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The U.S. Food and Drug Administration only gave emergency-use-authorization of the BNT162b2 and the
mRNA-1273 SARS-CoV-2 vaccines for infants 6 months and older in June 2022. Yet, questions regarding the
durability of vaccine efficacy, especially against emerging variants, in this age group remain. We demonstrated
previously that a two-dose regimen of stabilized prefusion Washington SARS-CoV-2 S-2P spike (S) protein
encoded by mRNA encapsulated in lipid nanoparticles (MRNA-LNP) or purified S-2P mixed with 3 M-052, a syn-
thetic toll-like receptor (TLR) 7/8 agonist, in a squalene emulsion (Protein+3 M-052-SE) was safe and immuno-
genic in infant rhesus macaques. Here, we demonstrate that broadly neutralizing and spike-binding antibodies
against variants of concern (VOC), as well as T cell responses, persisted for 12 months. At one year, correspond-
ing to human toddler age, we challenged vaccinated rhesus macaques and age-matched non-vaccinated con-
trols intranasally and intratracheally with a high-dose of heterologous SARS-CoV-2 B.1.617.2 (Delta). Seven of
eight control rhesus macaques exhibited severe interstitial pneumonia and high virus replication in the upper
and lower respiratory tract. In contrast, vaccinated rhesus macaques had faster viral clearance with mild to no
pneumonia. Neutralizing and binding antibody responses to the B.1.617.2 variant at the day of challenge cor-
related with lung pathology and reduced virus replication. Overall, the Protein+3 M-052-SE vaccine provided
superior protection to the mRNA-LNP vaccine, emphasizing opportunities for optimization of current vaccine
platforms. Notably, the observed efficacy of both vaccines one year after vaccination supports the implemen-
tation of an early life SARS-CoV-2 vaccine.

INTRODUCTION Fewer than 70% have received the full two-dose regimen worldwide
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has  and even fewer have received booster immunizations (I). Until June
infected close to 600 million people and caused more than 6 million 2022, children under the age of 5 were excluded from vaccination
deaths worldwide (I). Despite available vaccines, this pandemic  due to stringent age de-escalation clinical trial protocols and early
virus continues to spread globally posing a long-lasting burden.  data from the pandemic suggesting that children become less
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frequently infected with SARS-CoV-2 than adults and experience
only mild disease (2—4). Nonetheless, children can develop severe
disease along with other complications, notably multisystem in-
flammatory syndrome (MIS-C), and require hospitalization (5).
In the US alone, there have been more than 1500 reported deaths
in children due to SARS-CoV-2 infection (6). Furthermore, with
the emergence of more transmissible SARS-CoV-2 variants, such
as B.1.617.2 (Delta) and B.1.1.529 (Omicron), relative disease inci-
dence increased in the pediatric population, with neonates being
one of the most affected age groups requiring hospitalization (7),
emphasizing the urgent need to implement effective vaccines for
this age group (8, 9). Controversy remains as to whether young
infants and children mount immune responses to SARS-CoV-2 in-
fection comparable to those observed in adults (10-13). Recent data
from phase 2/III studies in children ages 6 months and older for
Moderna’s mRNA-1273 and Pfizer-BioNTech's BNT162b vaccines,
however, demonstrate the immunogenicity and efficacy of mRNA
SARS-CoV-2 vaccines despite substantially lower doses than those
used in adults (14, 15), leading to recent emergency-use-authoriza-
tion (EUA) of both of these vaccines for infants 6 months and older.

In human adults, vaccine-induced neutralizing antibody (nAb)
responses against SARS-CoV-2 decline over time (16-18). Several
studies have attempted to model the kinetics of antibody decline
to inform timing of booster immunization and predict protective
efficacy (19-21). Pediatric SARS-CoV-2 vaccine doses for infants

between the ages of 6 months to 5 years will be scaled proportionally
to that of adults (14, 15) and, thus, it will be important to determine
whether vaccine-induced antibody responses are durable and of
sufficient breadth to protect against infection with new variants of
concern (VOCs). The importance of this question is further under-
lined by the fact that booster immunizations in children aged 5 years
and older were only approved in May 2022, and — to ensure an ac-
ceptable benefit to risk ratio — a similar delay can be expected for
booster vaccines in the youngest age group.

Several groups have demonstrated the relevance of SARS-CoV-2
nonhuman primate (NHP) models predictive of vaccine-mediated
protection and disease outcomes (22-30). We previously reported
that infant rhesus macaques (RMs) vaccinated at 2 months of age
with two doses of an adjuvanted S-2P Protein+3 M-052-SE
vaccine or a preclinical version of the Moderna SARS-CoV-2
mRNA-LNP vaccine mounted potent antibody and T cell responses
that persisted for 22 weeks and that, despite lower doses, were com-
parable to those induced by the same vaccines in adult RMs (28).
The objective of the current study was to provide proof-of-
concept that immune responses induced by early life vaccination
would persist and protect from severe disease after high-dose chal-
lenge with a heterologous variant one year after vaccination. Our
results suggest that the decay kinetics of vaccine-induced neutraliz-
ing antibody responses are comparable to those observed in adult
humans and NHPs. Even at one year after immunization, an age
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Fig. 1. Experimental Design. Two groups of 2-month old rhesus macaques (RMs) were immunized intramuscularly at weeks (wks) 0 and 4 with stabilized prefusion SARS-
CoV-2 S-2P spike (S) protein of the Washington (SARS-CoV-2/human/USA/WA-CDC-02982586-001/2020) strain encoded by mRNA encapsulated in lipid nanoparticles
(MRNA-LNP; n = 8) or purified S protein mixed with 3 M-052, a synthetic TLR7/8 agonist, in a squalene emulsion (Protein+3 M-052-SE; n = 8). Immunogenicity data up to
week 22 post-immunization have been previously reported (28). RMs were monitored for 1 year post immunization, when vaccinated and an additional group of age-
matched unvaccinated control RMs were challenged by the intranasal (IN) and intratracheal (IT) route with heterologous B.1.617.2 (Delta). The clinical monitoring and
sample collection schedule until euthanasia on day 7 post-challenge is indicated underneath the time bar. The arrow at the bottom of the figure indicates the approx-
imate age of human infants at the time of the first immunization of RMs and at the time of challenge. The age comparison is based on our data of normal changes in

immune parameters in human and RM infants (32-34, 65).

