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Effective mRNA SARS-CoV-2 vaccines are available but need to be

stored infreezers, limiting their use to countries that have appropriate

® Check for updates storage capacity. ChulaCov19 is a prefusion non-stabilized SARS-CoV-2
spike-protein-encoding, nucleoside-modified mRNA, lipid nanoparticle
encapsulated vaccine that we report to be stable when stored at 2-8 °C for up
to 3 months. Here we report safety and immunogenicity data from a phasel
open-label, dose escalation, first-in-human trial of the ChulaCov19 vaccine
(NCT04566276).Seventy-two eligible volunteers, 36 of whom were aged 18-55
(adults) and 36 aged 56-75 (elderly), were enroled. Two doses of vaccine were
administered 21 dapartat10, 25 or 50 pg per dose (12 per group). The primary
outcome was safety and the secondary outcome was immunogenicity.

All three dosages of ChulaCov19 were well tolerated and elicited robust
dose-dependent and age-dependent B- and T-cell responses. Transient mild/
moderate injection site pain, fever, chills, fatigue and headache were more
common after the second dose. Four weeks after the second dose, in the adult
cohort, MicroVNT-50 geometric mean titre against wild-type SARS-CoV-2
was 848 (95% Cl,483-1,489), 736 (459-1,183) and 1,140 (854-1,522) IlU mI™
at10,25and 50 pg doses, respectively, versus 285 (196-413) IU ml™ for

human convalescent sera. All dose levels elicited 100% seroconversion, with
geometric mean titre ratios 4-8-fold higher than for human convalescent
sera (P<0.01), and high IFNy spot-forming cells per million peripheral blood
mononuclear cells. The 50 pg dose induced better cross-neutralization
against Alpha, Beta, Gamma and Delta variants than lower doses. ChulaCov19
at 50 pgiswell tolerated and elicited higher neutralizing antibodies than
human convalescent sera, with strong T-cell responses. These antibodies
cross-neutralized four variants of concern. ChulaCov19 has proceeded to
phase 2 clinical trials. We conclude that the mRNA vaccine expressing a
prefusion non-stabilized spike protein is safe and highly immunogenic.

Published online: 14 November 2022

More than 10 billion doses of COVID-19 vaccines have been adminis-  vaccines, mRNA vaccines have the highest efficacy”. Building capacity
tered worldwide but only 10% of those living in low-income countries  to develop and manufacture mRNA vaccinesin low-to middle-income
have received at least one dose (8 February 2022)'. Among approved  countries (LMIC) isimportant for the current and future pandemics.
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The ChulaCov19 mRNA vaccine (ChulaCov19) is a lipid nanopar-
ticle (LNP)-encapsulated nucleoside-modified mRNA encoding a
non-stabilized SARS-Cov-2 spike protein. This spike protein consists
of an extracellular domain with no transmembrane and cytoplasmic
domains; therefore, it will be a secreted spike protein. Two major dif-
ferences between ChulaCov19 and the Pfizer/BioNTech and Moderna
vaccines are that ChulaCov19is not prefusion stabilized and it is encap-
sulated in a different LNP formulation.

One of the major constraints for LMICs in developing and manu-
facturing mRNA vaccinesis the patent rights protection and licensing
issue. In most instances, companies that own or otherwise control
COVID-19 vaccines approved for clinical use have retained licens-
ing and control over vaccine production. To overcome this obsta-
cle, we adopted a different payload strategy, encoding a prefusion
non-stabilized form of the spike protein with an alternate lipid nano-
particle composition.

Besides this vaccine being more economically feasible for LMICs
to implement, we also tested its stability at 2-8 °C. ChulaCov19 was
designed in Thailand and manufactured in North America for early
clinical trials, in parallel with large-scale production capacity develop-
mentin Thailand. Inrodent and macaques, ChulaCov19 elicited strong
B-and T-cell responses’.

Results

Enrolment and follow-up

Between 28 May 2021 and 2 July 2021, 132 individuals were screened
(36 wereenroledineach age cohort, with12 per dose group ineach age
cohort) (Extended DataFigs.1and 2). Allbut one participant completed
bothvaccinations. The participant declining asecond vaccination was
from the adult 25 pg group and experienced moderate myalgia after
the first vaccination, which resolved within 3 d and was accompanied
by moderate creatinine phosphokinase elevation but normal cardiac
enzymes, possibly related to strenuous physical labour. This participant
was excluded from the per protocolimmunogenicity analysis, as were
two others: one participant from the adult 10 pg group who was diag-
nosed with asymptomatic COVID-19 on the sixth day after the second
vaccination and one participant from the adult 50 pg group who had
confirmed positive baseline anti-receptor binding domain (RBD) bind-
ing antibody test but was negative for SARS-CoV-2 molecular testing,
indicating asymptomatic COVID-19 before enrolment. All participants
contributed to the safety analysis.

Demographic and baseline clinical characteristics
Characteristics of the study participants are listed in Table 1. Mean
ages(s.d.) intheadultandelderly cohorts were 35.8 (9.1) and 65.1(5.4) yr,
respectively; body massindices were 23 (2.8) and 23.3 (3.3), and propor-
tions of females were 67% and 53%, respectively.

