator
1 Was withdrawn by sponsor
331 Withdrew consent
701 Withdrew to receive nontrial
vaccine
3 Had other reason

663 D'iscontlinued after day 42 trial at day 42 trial at day 42 2390 Discontinued after day 42
(including those who discon- (including those who discon-
tinued after qualifying as part tinued after qualifying as part
of the per-protocol set) of the per-protocol set)

3 Died 5 Died
12 Were lost to follow-up 22 Were lost to follow-up
19 Were nonadherent 11 Were nonadherent
7 Were withdrawn by physician 63 Were withdrawn by physician
or investigator or investigator
1 Was withdrawn by sponsor 690 Withdrew consent
190 Withdrew consent . . ’
414 Withdrew to receive nontrial 1% W|thfirew fo recelve nontria
vaccine ' Find ot
L paeine . - - - 3 Had other reason
ad other reason 10,554 Were included in the 9536 Were included in the
per-protocol population per-protocol population
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Figure 1 (facing page). Enrollment, Randomization, and
Analysis Populations.

The data-cutoff date for the primary vaccine efficacy
analysis was August 20, 2021. Of the 25,170 partici-
pants who were recruited, 24,141 underwent random-
ization in the intention-to-treat population. These par-
ticipants had no virologic evidence of Covid-19 before
receiving the trial injection. The safety population in-
cluded 24,076 participants who had received one or
more trial injections. The per-protocol population in-
cluded 20,090 participants who had received two trial
injections as scheduled and had no major protocol de-
viations. Participants may have discontinued their in-
volvement in the trial after qualification as part of the
per-protocol population (shown in the bottom set of
boxes). An additional 10 participants withdrew from the
study (4 in the vaccine group and 6 in the placebo
group), and the timing of their discontinuation (by day
21, by day 42, or after day 42) could not be ascertained
with confidence.

RESULTS

CHARACTERISTICS OF THE PARTICIPANTS

Details regarding the enrollment and randomiza-
tion of the participants are provided in Figure 1.
A total of 24,141 participants underwent random-
ization and were included in the intention-to-treat
population. Demographic information and details
after randomization were not available for 2 par-
ticipants, who were not included in either efficacy
or safety analyses.

The demographic and clinical characteristics
of the participants in the intention-to-treat and
per-protocol populations are provided in Tables
S2 and S3. The median age of the participants
was 29 years (range, 18 to 86), and 14.8% of the
participants were seropositive at baseline. The in-
tention-to-treat population included 21,651 healthy
adults younger than 65 years of age (89.7%), 127
healthy adults 65 years of age or older (0.5%),
and 2361 adults with coexisting illnesses (9.8%)
(Table S4). The participants included 12,293 men
(50.9%) and 11,846 women (49.1%). Participants
were predominantly White (88.8%), and 82.0%
reported having Hispanic or Latinx ethnicity. The
high representation of Hispanic or Latinx partici-
pants reflected contributions from multiple clin-
ical sites in Central and South America.

Despite an effort to enroll older adults and
those with coexisting illnesses, these populations
were underrepresented because of the timing of
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the trial during a surge of the B.1.617.2 (delta)
and P.1 (gamma) variants in the trial areas, which
increased the risk of participating in a clinical
trial in those populations. The timing of the
trial also led many participants to exercise their
protocol-sanctioned option to withdraw or un-
dergo unblinding to access another vaccine. This
factor resulted in a progressive imbalance between
the vaccine and placebo groups that was managed
with the use of person-year denominators to
calculate efficacy outcomes. The relevance and
representativeness of the trial populations are dis-
cussed in Table S5. The participants who discon-
tinued were more likely to be male or to identify
as White, but there were no major differences be-
tween the groups (Table S0).