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

Page numbers not final at time of First Release 2 of 18



SCienCGTranslationalMedicine | RESEARCH ARTICLE | FIRST RELEASE

corresponding to human toddlers, RMs vaccinated as infants had
reduced virus replication and were protected against SARS-CoV-
2-induced severe lung inflammation.

RESULTS

Study Design

We immunized two groups of 2-month old RMs (n = 8 per group) at
weeks 0 and 4 intramuscularly (IM) with stabilized prefusion SARS-
CoV-2 S-2P spike (S) protein of the Washington strain encoded by
mRNA encapsulated in lipid nanoparticles (mRNA group; Fig. 1;
table S1) or purified S protein mixed with 3 M-052, a synthetic
toll-like receptor (TLR) 7/8 agonist, in a squalene emulsion
(Protein group; Fig. 1; table S1) (28). The current study expanded
on the previously published findings of vaccine-induced immune
responses out to week 22 (28) and assessed the persistence of anti-
body and T cell responses to the vaccine virus and to VOCs for up to
12 months. To determine vaccine efficacy, at one year after the
initial immunization, the 2 vaccine groups and an added control
group of 8 age-matched non-immunized RMs (table S1) were
exposed to a high-dose heterologous challenge with the B.1.617.2
(Delta) variant, administered by the intratracheal [IT; 2x10°
plaque-forming units (pfu)] and intranasal (IN; 1x10° pfu)
routes. After challenge, animals were monitored closely by clinical
observations and regular sample collection until day 7 when
animals were euthanized for tissue collection (Fig. 1). Day 7 was se-
lected for euthanasia, because prior studies in adult RMs had dem-
onstrated that even with minimal or mild overt clinical signs, at this
time point there is substantial gross and histological evidence of
lung inflammation, particularly interstitial pneumonia, which sub-
sides later (30, 3I). Based on findings of normal developmental
changes in infant immune parameters by us and others (32-35)
and the fact that RMs have a 3 to 4-fold reduced lifespan to
humans (36), we estimate that the RM age at the time of immuni-
zation or challenge corresponded to approximately 6-month old
human infants or 3.5 year old toddlers, respectively.

Vaccine-induced immune responses persisted in infant RMs
for one year after immunization

Plasma B.1 (D614G) S-specific IgG responses peaked at week 6 and
then declined, as reported previously (28), but then stabilized
throughout the one year follow-up period in the Protein group
(Fig. 2A). In the mRNA group, plasma D614G S-specific IgG re-
sponses also persisted, but had declined by 23.8% from week 22
to week 52 (Fig. 2A). At week 52, the time of challenge, B.1.617.2
S-specific plasma IgG responses were of similar magnitude as
those to the D614G S protein in each group, but with overall
higher titers in the Protein vaccine group (Fig. 2A). Vaccine-
induced IgG responses against the receptor-binding domain
(RBD) of the B.1.617.2 S protein were also detectable in nasal, sali-
vary, and rectal secretions (Fig. 2B). B.1.617.2-specific IgA activity
was found in nasal secretions of 7 of 8 RMs and in saliva of 2 of 8
RMs vaccinated with the Protein vaccine, whereas only 1 RM of the
mRNA group had B.1.617.2-specific IgA activity and only in saliva
(Fig. 2C). IgG and IgA responses were higher in RMs immunized
with the Protein vaccine compared to mRNA vaccinated RMs. The
IgG and IgA antibodies in secretions of these animals were most
likely derived from plasma transudate because parenteral immuni-
zation with mRNA vaccines or 3 M-052-adjuvanted protein

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

vaccines does not typically induce local mucosal antibody responses
in humans or NHPs (37-39).

At the time when the current challenge studies were performed,
the B.1.617.2 variant was the dominant circulating variant. Since
then, Omicron variants have emerged as the main variants. There-
fore, we examined the breadth of the antibody response. Both vac-
cines had elicited cross-binding plasma IgG responses to 11
different SARS-CoV-2 variant S proteins (Fig. 3) that peaked at
week 8 (Fig. 3A). Although binding strength differed dependent
on the VOC, cross-reactive IgG binding responses to all tested S
proteins, including Delta (B.1.617.2) and Omicron (B.1.1.529),
were maintained in RMs of both vaccine groups to week 52
(Fig. 3B and C).

To determine the potential of these antibodies to protect against
challenge with B.1.617.2, we assessed neutralizing activity and Fc-
mediated effector functions using plasma. As reported previously,
peak neutralizing antibodies (nAb) to the D614G virus were ob-
served shortly after the second immunization (28). In the Protein
group, D614G-specific half maximal inhibitory dilution (IDsg)
nAb titers declined 59-fold from a median of 44,794 (range: 1,452
t0 89,867) at week 6 to a median of 755 (range: 359 to 1,949) at week
52 in a pseudovirus neutralization assay (Fig. 4A). D614G-specific
IDso nAD titers in the mRNA group were reduced 89-fold from a
median of 6,430 at week 6 (range: 1,496 to 11,325) to 73 (range:
41 to 240) at week 52 (Fig. 4A). The kinetics of nAb decline were
biphasic with an early steeper, followed by a slower decline over
time. Applying a piecewise linear model, the half-life of nAb
titers in the Protein group was estimated to be 2.9 weeks (95% CI
2.3 to 3.9 weeks) during weeks 6 to 18, and 39.6 weeks (95% CI 32.0
to 52.9 weeks) from week 18 to 52 (Fig. 4A). The half-life of the nAb
response in the mRNA group was estimated to be 4.4 weeks (95% CI
3.5 to 6.1 weeks) and 25.5 weeks (95% CI 22.0 to 30.7 weeks) in the
first and second phase, respectively (Fig. 4A). Results for whole
virus assay nAb responses followed a similar pattern, although the
decline in nAbs appeared to be more continuous and gradual
(Fig. 4B). The half-life was estimated to be 13.8 weeks in the
Protein group and 14.4 weeks in the mRNA group (Fig. 4B). The
vaccines also induced cross-neutralizing antibodies to B.1.617.2.
Despite 1.3-fold or 2.6-fold lower median IDs, titers against the
B.1.617.2 variant versus the D614G variant at week 6 in the
Protein or mRNA groups, respectively (Fig. 4C), median IDs,
titers to the D614G and the B.1.617.2 variants were of comparable
magnitude within each group at the time of challenge.