Safety and tolerability of ChulaCov19

The most common local reaction was injection site pain. Itsincidence
was dose-dependent, more common in adults than the elderly, and
after Dose 2. Alllocal reactions were mild in the elderly; some moderate
events occurredinadults. All participants recovered after2.79 +1.7 and
1.91+ 0.9 d on average in adults and the elderly after Dose 2, respec-
tively. Asingle event of severe erythemainthe adult 10 pg group after
Dose 2 resolved within 6 d (Fig. 1).

The three most common systemic reactions were fever, headache
and fatigue. Systemic reactions were more common at the 25 pg and
50 pg doses, after Dose 2, and in adults. Most reactions were mild to
moderate and transient, with mean duration 0of 1.97 £ 1.2 d in adults
and1.39 + 0.5 dinthe elderly after Dose 2 (Fig. 1).

Immunogenicity of ChulaCov19
SARS-CoV-2 RBD antibody responses. In the adult cohort 4 weeks
after the second vaccination (day 50), the geometric mean titre (GMT)

Table 1| Demographic characteristics of the participants by
dose age groups

Characteristic 10uggroup 25uggroup 50ug Overall
group

Adults (aged N=12 N=12 N=12 N=36

18-55yr)

Sex-number (%)
Female 9(75.0) 7(58.3) 8(66.7) 24 (66.7)
Age-Mean (s.d.) 359(59) 341(90) 37.3(1.8) 358(91)
Min-max 21-44 26-53 21-53 21-53
Body mass index 23.9(3.3) 22.1(2.6) 22.9(2.5) 23.0(2.8)

(kgm™), Mean (s.d.)

Elderly (aged N=12 N=12 N=12 N=36

56-75yr)

Sex-number (%)
Female 7(58.3) 7(58.3) 5(41.7) 19 (52.8)
Age-Mean (s.d.) 674(32) 678(32)  60(5.5) 651 (5.4)
Min-max 64-73 65-74 56-71 56-74
Body mass index 241(4.2) 22.7(31) 23.2(2.5) 23.3(3.3)

(kgm™), Mean (s.d.)

of anti-RBD antibody was significantly higher than for human conva-
lescent sera 4 weeks after COVID-19 diagnosis (Fig. 2a), withgeometric
mean ratios (GMR) of 3.78 (95%Cl1.64-8.68),3.23 (1.41-7.42) and 7.74
(3.37-17.77), respectively (P < 0.01) (Supplementary Table 10). In the
elderly cohort, anti-RBD GMTs were also dose-dependent but lower
thanobservedinthe adultcohort (Fig. 2a and Supplementary Table 6).

Intheadultcohortat day 50, ChulaCov19 at 50 pgelicited the high-
est anti-spike GMT at 24,493.9 binding antibody units mI™ (P < 0.01).
In the elderly cohort, the anti-spike GMT was lower than that of the
adults at all three doses, while anti-spike GMT for the 50 pg dose was
significantly higher than for the 10 pg dose (P < 0.001, Fig. 2b). GM of
% RBD-ACE2 binding inhibition showed a dose-dependent patternin
bothage cohorts at day 29 but not at day 50. All doses at day 50 in both
age cohortselicited GM > 90% inhibition. Inhibition (%) of the human
convalescent serum (HCS) and Pfizer/BNT vaccinee’s (day 29) panels
were 76% and 93%, respectively (Supplementary Fig.1).

SARS-CoV-2-specific live-virus micro-neutralization tests
(MicroVNT-50). Seroconversion rate on MicroVNT-50 in all dose
groups reached 100% by day 50. GMT of the responses against
wild-type (WT) virus were both dose- and age-dependent, and mark-
edly increased from day 29 to day 50 for the 10, 25 and 50 pg doses
(Fig. 2¢). Inthe adult cohort at day 50, ChulaCov19 at 10,25 and 50 pg
dosesinducedsignificantly higher MicroVNT-50 GMT thanHCS ataratio
0f 2.98 (95%Cl11.63-5.44), 2.59 (1.42-4.72) and 4.01 (2.2-7.31), respec-
tively (P < 0.01), whereas in the elderly cohort the values were 0.48
(0.25-0.92),1.26 (0.67-2.36) and 2.09 (1.12-3.91), respectively (Supple-
mentary Table 7). ChulaCov19 at the 50 pg dose induced significantly
higher MicroVNT-50 GMT against WT and 3 variants compared with the
10 pgdoseinboth age cohorts, while elicited MicroVNT-50 GMTs were
lower for alldosesin the elderly cohort compared with the adult cohort
(Fig.3aand Supplementary Table 8).