EFFICACY

As of August 20, 2021, a total of 176 cases of
Covid-19 that were predicted to contribute to the
primary vaccine efficacy end point had been iden-
tified. Adjudication subsequently confirmed 165
cases. Data for 10 participants (9 in the vaccine
group) were removed according to the protocol
owing to unblinding before symptom onset; data
for 1 participant did not meet the criteria for in-
clusion in the primary analysis of vaccine efficacy.
An additional 7 participants in the placebo group
who were subsequently adjudicated as having met
the primary analysis criteria were not included in
the analysis because of incomplete information by
the data-cutoff date. Thus, the primary vaccine
efficacy analysis included 165 cases in the inten-
tion-to-treat analysis and 157 cases in the per-
protocol analysis.

In the intention-to-treat population, the me-
dian duration of time until data censoring for
the efficacy analysis was 1.5 months (interquartile
range [IQR], 0.8 to 2.0) in the vaccine group and
1.4 months (IQR, 0.8 to 1.9) in the placebo group.
Among the 165 adjudicated cases, 40 occurred in
the vaccine group and 125 in the placebo group,
for an incidence rate of 0.025 (95% confidence
interval [CI], 0.018 to 0.033) and 0.080 (95% CI,
0.068 to 0.096) per person-year, respectively.

The overall vaccine efficacy was 69.5% (95% CI,
56.7 to 78.8) in the intention-to-treat population,
regardless of serostatus at baseline. In the per-
protocol population, 39 cases occurred in 10,554
participants in the vaccine group and in 118 of
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A Subgroup Analysis

Subgroup CoVLP+AS03 Placebo Vaccine Efficacy (95% Cl)
no. of positive Covid-19 cases/total no. (incidence rate) percent
Al participants 40/12,074 (0.025) 125/12,067 (0.080) —e— I 69.5 (56.7 to 78.8)
Baseline health, age |
Healthy, 18 to <65 yr 36/10,816 (0.025) 111/10,835 (0.080) —e— | 68.9 (55.0t0 78.9)
Healthy, =65 yr 1/62 (0.065) 1/65 (0.075) o | 12,9 (-3295.5 to 97.8)
Coexisting illness, =18 yr 3/1,195 (0.019) 13/1,166 (0.089) I * E 78.7 (30.2t0 95.1)
Sex |
Male 22/6,107 (0.026)  58/6,186 (0.070) — ! 63.5 (41.0to 78.1)
Female 18/5,966 (0.023)  67/5,880 (0.092) —e— ' 74.6 (57.8 t0 85.3)
Race or ethnic group E
Asian 0/149 (0) 2/147 (0.071) $100.0 (-195.1 to NA)
Black 5/849 (0.033) 9/835 (0.063) o | 473 (-57.410 84.0)
White 34/10,726 (0.024) 107/10,700 (0.080) —e— ' 69.7 (55.7 to 79.6)
Hispanic or Latinx 31/9,895 (0.028) 88/9,896 (0.084) —e— E 66.6 (50.1 to 78.1)
Not Hispanic or Latinx 9/2,120 (0.017) 37/2,110 (0.074) e | , 76.6 (52.8 to 89.3)
Covid-19 disease severity E
Moderate 8/12,074 (0.005)  33/12,067 (0.021) ————e— ! 769 (51.51t090.0)
Moderate to severe 8/12,074 (0.005)  36/12,067 (0.023) F——e— | 7838 (55.810908)
Severe 0/12,074 (0) 3/12,067 (0.002) 100.0 (-63.7 to NA)
Seropositivity at baseline E
Yes 6/1,776 (0.030) 3/1,791 (0.015) -~ ' -94.3 (-852.1 to 51.6)
No 33/10,115 (0.023) 121/10,106 (0.090) —e—i | 74.0 (62.1 to 82.5)
(I) ZIO 4I0 6I0 8IO l(I)O

B Strain Analysis

Subgroup CoVLP+AS03 Placebo Vaccine Efficacy (95% Cl)
no. of positive Covid-19 cases/total no. (incidence rate) percent

All participants 40/12,074 (0.025) 125/12,067 (0.080) —e— ! 69.5 (56.7 to 78.8)