Both vaccines induced plasma antibodies able to bind to the
D614G S protein on transfected cells (Fig. 4D). More importantly,
at week 6 (the peak of antibody responses), binding of vaccine-
induced antibodies to D614G S-transfected 293 T cells triggered de-
granulation, indicative of antibody-mediated cytotoxicity (ADCC)
function. Despite comparable antibody binding, antibody-mediat-
ed degranulation at weeks 6, 18, and 52 was higher in RMs who had
received the Protein compared to the mRNA vaccine (Fig. 4E). At
week 6, antibody-mediated degranulation was also detectable
against B.1.617.2 S-transfected cells (Fig. 4F). However, the respons-
es against both variants decreased over time, with only few RMs
maintaining degranulation activity at week 52 (Fig. 4E and F).

In addition to vaccine-induced antibody responses, we measured
peripheral blood T cell responses to the ancestral S protein of the
vaccine (wildtype or WT) and the B.1.617.2 variant at the time of
challenge. In contrast to the decline in antibody responses, SARS-
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Fig. 2. mRNA and protein vaccines induced SARS-CoV-2-specific antibody responses in infant RMs. (A) Week 6, 22, and 52 plasma IgG responses to the B.1 (D614G)
or B.1.617.2 S protein (wk 52 only) are reported as log,, area-under-the curve (AUC) for RMs in the Protein+3 M-052-SE (blue symbols; left panel) or mRNA (orange
symbols, right panel). (B) Specific IgG activity to B.1.617.2 RBD was measured in nasal, salivary and rectal secretions of vaccinated RMs after 1 year. (C) Specific IgA activity
to B.1.617.2 RBD was measured in nasal and salivary secretions of the vaccinated RMs at 1 year. Each symbol represents an individual animal (table S1) with n = 8 RMs per
group. Group medians are denoted by bars in all graphs. Dotted lines in Panels B and C represent the cut-off for significance (mean + 3SD of negative controls) in the

assays. Within group comparisons (A) and between group comparisons (B and C) were respectively performed using Wilcoxon signed rank test and Mann-Whitney rank
sum test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 3. SARS-CoV-2 vaccination resulted in increased breadth of the plasma antibody response. (A)Each line represents the longitudinal measurements of the
plasma IgG breadth scores of individual RMs in the Protein+3 M-052-SE (left graph) or mRNA-LNP (right graph) group. Arrows indicate time of vaccination. (B) The
heatmap shows the median antibody binding as the log;, median fluorescence intensity (MFI) to 11 different S proteins over time in RMs vaccinated with the
Protein or mRNA vaccine. Each row represents the antibody binding log;, MFI against one specific S protein (see legend for color code) and each column represents
a specific week post-immunization. Antibody binding to the SARS-CoV-2 nucleoprotein (N protein) was negative at all time points. (C) Shown is a comparison of plasma
antibody binding to the S proteins of the B.1.617.2 (Delta) and B.1.1.529 (Omicron) variants at peak response (wk 8) and at the time of challenge (wk 52) in RMs of the
Protein and mRNA vaccine group. Horizontal lines represent group medians, each symbol represents an individual animal (table S1) with n = 8 RMs per group. Differences
in antibody binding to the two distinct S proteins within each group at the same time point were determined by Mann-Whitney test with *p < 0.05.

CoV-2 specific T cell responses were maintained and were higher at
week 52 compared to week 14 (Fig. 5A). Median CD4" T cell re-
sponses to the WT S protein at week 52 did not differ among the
Protein (1.4%, range 0.5% to 2.4%) or mRNA (2.2%, range 0.9%
to 6.3%) vaccine groups (Fig. 5A), whereas median CD8" T cell re-
sponses to WT S protein were higher (p = 0.002, Mann Whitney) in
the mRNA group (2.8%, range 0.9% to 7.1%) compared to RMs in
the Protein group (0.8%, range 0.1% to 1.6%) (Fig. 5A). In both
vaccine groups, cross-reactive median CD4* T cell responses
against S proteins of the B.1.617.2 and B.1.1.529 variants were of
similar magnitude as those against the WT S protein (Fig. 5B).
Median CD8* T cell responses against the S proteins of the
B.1.617.2 and B.1.1.529 variants were lower compared to WT S
protein responses in the mRNA group, but B.1.617.2 and

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

B.1.1.529 S-specific CD8" T cell responses were of comparable mag-
nitude and did not differ between the vaccine groups (Fig. 5B).
There were no differences in the cytokine profile between RMs in
the two different vaccine groups (table S2). Together, these results
corroborated that the low-dose, two-dose regimens of both vaccines
were effective in inducing cross-variant cellular and humoral SARS-
CoV-2-specific immune responses that persisted for at least
one year.

Clinical symptoms, hematology, blood chemistry and
plasma inflammatory markers varied after heterologous
B.1.617.2 challenge in vaccinated RMs

From the day of challenge onwards, RMs were scored daily for
several clinical signs, such as coughing, nasal discharge, or
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Fig. 4. Vaccine-elicited plasma antibodies exhibit distinct degrees of effector functions. (A and B)The IDs, titers of D614G-specific neutralizing antibodies from week
0 to week 52 for individual RMs in the Protein+3 M-052-SE (left graph) or mRNA-LNP (right graph) group were measured by the pseudovirus assay (A) or the whole virus
assay (B), respectively. Arrows indicate the time of immunizations. The shaded areas in (A and B) indicate the decay of nAbs. In the pseudovirus assay (A), the decay was
characterized by an early rapid (dark gray) decay phase followed by a slower decline (light gray). The estimated half-life of nAbs in each phase is listed with the 95%
confidence interval. The decay of nAbs measured in the whole virion assay (B) was calculated using the listed formula. (C) IDs, titers of B.1.617.2-specific nAbs are shown at
week 6 (peak response), week 43, and week 52 for individual RMs in the Protein+3 M-052-SE (blue symbols) or mRNA-LNP (orange symbols) group in comparison to
corresponding IDsy titers of D614G (B.1)-specific nAbs at week 52. (D) The ability of plasma antibodies to bind to D614G S protein-transfected cells is shown. Data are
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degranulation activity of D614G-specific or B.1.617.2-specific antibodies, reported as AUC, respectively. Horizontal bars indicate medians, each symbol represents an
individual RM (table S1); each group has n = 8 RMs. Differences between groups were determined by Mann-Whitney test and between two timepoints within a
group by Wilcoxon rank test with *p < 0.05, **p < 0.01, and ***p < 0.001.