Pseudovirus neutralization tests (PsVNT-50). In the adult cohort,
PsVNT-50 GMTs (95% CI) of ChulaCov19 against WT at day 50 for 10,
25and 50 pg and for the HCS panel were 885.3 (95%Cl, 438.2-1,788.7),
902.9 (445.5-1,829.7),1,273.1 (874.2-1,854) and 471.2 (290.5-764.5),
respectively (Fig. 2d). The GMT ratio of 50 pg dose/HCS was 2.7
(P=0.01). At day 29, ChulaCov19 at 50 pg dose induced significantly
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Fig.1|Local and systemic adverse events by dose group and age cohort. a,b,
Severity of solicited local and systemic reactions in the adult cohort (18-55 yr old)
(a) and the elderly cohort (56-75 yr old) (b). Data on local and systemic reactions
were collected using paper diaries for 7 d after each vaccination. Injection-site
(local) reactions were: pain at injection site (mild: does not interfere with activity;
moderate: interferes with activity; severe: prevents daily activity; and grade 4:
emergency room visit or hospitalization), redness and swelling (mild: 2.5-5.0 cm
indiameter; moderate: 5.1-10.0 cmin diameter; severe: >10.0 cmin diameter;
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and grade 4: necrosis or exfoliative dermatitis). Solicited systemic events were:
fever (mild: 38.0-38.4 °C; moderate: 38.5-38.9 °C; severe: 39.0-40.0 °C; and
grade 4:>40.0 °C), chills, headache, fatigue, myalgia and arthralgia (all were
graded as mild and did not interfere with the daily activities of the participants),
moderate (interferes with daily activities), severe (prevents daily activities) or
grade 4 (led to an emergency department visit or hospitalization). The numbers
above the bars show the overall percentage of the participants in each group who
reported the specified systemic event.
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Fig.2 | Immunogenicity assay responses to ChulaCov. a, The GMTs of
anti-RBD antibody measured by ELISA. b, The GMTs of IgG antibody against S
trimer protein of SARS-CoV-2 measured by ELISA. ¢, The GMTs of neutralizing
antibody against wild-type SARS-CoV-2 (Micro-VNT50). *Fold-difference as
compared to the adults’ GMT, **Comparison of GMTs of 50 pg dose in adults
atday 29.d, The GMTs of pseudovirus neutralizing antibody against wild-type
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SARS-CoV-2 (PsVNT-50). The right side of a, c and d indicate two reference values
from 27 Pfizer/BioNTech mRNA Malaysian vaccinees. The serum samples were
collected on day 29 after the first dose. Thirty HCS were collected at 4 weeks after
confirmed diagnosis. Error bars indicate 95% confidence intervals. The numbers
above the bars show the GMT of each group.

higher GMT than the Pfizer/BNT vaccinated panel against Alpha, Beta
and Gammavariants at aratio of4.47,11.94 and 4.23 (P= 0.01), respec-
tively (Fig. 3b and Supplementary Table 9). PsVNT-50 test results for a
new variant, Omicron, showed that two doses of ChulaCov19 at 50 mg
elicited asubstantial declinein GMT against the Omicron variant com-
pared with WT (Supplementary Fig. 2).

SARS-Cov-2 spike-specific T-cell responses. At day 29, all partici-
pantsintheadultand elderly cohortsat10,25and 50 pg showed strong
spike-specific T-cell responses measured by IFNy-ELISpot tests. The
responses were lower inthe elderly at 10 and 25 pg thaninadults (Fig. 4a
and Supplementary Table11). In adults, both spike-specific IFNy+CD4+
and IL2+CD4+ T-cell percentages were notably higher in the 25 and
50 pg dose recipients compared with the 10 pg dose (Supplementary
Table12). ChulaCov19 elicited spike-specific Th1-dominated responses
(Fig. 4b).

Vaccine stability. We assessed ChulaCov19 appearance, pH, osmolality
andlipid contentunder varying storage conditions. The key parameters
related to vaccine stability are particle size, nRNA integrity and mRNA
encapsulation. We detected no substantial change in these parameters
at-75°C for up to 9 months, at —20 °C for up to 6 months, or at2-8 °C
for up to3 months. However, there was asmallincrease in particle size
(72,76 vs 78 nm, respectively; nevertheless, all remained within the
acceptance criteria of 50-120 nm) when vaccine was stored at 2-8 °C
at 6 months. Moreover, the mRNA integrity further decreased after 6

months at2-8 °C,to 54% as compared to at—20 °C. Thus, all parameters
remainedinline with the vaccine specification at 6 months for all stor-
age conditions and there were no substantial changes for any parameter
tested at -75°Cand -20 °C. There were no remarkable changesin any
parameter after 3 months storage at 2-8 °C and small changes after 6
months, but all the results remained within specification and where
specifications are not set, the changes were minimal and would not be
expectedto have any impact onthe functionality of the LNP (although
note that this was not tested). These conclusions will be verified by
future stability studies to be performed in future clinical development
(Supplementary Table15).