Strain i
Original 0(0) 0(0) NA
Alpha 0 (0) 6 (0.004) b 4 100 (38.2 to NA)
Beta 0(0) 0 (0) NA
Gamma 6 (0.004) 47 (0.030) ——e— E 87.8 (73.0 t0 95.3)
Delta 12 (0.007) 44 (0.028) e v 74.0 (51.7 to 86.8)
Lambda 0 (0) 3 (0.002) - 4100.0 (-63.7 to NA)
Mu 0 (0) 4 (0.003) < ©100.0 (-6.4 to NA)
Omicron 0 (0) 0 (0) ‘ NA
Sequencing failure 14 (0.009) 7 (0.005) e 1-90.9 (-405.3 to 22.2)

o 20 4 6 8 100

Figure 2. Vaccine Efficacy, According to Subgroup and Variant.

Shown are the results of the efficacy analysis of the CoVLP+ASO03 vaccine in preventing Covid-19 according to subgroup of participants
(Panel A) and according to variant (Panel B) in the intention-to-treat population; 22 samples had not yet been sequenced. In both pan-
els, the incidence rate was calculated as the number of cases per person-year. Variant-specific values probably overestimate the true vac-
cine efficacy, since cases that were positive on polymerase-chain-reaction (PCR) assay but had no available sequencing data were asym-
metrically distributed (14 in the vaccine group and 7 in the placebo group). The implications of these missing data for the
variant-specific efficacy estimates are discussed in the Supplementary Appendix. Race or ethnic group was reported by the participants.
NA denotes not applicable.

isting illnesses (Fig. 2A). In the per-protocol popu-
lation, the vaccine efficacy was 70.9% (95% CI,
57.7 to 80.4) and 76.8% (95% CI, 21.5 to 94.8),
respectively. In both the intention-to-treat and
per-protocol populations, among healthy adults
who were 65 years of age or older, Covid-19 was
detected in only 1 participant in each group, so

9536 participants in the placebo group, for a vac-
cine efficacy of 71.0% (95% CI, 58.7 to 80.0) (Ta-
ble S7).

In the intention-to-treat population, the vac-
cine efficacy was 68.9% (95% CI, 55.0 to 78.9) in
healthy adults younger than 65 years of age and
78.7% (95% CI, 30.2 to 95.1) in those with coex-
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the vaccine efficacy could not be determined. In
the overall intention-to-treat population, 3 severe
cases that led to 2 hospitalizations occurred in the
placebo group.

Overall vaccine efficacy in preventing moder-
ate-to-severe disease (post hoc analysis) was 78.8%
(95% CI, 55.8 to 90.8) in the intention-to-treat
population. Among the participants who were
seronegative at baseline, the vaccine efficacy
against moderate-to-severe disease was 86.0%
(95% CI, 66.2 to 95.1). There were no Covid-19—
related deaths. The cumulative incidence curves
for all cases and for cases caused by the delta and
gamma variants are presented in Figure 3.

VARIANT-SPECIFIC EFFICACY

During the trial period, circulating variants dif-
fered in the participating countries, according to
genomic sequences that were shared through
GISAID, a global science initiative that provides
open access to genomic data (Fig. S1).* The delta
and gamma variants dominated in Argentina
and Brazil, and the B.1.1.7 (alpha) and delta vari-
ants dominated in North America and the Unit-
ed Kingdom. Participants with positive results for
Covid-19 were largely from Argentina (59 cases),
Brazil (53 cases), and the United States (47 cases).

Of the 165 cases in the intention-to-treat popu-
lation that were included in the primary vaccine
efficacy analysis, sequencing data were available
for 122 participants (73.9%); samples that were
obtained from an additional 21 participants with
confirmed cases (12.7%) could not be sequenced.
All sequenced strains were variants of the original
strain: delta in 56 participants (45.9%), gamma
in 53 (43.4%), alpha in 6 (4.9%), B.1.621 (mu) in
4 (3.3%), and C.37 (lambda) in 3 (2.5%).