respiratory distress, by cage-side observations and scored for clini-
cal parameters at each sedation (Fig. 1). No obvious differences
between the groups were observed as even in the control group
overall clinical signs were absent to mild (fig. S1) and RMs in all
groups maintained stable weights. Consistent with clinical disease
symptoms, despite some minor fluctuations in complete blood
count (CBC) values (fig. S2), likely attributable to experimental pro-
cedures (such as blood collections and frequent sedations), CBC
data were generally maintained within the normal range for this
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age group. Early declines in lymphocyte counts after B.1.617.2 chal-
lenge were consistent with observations in humans infected with
SARS-CoV-2 (40). There were also no or only slight fluctuations
in blood chemistry values, including C-reactive protein (fig. S3;
table S3).

Systemically, SARS-CoV-2 infection was reflected by increased
plasma concentrations of inflammatory cytokines (fig. S4 and
table S4). At day 2 post-challenge, control RMs had elevated con-
centrations of interleukin (IL)-6, IL-1RA, eotaxin, monocyte

Page numbers not final at time of First Release 6 of 18



SCienCGTranslationalMedicine | RESEARCH ARTICLE | FIRST RELEASE

CD4* T Cells
A
8- *
£ 7
12}
o 6
S
-  5-
:l‘ %k
[m) =
e 4 |
23
é 2 *O> —
&) 14 — =
®
¥y O0°®vV
0l == { T T
wk 14 wk 52
B
—_ 8_
g
2
g o
-
¥
)
o 4
b
2
= A A A
2 o] o Soa =
o - T B —
o® V7 e §
0 T T ? T T T
q o 9 o
& & & &
" N2 o "

CD8* T Cells
*%k
8- ® S Protein +
= 3M-052-SE
g 77 " SARS-CoV-2
2 y mRNA-LNP
s 6 |
o
— 54
*
] 4
o
& o —
=
5 °
" -
0-—1‘&-—“ o P .
wk 14 wk 52
8- *
g
2
8 61 *
- r—‘
-
@©
SIS
h
2
2 s o
. o
S
oy O &7t
0 [ ] ﬁ
1 T T T T T
Vv S Vv )
« & N &
2 - " 2

Fig. 5. Vaccination elicits peripheral blood T cell responses in infant RMs. Peripheral blood CD4* and CD8" T cell responses were assessed after in vitro stimulation of
PBMCs with a peptide pool spanning the wildtype, B.1.617.2 (Delta), or B.1.1.529 (Omicron) S protein and measuring the percentage of interleukin (IL)-2, interferon (IFN)-
Y, IL-17, and tumor necrosis factor (TNF)-a producing CD4* and CD8* T cells by flow cytometry. The data represent the sum of all single, double, or triple cytokine positive
CD4* or CD8* T cells as determined by Boolean gating. (A) CD4* or CD8* T cell responses to the WT protein at week 52 were compared to the previously published data of
week 14 to illustrate the increase in T cell responses over time in both vaccine groups. (B) The magnitude of CD4* or CD8* T cell responses against the Delta or Omicron S
proteins are shown in comparison to the WT at the time of challenge (week 52). Horizontal bars indicate medians, each symbol represents an individual RM as outlined in
table S1 with n = 8 RMs per group. Differences between RMs of the same group at different timepoints were determined by Wilcoxon rank test with *p < 0.05

and **p < 0.01.

chemoattractant protein-1 (MCP-1), CXCL10, and CXL11. In con-
trast, such changes were not observed in the Protein group, whereas
the mRNA vaccinated RMs had intermediate patterns of increased
inflammatory cytokine concentrations (fig. S4).

Prior SARS-CoV-2 vaccination controlled virus replication in
the upper and lower respiratory tract of infant RMs

Virus replication was monitored in the upper and lower respiratory
tract by testing nasal and oropharyngeal swabs (days 1, 2, 4, and 7
post-challenge), bronchoalveolar fluid (BAL; days 2, 4, and 7), lung
tissue, and mediastinal lymph node tissues (day 7) (Fig. 1) for
SARS-CoV-2 N gene RNA expression to capture both genomic
and subgenomic viral RNA; data for orfla,b genomic RNA are pre-
sented in fig. S5. On day 1 post-challenge, high viral RNA (VRNA)
abundance was observed in nasal or oropharyngeal swabs of all RMs
independent of their vaccination status, and a similar pattern was
observed in BAL on day 2, possibly reflecting residual challenge
input virus (Fig. 6A to C). By days 2 and 4 post-challenge,
median VRNA copies per ml in nasal and oropharyngeal secretions
increased in control RMs, indicative of active virus replication
(Fig. 6A and B); VRNA declined by day 7 (but with high individual

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

variability) (Fig. 6A to C). In contrast, RMs in the Protein vaccine
group demonstrated a decline in VRNA concentrations after day 1
and VRNA concentrations on days 2 and 4 were significantly lower
(p <0.05and p < 0.01, respectively) than those of the control group.
On day 7, vVRNA was no longer detectable in 5 of 8 nasal and 3 of 8
oropharyngeal samples of the Protein group. Virus replication in
the mRNA vaccine group was intermediate to the Protein vaccine
and control group (Fig. 6). Differences in virus control dependent
on the sampling site across all groups became more apparent when
we compared VRNA area-under-the-curve (AUC) values over the
total 7-day challenge period (Fig. 6D).