Discussion

Toincrease access to effective COVID-19 mRNA vaccines in LMICs,
and to be prepared for this and any future viral pandemics, complete
mRNA-LNP vaccine development and manufacturing value chains need
tobeestablishedinthese countries. Unlike currently approved mRNA
vaccines, such as Pfizer/BNT and Moderna*, ChulaCov19is awild-type
non-stabilized spike-protein-encoded mRNA vaccine encapsulated with
adifferent LNP that is thermostable at 2-8 °C for at least 3 months. In
aphase1trial, three dosages of ChulaCov19 vaccine were well toler-
ated, with no serious adverse effects observed in either age-group.
Injection site pain was the most common adverse effect, while fever,
chills, headache and myalgia were reported to be dose-dependent and
more frequent after the second dose. Adverse effects were both less
frequent and milder among the elderly participants. Moderate to severe

Nature Microbiology | Volume 7 | December 2022 | 1987-1995

1990


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-022-01271-0

a Alpha Beta Delta
| o i =
10,000 —
S Adults Elderly o Adults Elderly Adults Elderly
o [ — ; f F { F ! f { ; !
E . .
>
8 *e
2 1,000 265
5 181 206 193 .
2
E L ] EEE LR [ * * * * e ° *o00
_§ * * L] L] L] * a -]
43
a
= 100 - 38
o L] Q? * e =] L]
> 21 19
£ 18 EE |ee m L) - B
N 16 15
g [ [=]15]) L . =)= *
5 n O
c 10 4 pEEE BE XX X
w©
(4]
e
2
O
[5)
[2'4
1 . . . . . . . . . . . . . .
) o ) © o 3 ) ) © o o ) ) )
chtjj[ac:owg 5 5 \o‘) ‘f’\) (ooo \<>° 'f"\) (00\) \Q\» ({0\) (00\) \O\) ff’o @OQ
oses
b Alpha Beta Gamma Delta
t 1 | it 1 | |
100,000 —
o) Adults Elderly Adults Elderly Adults Elderly _ Adults  Elderly |
L ; { ¥ f ; { b ! ; | ! ; { b !
=
< 10,000 - . ¢
w *
£
g 964 bl o77
b= - Ax
E=3 - * -~
> = *
3 10004 o = % ss piag e . . 3 .
o 1 201 o -
= . ¥ I 108 " 5 . . 20155 o 1’ 260
c ’> T = 107 | * ')
© . o & . L4
o o i 28 N 2 8
£ ] ole x .o 38 == 88 7| A
N 100 - ¢ & R 1, 10 . e
© =] 23 N I B add
g ol® . il o =n A ° DD
S]] * * o ¢ | A i *
2 P e 5 | °
= ]
P 5] >
3 10 1
% L E . > o||"®
(5}
@ L] *
L
° ’i—‘ i
1 T T T T T T T T T T T T T T T T T T T T T T T T
O L © O P P L PO O O 9O O L OO O © 9O O L PO L L O © PO
PP PP PP PP PP PRSPPI REPS PP PP RS
ChulaCovig 7" 97 07 0”@ & o i 970 7”& O " T TS & O E S 0P @
doses & & & &

Fig.3|SARS-CoV-2 neutralization responses against VOCs. The serum samples
were collected on day 29 after the first dose from participants in each cohort
(adultn=11perdose, elderly n=12 per dose). The numbers above the bars show
the GMT in the group. Error bars indicate 95% confidence intervals. a, The GMTs
of neutralizing antibody against the SARS-CoV-2 VOCs Alpha, Betaand Delta. b,

The GMTs of pseudovirus neutralizing antibody against SARS-CoV-2 VOCs Alpha,
Beta, Gamma and Delta. The right side of b indicates the reference values from 27
Pfizer/BioNTech mRNA Malaysian vaccinees. The serum samples were collected
on day 29 after the first dose.

events were rare overall and all adverse effects resolved on average
within2.5d.

The results indicate that this LNP-encapsulated non-di-
Proline-stabilized spike-protein mRNA vaccine is strongly immu-
nogenic. ChulaCov19 at 50 pg dose induced high SARS-CoV-2-
binding and neutralizing antibodies 1 week after dose 2 (P < 0.01),
with a microVNT-50 GMT 6-fold higher than those of HCS. At 4 weeks
after dose 2, there was a further rise in all tested antibodies and all 3
doses elicited microVNT-50 GMTs higher than those of HCS, with a
GMT ratio that is 4-8-fold (P < 0.01). The 50 pg dose induced higher
microVNT-50 and psVNT-50 GMTs against tested variants than the
lower doses (P < 0.01). In the adult cohort, at 1 week after dose 2, the

50 pg dose elicited psVNT-50 GMTs against Alpha, Beta and Gamma
variants at ratios that were 4.5, 11.9 and 4.2, respectively, which are
higher than those of the Pfizer/BNT vaccine (P < 0.01). In terms of the
Omicronvariant, as reported inapproved Covid-19 mRNA vaccines, two
doses of the ChulaCov19 vaccine may not be effective and a third dose
is required’. Developing pan-SARS-Cov-2 or pan-Coronavirus vaccine
against future pandemics is warranted®.