When the viral load in the upper respiratory
tract was sufficient to permit sequencing, the over-
all variant-specific efficacy estimates were 87.8%
(95% CI, 73.0 to 95.3) for the gamma variant,
74.0% (95% CI, 51.7 to 86.8) for the delta variant,
and 100% for the alpha, lambda, and mu variants
(Fig. 2B). However, these values probably overes-
timate the true variant-specific efficacy, since cases
that were PCR-positive but had negative results
on sequencing were asymmetrically distributed
(14 in the vaccine group and 7 in the placebo
group). The implications of the missing data for
the variant-specific efficacy estimates are dis-
cussed in the Supplementary Appendix.

Measurement of viral load over time after di-
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agnosis was a prespecified outcome of the trial.
However, the between-group difference in se-
quencing success (nearly twice as high in the pla-
cebo group as in the vaccine group) prompted
analysis of viral load only at the time of Covid-19
diagnosis. Such analysis revealed a higher viral
load in the placebo group by a factor of more than
100 (3.46 log,, copies per milliliter in the vaccine
group vs. 5.65 log,; copies per milliliter in the
placebo group) (Fig. 4). The median viral load in
cases that were PCR-positive but sequence-nega-
tive was at the limit of detection (2.08 log10 [or 120]
copies per milliliter) as compared with more than
500,000 copies per milliliter in cases that were
PCR- and sequence-positive. Viral loads in the
breakthrough cases with the delta variant in the
vaccine group were lower by a factor of 42 than
those in the placebo group (3.65 log,, vs. 5.27 log,,
copies); the corresponding values in the break-
through cases with the gamma variant were lower
by a factor of 269 (3.78 lo,g10 vs. 6.21 log10 copies).
A similar trend of lower viral loads in the vaccine
group was observed in breakthrough cases that
were classified as mild (by a factor of 138) or mod-
erate (by a factor of 426).

SAFETY

The safety population included 24,076 partici-
pants (12,036 in the vaccine group and 12,040 in
the placebo group). Solicited adverse events up to
7 days after each dose were analyzed in 7819 par-
ticipants (Fig. 5). Both local and systemic solic-
ited adverse events were predominantly mild-to-
moderate and transient (duration, 1 to 3 days).
More local and systemic adverse events were re-
ported in the vaccine group than in the placebo
group. Overall, local solicited adverse events were
reported after the first and second doses combined
in 3819 participants (92.3%) in the vaccine group
and in 1677 (45.5%) in the placebo group. Sys-
temic solicited adverse events were reported in
3612 participants (87.3%) and 2394 (65.0%), re-
spectively.

In the two groups, local reactogenicity was
primarily injection-site pain (Table S9). The most
common systemic adverse events were headache,
myalgia, fatigue, and a feeling of general discom-
fort (Table S10), with more participants in the
vaccine group reporting these events. Grade 2
and 3 local and systemic adverse events occurred
more frequently after the second dose. Grade 3
(severe) local adverse events were reported in 2.1%
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A Cumulative Incidence of Covid-19, Intention-to-Treat Population

100.07 Vaccine Efficacy Incidence
6.0 (95% Cl) (95% Cl)
g percent rate/person-yr
g 5.0 Placebo
s Placebo 0.08 (0.07-0.10)
-2 CoVLP+AS03 69.5 (56.7-78.8) 0.02 (0.02-0.03)
S 4
<
2 3.0
S
]
=1 -
g 20 CoVLP+AS03
v 1.0
0.0 T T T T T T T T T T T T
28 38 48 58 68 78 88 98 108 118 128 138
Days
No. at Risk
Placebo 11,312 7465 5252 3362 2592 2293 1543 1257 896 531 330 130