Similarly, the immunized RMs had lower median VRNA in BAL
samples on day 4 compared to controls (8.3 log;, copies/ml versus
4.0 or 4.6 log; o copies/ml in the Protein or mRNA group, respective-
ly) (Fig. 6C). Day 7 vRNA concentrations were also lower in BAL
samples of the Protein compared to the control group (Fig. 6C).
Finally, VRNA concentrations in lung and mediastinal lymph
node tissues collected on day 7 revealed marked differences
between the vaccinated groups and the control group (Fig. 6E and
F). Correlations between virus replication in the upper and lower
respiratory tract are presented in fig. S6 (see also table S5). In
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Fig. 6. SARS-CoV-2 RNA concentrations are lower in mucosal secretions and tissues isolated from vaccinated RMs. (A to C) Virus replication was measured by qRT-
PCR for the SARS-CoV-2 N gene. The viral RNA concentrations in nasal (A) and oropharyngeal (B) swabs were determined on days 1, 2, 4, and 7, and the viral RNA con-
centrations in BAL (C) on days 2, 4, and 7. Data are reported as log;, copies per ml for fluids and as copies per 30 mg for tissue samples. (D) Shown is area-under-the curve
analysis of log;o transformed viral RNA data in nasal and oropharyngeal swabs throughout the 7-day challenge period. (E and F)Viral RNA concentrations in the lung (E)
and mediastinal lymph nodes (F) were measured on day 7. Dashed lines indicated the lower limit of detection. Individual RMs in the different groups are represented by
distinct symbols as outlined in table S1. (A, B, C, D and E) show data for n = 8 RMs per group; (C and E) show the number of RMs for which sufficient sample and RNA was
available above the x-axis. Differences between the groups were determined by Mann-Whitney test with *p < 0.05, **p < 0.01, and ***p < 0.001.

summary, although the vaccine regimens did not provide sterilizing
immunity after high-dose challenge, the immunized RMs displayed
faster clearance of VRNA compared to the control group, with the
Protein vaccine group mediating the best control of virus replica-
tion. Overall, the vaccine-mediated reduction in virus replication
was more pronounced in the lower than the upper respiratory tract.

Reduced lung inflammation was observed in immunized
animals after heterologous SARS-CoV-2 challenge
Lung disease was assessed by radiographs collected prior to and on
days 2, 4, and 7 post challenge. The different areas of the lung were
scored for the radiologic presence of pulmonary infiltrates and an
overall lung score was tabulated for each day (table S6). The median
sum of individual scores from day 0 to day 7 and median day 7 only
scores were highest in control RMs (Fig. 7A to C; p < 0.05 by Mann-
Whitney two group comparisons), with no difference between RMs
in the Protein or mRNA vaccine groups. By day 7, 6 of 8 and 5 of 8
RMs in the Protein or mRNA vaccine group, respectively, showed
no evidence of pulmonary infiltrates compared to only 2 of 8
control RMs (Fig. 7A to C).

To gain further insight into lung pathology, we performed gross
examination and selected four lobes — both caudal lobes, the right

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

cranial lobe, and the left middle lobe — for histology examination on
day 7 post challenge. Per animal, between 20 to 24 slides were
blindly evaluated and scored based on the extent and severity of in-
terstitial and alveolar inflammation as outlined in table S7. The
comprehensive scoring system had been validated in prior studies
as a very sensitive tool to detect efficacy of prophylactic and thera-
peutic interventions (30, 31). Unvaccinated, SARS-CoV-2-infected
control RMs could be easily distinguished from vaccinated RMs
based on gross pathology, average individual lung lobe scores, or
the average combined (4-lobe) whole lung pathology scores
(Fig. 7D to N, fig. S7, table S8).

Most of the control RMs had moderate to severe interstitial
pneumonia that was extensive in some of the lobes (Fig. 7D to
N). In the most severe lesions, regions of alveolar inflammation
were characterized by marked expansion of the alveolar septae by
inflammatory cells, mostly macrophages and neutrophils, accompa-
nied by variable numbers of macrophages and neutrophils in the
alveolar lumen, consistent with pathology in adult RMs (25, 30,
31). Type 2 hyperplasia was relatively common, indicative of previ-
ous type 1 alveolar cell injury and loss. In some areas there was
marked alveolar edema with scattered fibrin accumulation and oc-
casional syncytial cells (Fig. 7D to N). In contrast, the lesions in the
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mRNA and Protein vaccinated RMs were generally non-existent to
mild and localized, consisting of small foci of increased alveolar in-
terstitial cellularity, and only occasionally with a very small increase
in the numbers of alveolar macrophages (Fig. 7D to N). Two of the
RMs immunized with the mRNA vaccine had lesions that were
slightly more severe and extensive, and, although lung pathology
did not approach the degree of severity or extent of those seen in

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

the control RMs, the lung pathology scores in these 2 RMs over-
lapped with the lowest pathology scores observed in the control
group (Fig. 7D to N; fig. S7). Both vaccinated groups had signifi-
cantly lower lung pathology scores than the control group, and
the scores of the Protein vaccine group were also lower than that
of the mRNA group (all p values <0.001). The day 7 lung pathology
scores were strongly correlated (Spearman rank test: r = 0.643;

Page numbers not final at time of First Release 9 of 18



SCienCGTranslationalMedicine | RESEARCH ARTICLE | FIRST RELEASE

p = 0.0009) with lung radiograph scores on day 7 (table S5). Finally,
median lung pathology scores and median lung viral RNA concen-
trations did not differ between male and female RMs (fig. S8).

To avoid any bias in our challenge outcome conclusions, we per-
formed a sensitivity analysis excluding the 3 control RMs (#17, #18,
and #21) that were housed outdoors until one month prior to SARS-
CoV-2 challenge to determine if a potentially different microbiota
in these 3 control RMs impacted virus replication or lung pathology.
With the exception of lung virus replication in mRNA vaccinated
RMs, differences in lung SARS-CoV-2 replication, lung pathology
scores, and day 7 radiograph scores between control RM (n = 5) and
vaccinated RMs remained statistically significant (p < 0.05, table S5,
fig. S9). We therefore used data from all 8 control RMs in further
analyses. In a prior study, the comprehensive pathology evaluation
proved to be more sensitive in detecting lung pathology than radio-
graphs (41), and, therefore, we selected the average combined lung
pathology score, referred to as lung pathology score, in subsequent
analyses of challenge outcome and in the identification of immune
correlates of protection.