Alldoses of ChulaCov19 generated strong T-cell responses and the
higher doses (25 and 50 pg) elicited higher % of spike-specific IL2+CD4+
T cells and % of IFNy+CD4+ T cells than the 10 pg dose (P < 0.01 and
P<0.05, respectively). At alldoses, ChulaCov19 elicited predominantly
SARS-CoV-2-specific Thl-type responses. On the basis of these results,
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Fig. 4 |Magnitude of ChulaCov-induced CD4+and CD8+ T-cell responses.
PBMCs were obtained on day 29 after the first dose from participantsin each
cohort (adult n=11per dose, elderly n =12 per dose). The numbers above the
bars show the GMT in the group. Error bars indicate 95% confidence intervals. a,

SARS-Cov-2 wild-type spike-specific IFN-y ELISPOT T cells. *Comparison of the
adults’ GMTs shown as fold-difference. b, SARS-CoV-2 spike-protein-specific
CD4+and CD8+ T-cell responses, and Th1/Th2 polarization responses quantified
by intracellular cytokine staining.

the Data Safety Monitoring Board (DSMB) has recommended that
ChulaCov19 be further advanced to a phase 2 randomized-controlled
trial with the 50 pg dose.

This vaccine did not use prefusion stabilization of spike with two
prolines (K986P/V987P), which many approved COVID-19 vaccine
platforms use’. The phase I data presented here show that Chula-
Covl9 elicited robust humoral and T-cell responses, which were often
greater than those of the BioNTech/Pfizer vaccine that contains the
di-proline modification. There are other differences in the BioNTech/
Pfizer modified mRNA vaccine that could account for the greater

potency of ChulaCov19, including different untranslated regions, cod-
ing sequence optimization, poly(A) tailand the LNP formulation used.
Our datasupporttheideathat the spike does not need to be prefusion
stabilized to induce a potent and protective response, unlike respira-
tory syncytial virus®.

Previous studies suggest that a GMT ratio of neutralizing or bind-
ing antibody in vaccinees against wild-type virus to the level in conva-
lescent patients of >1is associated with >70% vaccine efficacy rate’. In
addition, higher binding and neutralizing antibody levels at 4 weeks
after the second dose were found to correlate with symptomatic
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infection risk reduction in the AZD1222 trial’ and COVE study™’. Chu-
laCov19 induced strong binding and neutralizing antibody responses
4 weeks after the second dose, and the ratio of neutralizing antibody
GMT in ChulaCov19 vaccinees vs convalescent sera of 4 weeks after
diagnosis of approximately 4-8-fold suggests that this vaccine can-
didate has a potentially significant vaccine efficacy. A consensus on
correlates of protection may be a challenge" and recently the Inter-
national Coalition of Medicines Regulatory Authorities has accepted
well-designed immunobridging studies for authorizing COVID-19
vaccines®. However, due to escape of the Omicron variant from cur-
rentapproved vaccines, the efficacy of all current vaccines is reduced
and a new variant-specific analysis is therefore required” . One of
the limitations of currently approved mRNA COVID-19 vaccines is
that recent data have shown that the neutralizing antibody (NAb)
against WT and Omicron induced by 2 doses of approved COVID-19
vaccines wane over time. In addition, due to a greater vaccine escape
of Omicron variants, the cross-neutralizing titre against the Omicron
variant is several folds lower than against WT, therefore the decline
rate is much faster”. Administering a third dose of COVID-19 mRNA
vaccineasabooster has enabled asubstantialincrease in GMT against
WT, Delta and Omicron variants'. In our study, administration of 2
doses of ChulaCov19 vaccine induced neutralizing antibodies with
less potency for the Omicron variant, although only mild-to-moderate
reductions in efficacy against other variants of concern (VOCs) were
observed (Fig. 3). It is therefore likely that dual vaccinations with
ChulaCov19 vaccine may need a third booster dose, ideally with a
second-generation vaccine.

Accessibility to effective COVID-19 vaccines, particularly mRNA
vaccines, remains very limited in many LMICs", and the main goal of
ChulaCov19 developmentisto be part of the solution to this problem.
There are several challenges to overcome: clinical development to
reach emergency use authorization (EUA), establishing large-scale
manufacturing capacity, negotiation of expanding LNP-licensing ter-
ritory, and the cost and long lead-time of raw materials. BioNet Asia,
Thailand has already established manufacturing capacity for both
mRNA production and encapsulation, and afirst clinical lot has been
released for further clinical development and EUA approval.

The limitations of this study include the small sample size and
dose-finding design. The exploratory comparative immunogenicity
analyses with convalescent sera or Pfizer/BNT vaccinees’ sera are not
head-to-head comparisons and are not free from bias. Convalescent
serawere collected during the Deltawave in Thailand, anditis possible
that human convalescent seraantibody responses are stronger against
Delta than against WT. To minimize bias, the convalescent and Pfizer/
BNT vaccinees’ serum samples were tested at the same laboratories
together with the ChulaCov19 vaccinated samples. In addition, an
randomized controlled trial phase 2 study hasbegun and alarger-scale
immune-bridging, non-inferiority phase 3 study is planned.

Insummary, we provide presumably the first evidence in humans
that an mRNA vaccine expressing a prefusion non-stabilized spike
proteinis safe and highlyimmunogenic, similar to an approved mRNA
vaccine, Pfizer/BNT, expressing a prefusion spike protein stabilized by
the addition of a di-proline mutation. ChulaCovl9 mRNA vaccine is well
tolerated, elicited strong SARS-CoV-2-specific B- and T-cell immuno-
genicity, and is currently under phase 2 and later clinical development.