CoVLP+AS03 10,775 7013 4846 3015 2255 1977 1395 1213 840 475 271 113

B Cumulative Incidence of Covid-19, Per-Protocol Population

100.0 Vaccine Efficacy Incidence
60 (95% Cl) (95% Cl)
g ’ percent rate/person-yr
g 5.0+
£ Placebo 0.18 (0.15-0.22)
T 404 CoVLP+AS03 71.0 (58.7-80.0) 0.05 (0.04-0.07)
S 4
1=
2 304
5
= 20_
g CoVLP+AS03
Y10+
0'0_ T T T T T T T T T T T
28 38 48 58 68 78 88 98 108 118 128 138
Days
No. at Risk
Placebo 9,536 6151 4238 2591 1953 1784 1329 1162 800 451 259 109

CoVLP+AS03 10,554 6985 4865 3046 2338 2107 1459 1209 866 509 319 127

C Cumulative Incidence of Covid-19 with Gamma or Delta Variant, Intention-to-Treat Population

100.07 Vaccine Efficacy Incidence
95% Cl) (95% Cl)
= 3.0 (
X Delta, placebo percent rate/person-yr
[ 2.5_
% Delta
-2 Placebo 0.03 (0.02-0.04)
L:J CoVLP+AS03 74.0 (51.7-86.8) 0.007 (0.004-0.01)
g 1.54 Gamma
£ Placebo 0.03 (0.02-0.04)
S 1.0 CoVLP+AS03 87.8 (73.0-95.3) 0.004 (0.002-0.008)
§ Gamma, placebo
Y o054 Delta, CoVLP+AS03
1 Gamma, CoVLP+AS03
0‘0 1 T T T T T T T T T T T
28 38 48 58 68 78 88 98 108 118 128 138
Days
No. at Risk
Placebo 11,312 7465 5252 3362 2592 2293 1543 1257 89 531 330 130

CoVLP+AS03 10,775 7013 4846 3015 2255 1977 1395 1213 840 475 271 113
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Figure 3 (facing page). Cumulative Incidence of Covid-19,
According to Population and Presence of Variants.

Shown is the cumulative incidence of adjudicated
Covid-19 in the intention-to-treat population (Panel A),
in the per-protocol population (Panel B), and accord-
ing to the presence of the delta or gamma variant in
the intention-to-treat population (Panel C), starting

7 days after the second vaccination. Covid-19 cases
were confirmed on the basis of PCR-positive nasopha-
ryngeal swabs and were independently adjudicated by
a subcommittee of the data and safety monitoring
committee.

of the participants in the vaccine group and in
less than 0.1% of those in the placebo group after
the second dose; grade 3 systemic reactions were
reported in 3.1% and 0.5%, respectively. No grade
4 (life-threatening) local adverse events were re-
ported, but 3 participants reported grade 4 sys-
temic adverse events after the second dose: 2 in the
vaccine group (chills, headache, muscles aches,
and a feeling of general discomfort in 1 partici-
pant and fever in the other) and 1 in the placebo
group (headache).

The occurrence and intensity of unsolicited
adverse events in each group are provided in
Tables S11 and S12, along with data regarding
serious and medically attended adverse events,
events leading to withdrawal from the trial, events
of special interest, and deaths. The incidence of
unsolicited adverse events after the first or sec-
ond dose was slightly higher in the vaccine group
than in the placebo group (22.7% vs. 20.4% up
to 21 days after the second dose; 4.2% vs. 4.0%
from day 43 to day 201). Unsolicited adverse
events with a frequency of at least 1% after the
first or second dose according to the MedDRA
preferred terms are listed in Table S13. The inci-
dence of serious adverse events was similar in
the two groups up to 21 days after the first or
second doses (24 participants in the vaccine group
[0.2%] vs. 16 in the placebo group [0.1%]) and
between days 43 and 201 (19 [0.2%] vs. 22 [0.2%],
respectively). One participant in the placebo group
reported two serious adverse events (aortic throm-
bosis and peripheral artery thrombosis) that were
considered by the site investigator to be related
to the trial injection. No deaths were considered
to be related to the vaccine.