Immunized infant RMs mounted anamnestic immune
responses to SARS-CoV-2 challenge
Generally, despite a few exceptions, antibody responses reflected an-
amnestic responses in the vaccine groups and primary responses in
the control group. On day 7, compared to day 0, RMs in both
vaccine groups had increased plasma IgG concentrations specific
to the D614G and the B.1.617.2 S proteins (fig. S10A and B) and
increased B.1.617.2 RBD-specific IgG responses in nasal secretions
(fig. S10C). Control RMs mounted S-specific IgG responses at day 7
post-challenge in plasma, but not in mucosal secretions (fig. S10).
Modest but significant (p = 0.0391) increases in B.1.617.2 RBD-spe-
cific IgA were also detected in nasal secretions of the Protein group
(fig. S10E). Like IgG, these IgA antibodies represented anamnestic
responses because no IgA or IgG antibodies were apparent in secre-
tions of naive controls on day 7 post-infection (fig. S10). IgG bound
to S proteins of 11 VOCs at day 0 and day 7 with slight variation in
magnitude between VOCs, and with the mRNA vaccine group ex-
hibiting increased binding on day 7 compared to day 0 (fig. S11). In
the Protein group, post-challenge plasma antibody responses result-
ed in higher Fc-mediated degranulation activity against the D614G,
but not the B.1.617.2 S protein, indicative of an anamnestic vaccine
response (fig. S12A and B). nAb responses of Protein vaccinated
RMs did not change in response to viral challenge (fig. S12C and
D). In contrast, RMs in the mRNA group responded with increased
plasma neutralizing activity against the vaccine virus, but no change
in Fc-mediated antibody function (fig. S12C and D). Control RMs
developed low concentrations of plasma neutralizing B.1.617.2-spe-
cific IgG responses at day 7 post-challenge (fig. S12C and D).

To distinguish between anamnestic and challenge virus-induced
T cell responses, we assessed day 7 peripheral blood T cell responses
to the S proteins of the WT virus and the B.1.617.2 variant and to
the nucleocapsid (N) protein of the WT strain that was not ex-
pressed by the vaccine (fig. S13). Vaccinated RMs, regardless of
the vaccine type, did not exhibit increased peripheral blood CD4*
or CD8" T cell responses to the WT or the B.1.617.2 S protein on
day 7 compared to day 0 post-challenge. RMs of the Protein vaccine
group, however, mounted CD8* T cell responses to the N protein.
N-specific T cell responses were also observed in the CD4", but not
the CD8" T cell population of control RMs, consistent with

Milligan et al., Sci. Transl. Med. published First Release 1 December 2022

observations in unvaccinated adult RMs (42). Further, RMs in the
control group had evidence of peripheral blood N-specific CD4* T
cell responses. The majority of vaccinated and control RM:s also had
detectable CD4" and CD8* T cell responses in mediastinal
lymph nodes.

Neutralizing antibody responses against wildtype and
B.1.617.2 SARS-CoV-2 at one year post vaccination
correlated with protection against SARS-CoV-2 challenge
As lung pathology scores proved to be the most relevant marker to
evaluate relative vaccine efficacy in this animal model of COVID-19
and were reflective of virus replication (fig. S14), we tested what
vaccine-induced immune responses at the time of challenge corre-
lated best with protection against lung inflammation. All virus-spe-
cific antibody parameters on the day of challenge, with the
exception of Fc-mediated degranulation function of B.1.617.2-spe-
cific plasma antibodies, were inversely correlated with lung inflam-
mation (r values range: —0.66 to —0.92; all p values <0.007) (table
S5). These antibody responses included (i) serum neutralizing an-
tibodies (assessed by both pseudovirus and whole virus assay)
against both D614G and B.1.617.2, (ii) D614G or B.1.617.2 S-spe-
cific binding IgG in plasma, (iii) B.1.617.2 RBD-specific IgG in
nasal or salivary secretions, (iv) B.1.617.2 RBD-specific IgA in
nasal secretions, (v) plasma antibody binding to other VOCs, and
(vi) Fc-mediated degranulation function of D614G-specific anti-
bodies (fig. S15, table S5). Considering these strong inverse corre-
lations, we tested whether peak antibody responses at week 6 could
already predict challenge outcome and found indeed strong inverse
correlations between plasma IgG binding and neutralizing antibod-
ies, and antibody Fc-mediated degranulation against both the
D614G and the B.1.617.2 S proteins and lung pathology scores
(fig. S16).

Day of challenge peripheral blood T cell responses also appeared
to contribute to vaccine-mediated protection. B.1.617.2 S protein-
specific CD4", but not CD8%, T cell responses were inversely corre-
lated with lung pathology scores (r = —0.524, p = 0.0095). In con-
trast, positive correlations were observed between mediastinal
lymph node N-specific CD4*T cell responses and day 4 oropharyn-
geal VRNA concentrations (0.509, p = 0.0116), and between lung
pathology and mediastinal lymph node N-specific CD4" T cell re-
sponses (r = 0.522, p = 0.0096) and B.1.617.2 S-specific CD8" T cell
responses (r = 0.451, p = 0.0287) (table S5), implying that these T
cell responses were likely induced in response to virus replication.

To obtain quantitative measurements that could be applied to
identify immune correlates of vaccine-induced protection,
immune response parameters on the day of challenge (day 0) and
parameters of challenge outcome, including lung pathology scores,
SARS-CoV-2 RNA concentrations, clinical and cage observation
scores, and day 2 increases in plasma cytokines were tabulated
across the three groups (see Materials and Methods). The 25th,
50th, and 75th percentiles for each parameter were calculated
(table 89), followed by assignment of scores from 1 to 4 correspond-
ing to the respective quartile from lowest to highest. The data were
ordered from lowest (no or mild) to highest (severe) challenge
outcome score (fig. S17), with separate matrices for WT/D614G
or B.1.617.2 S-specific immune responses. The overall conclusions
from both analyses were similar: (i) the higher immune response
scores on the day of challenge, the less severe was challenge
outcome, and (ii) neutralizing antibody responses were the main
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driver of protection against lung pathology and SARS-CoV-2 repli-
cation (Fig. 8). Thus, RMs with SARS-CoV-2 S-specific nAb re-
sponses >75th percentile (pseudovirus assay: D614G 1D5,>430 or
B1.617.2 ID5,>448) presented with normal lung histology and did
not show evidence of virus replication in the lung (Fig. 8). In RMs
with nAb titers within the range of the 50th to 75th percentile
(RM12, RM14) and WT or B.1.617.2 S-specific CD4* T or CD8*
T cell responses >75th percentile appeared to have partial protec-
tion (fig. S18). The results further emphasized that the magnitude of
the responses elicited by the Protein vaccine provided superior ef-
ficacy compared to the mRNA vaccine (Fig. 8, fig. S18).