Methods

Trial design

This phase 1, open-label, dose-escalation study to evaluate safety and
immunogenicity of ChulaCov19 vaccine enroled healthy participants
aged 18-55 (adults, n=36), followed by a cohort aged 56-75 (elderly,
n=36). The inclusion and exclusion criteria are shown in the Sup-
plementary Table 1. All participants meeting eligibility criteria were
randomized sequentiallyinal:1:1allocationratio into each dose sched-
ule.Bothage cohortsreceived ChulaCov19 at 10,25 or 50 ug per dose,

with 12 participants per dose group for each age cohort, in a sentinel
dose-escalating manner.

The trial and the Investigational New Drug application were
approved by the ethics committee of the Faculty of Medicine, Chula-
longkorn University, Bangkok, and Thailand’s Food and Drug Admin-
istration, respectively. All participants provided written informed
consent. The trial was conducted at the Chula Clinical Research Center
and King Chulalongkorn Memorial Hospital, Bangkok.

Trial vaccine

ChulaCov19 mRNA was manufactured at Trilink Biotechnologies (San
Diego, California), and the mRNA-LNP vaccine was manufactured
at Integrity Bio Inc. (Camarillo, California). The vaccine consists of
ChulaCovl19 mRNA encapsulatedina proprietary LNP delivery system
developed by Genevant Sciences Corporation (Vancouver, British
Columbia). ChulaCov19 was stored as asterile suspension of 0.2 mg ml™
at-75+10 °Cand diluted with normal saline according to the assigned
dose, tobegiven at 0.5 mlintramuscularly (IM).

Trial procedures

Four adult sentinel participants were enroled to receive ChulaCov19
at 10 pg IM. Once no halting criteria (Supplementary Table 2) were
reported by day 3, the remaining eight 10 pg participants were enroled.
The same approachwas followed for the 25-and 50 pg doses. The vac-
cine was administered in the deltoid muscle on day 1and day 22 + 3,
followed by a 2 h safety monitoring on-site. Enrolment of the elderly
participants was commenced after DSMB review of the datawhen the
last adult participant of the 10 pg group had reached day 29 (1 week
after the second vaccination) on study. A diary was provided to partici-
pants to record solicited and unsolicited adverse reactions, and con-
comitant medications for 7 d. Safety laboratory tests were performed
atbaseline and days 8,22, 29 and 50.

Assessment of safety and tolerability

Safety endpoints included solicited and unsolicited local adverse
events, systemic adverse events, use of antipyretics/analgesics in the
7 d after vaccination, and serious adverse events up to day 50 (4 weeks
after the second vaccination). Castor EDC version 2021.2 was used for
datacollection.

Assessment ofimmunogenicity

Binding to the SARS-CoV-2 S1 RBD was measured by enzyme-linked
immunosorbent assay (ELISA). Neutralizing antibody titres against WT
and VOCs were assessed by MicroVNT-50 and PsVNT-50. SARS-Cov-2
RBD-ACE2 blocking antibody was measured by surrogate viral neu-
tralization test. Cellular immunity was measured by IFNy-ELISpot
assay (ELISpot) and by intracellular cytokine staining (ICS) assay (Sup-
plementary Table 3). Tests were performed on specimens collected at
days1,8,22,29 and 50; however, PsVNT-50 was performed only at days
29 and 50. Exploratory comparator serum panelsincluded (1) 30 HCS
from adults with median age (s.d.) 0f 39.9 (16.6) years, 63.3% of whom
were female and (2) 27 Pfizer/BioNTech mRNA vaccinees. Genotypic
testing for the virus variant among human convalescents’ sera was not
available. However, based on the epidemiology data, it is likely to be
wild-type SARS-Cov-2. The serum samples were collected at 4 weeks
after confirmed diagnosis. All Pfizer/BioNTech mRNA vaccinees were
Malaysian with median age (s.d.) of 34.5 (9.4) years, 77.8% of whom
were female. Serum samples were collected at day 29 after the first
dose (Supplementary Tables 4 and 5).

Assessment of vaccine stability

Samples of the ChulaCov19 vaccine cinical lots were stored at 3 different
temperatures: -75°C+10°C, -20°C+5°C, 5°C £ 3 °C. Samples were
analysed at planned timepoints1,3, 6,9,12,18 and 24 months; 3, 6 and
12 months; and 3 and 6 months, respectively, for each temperature.
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The ongoing study is conducted at Intertek Pharmaceutical Services
Laboratory in Manchester, UK (Supplementary Tables 13 and 14)

Statistical analysis

Samplessize for phase Iwas based on practical and medical considera-
tions rather than power for statistical hypothesis testing or precision
of parameter estimation. Results of safety analyses are presented as
counts and percentages, and group ages as mean (s.d.). Summary
descriptive statistics relevant for study endpoints were provided for
each cohortand vaccine dose group at the study timepointsindicated
inthe protocol.