N ENGL J MED

DISCUSSION

In this trial, we found that the CoVLP+ASO03 vac-
cine provided substantial protection against
Covid-19 caused by a range of variants. The over-
all vaccine efficacy was approximately 70% against
any symptomatic infection in a young adult popu-
lation; of these participants, almost 10% had high-
risk coexisting illnesses, regardless of baseline
serostatus. Vaccine efficacy among adults who
were 65 years or older could not be determined
because of the limited enrollment of participants
in this age group. However, previous evidence sug-
gests that the CoVLP+ASO03 vaccine induced simi-
lar immune responses in both young and older
adults.”

The prevention of severe disease and limiting
transmission are critical objectives of ongoing
vaccination efforts. Although few severe cases
were noted in this trial, all such cases were in
the placebo group, and overall vaccine efficacy
against moderate-to-severe disease in post hoc
analysis was 78.8% (86.0% among participants
who were seronegative at baseline). Since the
viral load in the upper respiratory tract is a de-
terminant of both transmission risk and se-
quencing success, the finding that sequencing
failed in approximately twice as many cases in
the vaccine group as in the placebo group sug-
gested that the viral load in vaccine break-
through cases was probably low, a hypothesis
that proved to be true (median level, 120 copies
per milliliter).

Recent evidence suggests that the relation-
ship between viral load at diagnosis and disease
progression or severity remains unclear.”> How-
ever, in the current trial, when sequencing failed
in either group, the cases were all classified as
mild. In these cases, the mean viral load was
lower by a factor of approximately 3715 than
that in cases in the placebo group in which se-
quencing had been successful. Although viral
load at diagnosis has not been widely used in
previous efficacy trials, a recent study in the United
Kingdom suggested that cases of Covid-19 that
have a low viral load can have a dilutive effect on
vaccine efficacy estimates.? In that study, during
the delta wave, the efficacy of a messenger RNA
(mRNA) vaccine in cases with a high viral load
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A Viral Load, According to Disease Severity and Variant
12+
114

Viral Load (log;, copies/ml)
(<2}
1

Placebo CoVLP+ Mild  Moderate
AS03 or severe

Placebo

Mild Moderate Gamma Delta  Gamma  Delta
or severe

CoVLP+AS03 Placebo CoVLP+AS03

B Viral Load, According to Subgroup

Subgroup Placebo CoVLP+AS03
no. of patients

All participants 107 21
Baseline health, age

Healthy, 18 to <65 yr 96 17

Healthy, =65 yr 1 1

Coexisting illness, =18 yr 10 3
Sex

Male 51 12

Female 56 9
Disease severity

Mild 74 18

Moderate 31 3

Severe 2 NE
Seropositivity at baseline

Yes 2 2

No 104 18
Variants

Gamma 47 6

Delta 44 12

Sequencing failure 7 14

Difference (95% Cl)
Placebo CoVLP+AS03  (placebo-CoVLP+AS03)
mean log (95% Cl) Alog (95% Cl)

5.7 (5.2 to 6.1) 3.5 (2.6 to 4.3) 22 (1.3t03.1)

5.7 (5.3 to 6.1) 33 (2.4t04.2) 2.4 (1410 3.4)
2.1 (NE) 2.1 (NE) 0.0 (NE)
5.4 (3.9 t0 6.9) 49 (-0.5 t0 10.3) 0.5 (4.0 to 5.0)

5.8 (5.3 10 6.4)
5.5 (4.9 to 6.1)

40 (2.7105.3)
2.8 (1.6 0 3.9)

1.8 (0.8 t0 2.8)
2.7 (1.8 0 3.6)

5.7 (5.2 10 6.2) 3.6 (2.6 to 4.5) 21 (1.1t03.2)
5.5 (4.7 t0 6.2) 2.9 (0.5 t0 6.2) 2.6 (-0.1t0 5.4)
6.5 (-26.5t039.5)  NE (NE) NE (NE)