DISCUSSION

SARS-CoV-2 vaccination has provided substantial protection
against severe disease and hospitalization in all age groups for
which the vaccine is available. The recognition of the potential ben-
efits of SARS-CoV-2 vaccination of children was recently met by the
U.S. Food and Drug Administration’s Emergency Use Authoriza-
tion (EUA) of mRNA-based SARS-CoV-2 vaccines for infants
and toddlers from 6 months to 4 or 5 years of age (43). Although
this EUA is based on clearly favorable efficacy and safety data, many
parents are likely to remain skeptical and wait to get their infants
and toddlers immediately immunized due to concerns on safety
and durability of efficacy, including against VOCs. Results of the
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Fig. 8. Neutralizing ID5, antibody titers are a correlate of protection in infant
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time of challenge are plotted against lung pathology scores. The symbol size for
each RM is based on the degree of virus replication in the lung of the same RM. RMs
in the Protein or mRNA vaccine groups are indicated by blue and orange circles,
respectively, and control RMs by gray circles. Individual animal symbols were not
used to more clearly document the impact of vaccine-induced nAb IDs, titers on
lung inflammation and virus replication. Note that RMs with IDs titers above 50
have pathology scores below 1. Vertical ticks indicate the 25th, 50th and 75th per-
centile of all IDs titers across all groups and horizontal ticks indicate the 25th, 50th
and 75th percentile of lung pathology scores (table S9). Most control RMs have IDsq
nAb titers at or below the 25th percentile and pathology scores above the 75th
percentile, whereas the majority of Protein+3 M-052 vaccinated RMs have IDsq
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percentile. RMs of the mRNA-LNP group have intermediate (between the 25th
and 75th percentile) IDso nAb titers and pathology scores. Please see figure S17
for the data with D614G nAb. Red-filled, red-outlined, and light gray shaded
areas indicate severe, intermediate and no or mild lung pathology, respectively.
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current study provide a valuable contribution to efforts to alleviate
some of these concerns.

Our study addressed the question whether SARS-CoV-2 vac-
cines administered in early life at doses much lower than those
given to adults can protect against challenge with a heterologous
SARS-CoV-2 variant one year after immunization. The results dem-
onstrate that both the WT S-2P Protein+3 M-052-SE vaccine and
the preclinical version of the SARS-CoV-2 mRNA-LNP vaccine
given to 2-month-old RMs induce cellular and humoral immune
responses of comparable magnitude, quality and durability as
those elicited by similar vaccines in adult RMs (25) and these re-
sponses can protect against lung pathology, as assessed by radio-
graph images and histology, after high dose challenge with the
B.1.617.2 variant one year after immunization.

Human and NHP studies of adults have documented the decline
of nAb after SARS-CoV-2 vaccination or infection (18, 25, 44—46).
Our knowledge about the durability of SARS-CoV-2 immune re-
sponses in infants and children, however, is still limited (47, 48).
The decay estimates of nAbs from week 6 to week 48 for both the
Protein and the mRNA vaccine are within the range of those ob-
tained in modeling studies of SARS-CoV-2 infection- or vaccine-
induced nAbs with predicted half-lives varying from as low as 20
days to more than 200 days (19, 20, 44, 49). Analogously, in adult
RMs vaccinated with the mRNA-1273 vaccine, geometric mean
titers (GMT) of nAb against the D614G variant (whole virus
assay) had declined by almost 90% from week 6 to week 48 (25), a
decline also comparable to the one (89%) observed in the current
study for the mRNA vaccinated RMs. Similarly, the reduction of
nAb titers to the B.1.617.2 variant compared to those against the
B.1 (D614G) variant at peak response (week 6) is well-aligned
with differences in peak nAb titers found in other human and
NHP studies (19, 25). Our findings are also consistent with the
recent immunogenicity and efficacy data of the Pfizer and
Moderna mRNA vaccines for human infants between 6 months
and 5 years of age (14, 15), and together these results demonstrate
the robustness of the infant immune response to SARS-CoV-2
mRNA and protein vaccine platforms.

Importantly, compared to mRNA vaccine studies in adult RMs
and humans, the two vaccines tested at lower doses in the current
study provided comparable protective efficacy as adult mRNA vac-
cines against infection with heterologous SARS-CoV-2 variants (19,
25). This result is even more remarkable considering that that the
challenge dose in the study here was 10-fold higher compared to the
study of adult RMs vaccinated with the adult mRNA-1273 vaccine
dose and challenged with the B.1.617.2 variant one year later (25).
Furthermore, and similar to our results, during the first days after
challenge adult RMs also had high concentrations of viral RNA in
upper respiratory secretions and BAL samples (25). Prevention of
SARS-CoV-2 replication in the upper respiratory tract would
likely require the induction of locally-produced mucosal antibodies
by vaccination. The latter should be an important consideration in
the development of next generation vaccines. However, RMs in both
vaccine groups exhibited more rapid viral clearance that likely trans-
lates into an overall reduced transmission risk. Furthermore, the
young immunized RMs were protected against the moderate to
severe lung pathology observed in unvaccinated control RMs.
Thus, even though these vaccines cannot prevent infection in a
high-dose challenge model a year after immunization, they confer
major benefits.
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In addition to efficacy against lung disease, pediatric SARS-CoV-
2 vaccines may offer much broader benefits. Long COVID is be-
coming a growing concern not only for adults but also for children
(50). Prior studies in adult RMs have demonstrated that SARS-CoV -
2 infection, most likely through the olfactory route, invades the
brain and may cause neuropathology (51, 52). Accordingly, current-
ly ongoing studies are analyzing the brains of the RMs in this study
to explore whether the reduced viral replication in the respiratory
tract of immunized animals translates into protection against such
neuropathology.

Protective efficacy in adult human clinical trials (44, 46, 53) and
in adult NHP (24, 25, 54) vaccine studies has been associated with
vaccine-elicited neutralizing antibody responses. Our results extend
this conclusion to infants younger than 5 years. The plasma nAb
titers to both the D614G or the B.1617.2 S protein at the time of
challenge were inversely correlated with lung SARS-CoV-2 RNA
concentrations and pathology. Our data suggest that pseudovirus
median IDsq nAb titers of approximately 400 against the D614G
or B.1.617.2 variants provided protection from severe lung inflam-
mation. These titers are remarkably similar to the protective titers
(IDsq > 500) reported by adoptive transfer of IgG from SARS-CoV-2
convalescent adult RMs to naive RMs (16). In the same study IDs,
nAb titers >50 provided partial protection (16), also similar to the
findings in the current study as the two mRNA vaccinated RMs with
IDsy nAb titers below 50 against the B.1.617.2 variant had mild to
moderate lung inflammation. Our data are also consistent with
mRNA-LNP vaccine studies in adult RMs that found that lower,
suboptimal antiviral antibody concentrations may not be able to
reduce virus replication in upper respiratory tract but can still
confer protection against virus replication in the lower respiratory
tract (24).