Immunogenicity was analysed per protocol. GMTs and their
95% Cls were calculated for MicroVNT-50, PsVNT-50, anti-RBD-IgG,
anti-S Trimer, sVNT, IFNy-ELISpot and Th1/Th2 spike-specific CD4+
and CD8+ T cells. GMTs were calculated as exponentiated means
of logarithmic-transformed assay results. Formal comparisons of
MicroVNT-50, PsVNT-50, anti-RBD-IgG and sVNT against samples of
30 HCS from adults with COVID-19 and 27 Pfizer/BioNTech mRNA vac-
cinees were made using GMR (95% CI). The unadjusted and age-adjusted
GMRs and 95% Cls were exponentiated with coefficients from thelinear
regression models, with natural log-transformed titres as outcome vari-
ables. Statistical analysis was conducted with Stata 17, and all statistical
tests were two-sided.

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

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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Enrollment
Adult Cohort

age 18-55

Adults assessed for eligibility (n= 60)

Excluded (n=24)
—— > ¢ Not meeting inclusion criteria (n= 18)
¢ Declined to participate (n=6)

Allocated (n=36)

[ Allocation ] l

\4

4

Allocated to 10ug (n=12)
+ All received first vaccination (n=12)

Allocated to 25ug (n=12)
+ All received first vaccination (n=12)

Allocated to 50ug (n=12)
+ All received first vaccination (n=12)

[ Follow-Up ]

\4

None lost to follow-up
+ All received second vaccination (n=12)

[ Analysis ]

None lost to follow-up

+ Received second vaccination (n=11)

+ Declined second vaccination (n=1) due to
myalgia after first vaccination

None lost to follow-up
+ All received second vaccination (n=12)

# Allincluded in safety analysis (n=12)

¢ Included in immunogenicity analysis
(n=11)

¢ Excluded from immunogenicity analysis
(n=1) due to COVID-19 diagnosis on day 6
after second vaccination

¢ All included in safety analysis (n=12)

¢ Included in immunogenicity analysis
(n=11)

+ Excluded from immunogenicity analysis
(n=1) due to not receiving second
vaccination

# All included in safety analysis (n=12)

# Included in immunogenicity analysis
(n=11)

+ Excluded from immunogenicity analysis
(n=1) due to asymptomatic COVID-19 prior
to enrollment

Extended Data Fig. 1| Participants flow diagram of the adult cohort. All the participants received two doses of the ChulaCov19 vaccine, except for one participant
who was assigned to receive 25 pg of ChulaCov19, who received one dose.
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None lost to follow-up
+ All received second vaccination (n=12)
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¢ All included in safety analysis (n=12)

¢ All included in immunogenicity analysis
(n=12)

¢ Allincluded in safety analysis (n=12)

+ All included in immunogenicity analysis
(n=12)

¢ Allincluded in safety analysis (n=12)

¢ All included in immunogenicity analysis
(n=12)

Extended Data Fig. 2| Participants flow diagram of the elderly cohort. All the participants received two doses of the ChulaCov19 vaccine.
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and 23.3(3.3); and proportion of females was 67% and 53%.

Recruitment Study participants were recruited at the one site. We identified the interested individuals from the study website. Once
recruited participants were screened for eligibility based on protocol. Eligible participants were then randomized to vaccine
dose level in a blinded manner. These processes therefore did not led themselves to enrollment biases however participants
who did not know about the study may have had less of an opportunity to participate.
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Ethics oversight The trial and the Investigational New Drug application were approved by the ethics committee of the Faculty of Medicine,
Chulalongkorn University, Bangkok, and Thailand’s Food and Drug Administration, respectively

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Since this is an early phase study, the sample size was determined on the basis of practical, logistical, and medical considerations and is not
based on statistical power with regard to hypothesis testing, or precision with regard to parameter estimation. Accordingly, for this Phase 1/2
study, a total sample size of: up to 36 eligible healthy for each of the 2 age groups (the adult group: Group 1, and the elderly group: Group 2)
volunteers. Sentinel dosing was performed in each dose-escalation cohort. The inclusion of 12 subjects per dose level is considered to be
adequate for a safety assessment. The probability to observe a particular TEAE with incidence of 15% at least once in 12 subjects per group is
85.8%.

Data exclusions ~ We excluded 3 participants from the immunogenicity analysis. Because one participant refused to get the 2nd vaccination due to concern of
side effect and the other 2 participants : one participant from the adult 10-pg group who was diagnosed with asymptomatic COVID-19 on the
sixth day after the second vaccination and one participant from the adult 50-ug group who had confirmed positive baseline anti-RBD binding

antibody test but was negative for SARS-CoV-2 molecular testing, indicating asymptomatic COVID-19 prior to enrollment.

Replication This is an interim report of an ongoing phase 1/2 clinical trial. There was no attempt at replication of study findings. Participant sera and
PBMCs were tested as single measurement.

Randomization  All participants meeting eligibility criteria were randomized sequentially in a 1:1:1 allocation ratio into each dose schedule.

Blinding This was an open label study, no blinding.