2.2 (1.3 10 3.0)
5.7 (5.3 to 6.1)

2.2 (0.7t03.7)
3.7 (2.7 to 4.5)

0.0 (-0.3t0 0.2)
2.1 (1.0t03.1)

6.2 (5.7 to 6.7)
5.3 (4.6 to 6.0)
2.1 (2.1t02.1)

3.8 (1.3 10 6.2)
3.6 (2.5 to 4.8)
2.1 (2.1t02.2)

2.4 (0.1t0 5.0)
1.6 (0.3 to 2.9)
0.0 (-0.1 to 0.0)

Figure 4. Viral Load at the Time of Covid-19 Diagnosis.

Panel A shows viral loads for patients for whom data were available in the two groups, arranged in violin plots.
Within each plot, the red dashed line indicates the median, and the black dashed line indicates the lower limit of de-
tection (LLOD). Panel B shows mean viral loads, presented as log,, virus copies per milliliter, according to sub-
group. All analyses were performed in the intention-to-treat population. NE denotes not estimable.

was 86% (cycle threshold [Ct] values, <30) but
fell to 71% when the viral load was low (Ct val-
ues, >30). The use of a single Covid-19 symptom
to initiate PCR testing in the current trial may
have resulted in the inclusion of more mild cases
than studies that used more restrictive criteria to
trigger testing. Analysis of every-other-day swabs
from these cases is ongoing, but the difference
in viral load at diagnosis raises the possibility
that CoVLP+ASO03 had substantial virologic effect

even in breakthrough cases, which has possible
implications for disease severity and reduced
transmission.

CoVLP+ASO03, like all currently deployed vac-
cines, was designed to target the original viral
strain, but no case caused by this strain was
identified. Even though some vaccines that were
tested early in the pandemic reported efficacies
of more than 90%,>® more recent randomized,
controlled trials and real-world effectiveness
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Gradel M Grade2 Grade 3
Symptoms Treatment Dose 1 Dose 2
Any systemic adverse ~ CoVLP+AS03 | I
event Placebo | L
Fever CoVLP+AS03 |
Placebo
Headache CoVLP+AS03 ] |
Placebo [ | |
Myalgia CoVLP+AS03 || I
Placebo 1 1
Arthralgia CoVLP+AS03 | ||
Placebo 1 1
Fatigue CoVLP+AS03 ] [ ]
Placebo | |
Chills CoVLP+AS03 | ||
Placebo |71 1
Feelings of general ~ CoVLP+AS03 [ ] [ |
discomfort Placebo [ | i
Any local adverse CoVLP+AS03 [ | [ |
event Placebo |
Erythema CoVLP+ASO03 [ | |
Placebo
Swelling CoVLP+AS03 | [ |
Placebo ||
Pain at injection CoVLP+AS03 || L
site Placebo \ |
T T T T 1 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
Percentage of Participants
Figure 5. Solicited Local and Systemic Adverse Events during 7 Days after the First or Second Dose.
Participants were monitored for local and systemic solicited adverse events through 7 days after administration of
the trial injection. Participants who reported having no adverse events or who had missing data make up the re-
mainder of the 100% calculation (not shown). For each category, adverse events are classified as follows: grade 1,
mild; grade 2, moderate; and grade 3, severe. In addition, six grade 4 events (potentially life-threatening) were re-
ported in 3 participants after the second injection: in 2 participants in the vaccine group (1 participant with chills,
general discomfort, headache, and muscles aches and 1 participant with fever) and in 1 participant in the placebo
group (headache) (proportional representation not visible in the graph). If a participant had different grades of the
same adverse event, the highest grade was reported. If any of the solicited adverse events persisted beyond day 7
after administration of the trial injection, it was recorded as an unsolicited adverse event. Fever was defined as an
oral temperature of at least 38.0°C.

studies have shown lower vaccine efficacy, al-
though prevention of severe disease has been
better preserved. A recent meta-analysis of vac-
cine efficacy against the delta variant according
to platform” suggested a vaccine efficacy of
59% (95% CI, 26.1 to 100) for inactivated vac-
cines, 67.7% (95% CI, 62.3 to 72.5) for adenovi-
rus-vectored vaccines, and 77.7% (95% CI, 68.22
to 88.59) for mRNA-based vaccines.