Reporting for specific materials, systems and methods

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




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |X| Flow cytometry
Palaeontology and archaeology |X| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies

Antibodies used The anti-human CD28/CD49d (BD Biosciences) were used with 0.1ug/ml dilution.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Clinical data

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

Clinical trial registration =~ NCT04566276
Study protocol We have uploaded the study protocol to the Chula Vaccine Research Center (Chula VRC) website. https://www.chulavrc.org

Data collection Data were collected at screening (up to 42 days before vaccination) and for randomized participants at the investigative site at
baseline, 1 day, 7 days and 21 days, after Dose 1, 7 days after dose 2 and up to 28 days after dose 2.
Both safety and/or serum collection for immunogenicity assessments were collected for all stated time points. In addition,
reactogenicity data were assessed through participant self reports via a paper diary for 7 days after each dose. There was also
telephone follow-up at 24 and 48 hrs following dosing, to ensure subject well-being, which was documented on site by the study
nurses conducting the call.

Outcomes The following study primary outcomes are presented: the proportion of participants reporting prompted local
reactions, systemic events, and use of antipyretic and/or pain medication within 7 days after vaccination, AEs and serious adverse
events (SAEs) (available through up to ~50 days after Dose 1), and the proportion of participants with clinical laboratory
abnormalities 7 days after vaccination and grading shifts in laboratory assessments between baseline and 1 and 7 days after Dose 1
and between Dose 2 and 7, 28 days after Dose 2.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Fresh PBMCs were isolated from the peripheral blood by Ficoll-Hypaque density gradient centrifugation.
PBMCs were stimulated for 18h with SARS-CoV-2 spike peptides pools (2 ug/ml/peptide, Mimotope, Australia). Cells were
stimulated with phorbol 12-myristate 13-acetate and ionomycin (Sigma) as a positive control. PBMCs were co-stimulated in
the presence of 0.1 ug/ml anti-human CD28/CD49d (BD Biosciences) for 2 hours at 370C with 5%C02 and then incubated for
an additional 16 hours after addition of brefeldin A and monensin to each well (BioLegend). Afterwards, cells were washed in
FACS buffer (phosphate-buffered saline containing 2% fetal bovine serum; 2% FBS/PBS) and stained with a cocktail of surface
antibodies (anti-human CD3-PerCP Cy5.5, CD4-APC-Cy7 and CD8- AF700; BioLegend) for 20 minutes at 40C in the dark. After
washed with FACS buffer, cells were fixed with 2% paraformaldehyde (PFA; Sigma, USA) and permeabilized with 1X BD Perm/
Wash buffer (BD Biosciences) for 15 minutes at RT in the dark. For intracellular staining, cells were stained with a cocktail of
intracellular antibodies (anti-human IFN- -AF647, IL-2-PE and IL-4-PE/DZ594; BioLegend) for 30 minutes at RT in the dark.
After washed with FACS buffer, cells were fixed with 2% PFA and analyzed by flow cytometry (LSRII, BD biosciences).
Fresh PBMCs were isolated from the peripheral blood by Ficoll-Hypaque density gradient centrifugation.
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Instrument
Software
Cell population abundance

Gating strategy

PBMCs were stimulated for 18h with SARS-CoV-2 spike peptides pools (2 ug/ml/peptide, Mimotope, Australia). Cells were
stimulated with phorbol 12-myristate 13-acetate and ionomycin (Sigma) as a positive control. PBMCs were co-stimulated in
the presence of anti-human CD28/CD49d (BD Biosciences) for 2 hours at 370C with 5%CO2 and then incubated for an
additional 16 hours after addition of brefeldin A and monensin to each well (BioLegend). Afterwards, cells were washed in
FACS buffer (phosphate-buffered saline containing 2% fetal bovine serum; 2% FBS/PBS) and stained with a cocktail of surface
antibodies (anti-human CD3-PerCP Cy5.5, CD4-APC-Cy7 and CD8- AF700; BioLegend) for 20 minutes at 40C in the dark. After
washed with FACS buffer, cells were fixed with 2% paraformaldehyde (PFA; Sigma, USA) and permeabilized with 1X BD Perm/
Wash buffer (BD Biosciences) for 15 minutes at RT in the dark. For intracellular staining, cells were stained with a cocktail of
intracellular antibodies (anti-human IFN- -AF647, IL-2-PE and IL-4-PE/DZ594; BioLegend) for 30 minutes at RT in the dark.
After washed with FACS buffer, cells were fixed with 2% PFA and analyzed by flow cytometry (LSRII, BD biosciences).

BD LSRII, BD biosciences
FlowJo software V.10.8.1
fresh PBMC, no sorted cells

Gating strategy of peripheral blood mononuclear cells (PBMCs) by flow cytometry. The lymphocytes were gated from FSC and
SSC based on size and granularity. CD3 was used to identify T cells (CD3+) or non-T cells (CD3-). Staining with CD4 and CD8
antibody against CD4 and CD8 T cells from CD3+ T cells. Gated the IFN-gamma, IL-2 and IL-4 expression on CD4+ T cells or
CD8+ T cells represented by percentage (%). SARS-CoV-2-specific cytokine production was corrected for background by
subtraction of values obtained with medium. Negative control was set to zero. Cytokine production was calculated by the
fractions of all CD4+ or CD8+ T cells positive for IFN- , IL-2 or IL-4. A positive response was defined as >0.2% after subtract
background.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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