The results regarding vaccine effectiveness
from randomized trials and from real-world evi-
dence should be compared with caution (and the
latter results are often influenced by both strain
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and interval after vaccination).'® However, the
context in which vaccines are currently being
tested has clearly changed since early in the
pandemic. The overall vaccine efficacy for
CoVLP+AS03 of 69.5% (74.0% in participants
who were seronegative at baseline, with a strain-
specific vaccine efficacy of at least 74% among
participants with confirmed infection and avail-
ability of sequencing data) appears to be similar
to the reported performance of other candidate
and deployed vaccines against highly transmis-
sible or immune-evasive strains.’®?” As noted
above, the variant-specific vaccine efficacies re-
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ported here may be overestimates, since 12.7%
of cases had viral loads that were too low to be
sequenced. A sensitivity analysis that was per-
formed to assess the possible effect of these
missing data suggested that efficacy could have
been as low as 63.8% for the delta variant and
71.6% for the gamma variant and ranged from
72 to 92.5% for the other variants (Table S8).
Unfortunately, the viral diversity in the current
trial continues to expand with the emergence of
the B.1.1.529 (omicron) variant, and many of the
cases that have been identified after the data-
cutoff date for the primary analysis of vaccine ef-
ficacy probably were caused by this new variant.
The omicron-specific efficacy of CoVLP+AS03 will
be evaluated after sequencing and adjudication
have been completed.

Overall, the safety profile of CoVLP+ASO3 in
the current trial confirmed observations from ear-
lier studies.’* Most CoVLP+AS03 recipients re-
ported having at least one local or systemic solic-
ited adverse event; of these events, most were
grade 1 or 2 and were transient and were consis-
tent with previous findings regarding AS03-adju-
vanted vaccines.”® As observed with several other
vaccines,>®?% the frequency and severity of so-
licited adverse events increased with the second
dose. No safety concerns were identified up to the
cutoff date for the analysis. Although the num-
ber of participants who received CoVLP+AS03
(approximately 13,000) and the period of follow-
up are both modest to date, there has been no
evidence of vaccine-associated enhanced respira-
tory disease in either a primate challenge study*
or clinical trials,’* and no episodes of anaphy-
laxis or imbalances in myocarditis or thrombotic
events have been observed.

CoVLP+ASO3 is the first plant-based vaccine
that has been approved for human use and is one

of only a small number of plant-produced bio-
pharmaceutical products. Although downstream
processing and purification procedures are sim-
ilar across all recombinant vaccine platforms, the
upstream processes for plant-produced vaccines
are based on sunlight, tightly controlled use of
water, and growth substrate to support the living-
plant “bioreactor.” As with several of the new
vaccine platforms that have been introduced dur-
ing the pandemic, plant-based vaccines targeting
new variants can be produced within a few months
and can potentially be manufactured at different
scales of production.® The potential effect of
this plant-based technology in the current pan-
demic will be greatly influenced by the evolution
of the pandemic itself. However, the availability
and further development of this platform could
have important implications for pandemic readi-
ness. CoVLP is stable at refrigerator tempera-
tures, which makes it easy to use in remote
communities and in low- and middle-income
countries.’® The more traditional format of
CoVLP+AS03** may be reassuring for persons
who have conflicting beliefs or concerns about
some currently available vaccines.!*> CoVLP+AS03
may also have a role as a booster after primary
immunization with other products,! and boost-
er studies in children and adults are either un-
der way or planned.
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