Passive immunization studies (such as with monoclonal anti-
bodies) have shown clearly that sufficient amounts of neutralizing
antibodies by themselves can induce protection against infection
and pathology (16, 30, 31). Our data also suggest that Fc-mediated
antibody functions and vaccine-induced T cell responses contribute
to protection especially when nAb titers are suboptimal, as has been
described earlier in studies with adult RMs (16). In the current
study, this may be especially relevant for the mRNA vaccine
group, as CD4" T cell responses at the time of challenge were in-
versely correlated with lung pathology scores and provided extra
predictability beyond that of nAb responses. Bearing in mind that
vaccine-induced antibody responses declined over time, whereas T
cell responses in blood were maintained during the year post-im-
munization, it would be interesting to determine the kinetics of
SARS-CoV-2-specific T cell responses by different vaccines and to
dissect the relative contribution of antibody versus T cell responses
to vaccine-mediated protective efficacy over time after immuniza-
tion. A protective role of T cell responses against SARS-CoV-2 in-
fection is supported by early data from the B162b2 mRNA vaccine
trial demonstrated that 90% of protection was already achieved by
day 14, prior to the induction of neutralizing antibody responses in
most vaccinees (55, 56).

It remains to be determined how the results of the study will
translate into protective efficacy against currently circulating
Omicron and future variants. However, current mRNA vaccines
are predicted to have potent cross-reactive T cell responses to the
Omicron variant (57) and the mutations in the Omicron RBD
regions are thought to reduce binding to the human angiotensin
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converting enzyme (ACE) 2 receptor and therefore, reduce lung
pathogenicity (58). Importantly, in the BNT162b phase 2/III trial
in children ages 6 months and older, the mRNA vaccine was report-
ed to have 80% efficacy against the BA.1 variant, although a 3-dose
regimen of a lower dose mRNA-LNP vaccine than that used in this
study was applied (15).

The advantages of mRNA vaccines to protect against SARS-
CoV-2 disease are multifold: they are highly immunogenic, safe,
and easily adaptable to express antigens of emerging variants, and
can be produced at high amounts. Yet, the finding that the
Protein+3 M-052-SE vaccine induced higher and more durable
immune responses that translated into better efficacy compared to
the mRNA-LNP vaccine raises the question about the optimization
of alternative SARS-CoV-2 vaccines, including potentially prime-
boost regimens that mix different vaccines to improve durability
and breadth of immune responses. We and others have previously
demonstrated that TLR 7/8-based adjuvants, including 3 M-052, are
superior to other adjuvants in inducing durable antibody responses
to HIV and pneumococcal vaccines in infant macaques (59, 60), and
to SARS-CoV-2 in juvenile macaques (61). Furthermore, the
Protein+3 M-052-SE vaccine might be more amenable for use in
developing countries because it only requires refrigeration. Eliciting
high and long-lived immune responses is especially relevant for
SARS-CoV-2 vaccines given during early life, both to overcome
the potential interference of maternal antibodies, and to protect
against newly evolving variants that may be encountered later in
life (62, 63).

The current study was limited by relatively small group sizes of 8
RMs and the short follow-up period after SARS-CoV-2 challenge,
factors largely driven by limited BSL-3 facility capacity. All RMs
were dam-reared and breast-fed. However, compared to RMs in
the vaccine groups and the majority of the control RMs (5 of 8),
who were housed indoors, 3 of 8 control RMs (#17, #18, and #21)
were transitioned to indoor housing only one month prior to chal-
lenge. To control for a potential impact of differences in host micro-
biota on immune responses to SARS-CoV-2 challenge, we
performed a sensitivity correlation analysis that excluded these
three RM from the control group. The main conclusions of our
study were confirmed by this additional analysis (table S5, fig.
S9). We also do not know how effective vaccine doses determined
in infant rhesus macaques translate into human infant vaccine
doses. Thus, although infant RM studies cannot replace human
infant vaccine safety and dosing studies, the similarities in human
and RM infant physiology and immune development support the
use of the pediatric RM model to inform human vaccine trial
design. This conclusion is strengthened by the concurrence of our
major findings with observations in human studies.

In summary, the results of the current study demonstrate that
despite lower vaccine doses, the infant Protein+3 M-052-SE and
mRNA-LNP vaccines induced plasma antibody responses of
similar magnitude, quality, breadth, and durability as those elicited
by adult vaccines and that provided comparable protective efficacy
against infection with a heterologous SARS-CoV-2 variant. Qur
findings complement and add to the data on durability and cross-
reactivity of vaccine-induced antibody and T cell responses. This
body of data will inform the timing of booster immunization and
the optimization of existing or the design of improved SARS-
CoV-2 vaccines, including pan-coronavirus vaccines. Altogether,
the highly favorable safety, immunogenicity, and efficacy data of
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SARS-CoV-2 vaccines in the current RM study and matching data
coming out of human pediatric trials provide strong support to ini-
tiate SARS-CoV-2 vaccination in infancy and incorporate new
SARS-CoV-2 vaccines into the global routine pediatric vaccine
schedules to curb the SARS-CoV-2 pandemic.

MATERIALS AND METHODS

Study design

Two groups of 2-month old RMs (n = 8 per group; table S1) were
immunized IM at weeks 0 and 4 with stabilized prefusion SARS-
CoV-2 S-2P spike (S) protein of the Washington strain encoded
by mRNA encapsulated in lipid nanoparticles (nRNA group) or
purified S protein mixed with 3 M-052, a synthetic TLR7/8
agonist, in a squalene emulsion (Protein group) (28). At approxi-
mately one year after the first immunization, the 2 vaccine groups
and an added control group of 8 age-matched non-immunized RMs
(table S1) were exposed to a high-dose heterologous challenge with
the B.1.617.2 (Delta) variant, administered by the IT and IN routes.
After challenge, animals were monitored for clinical signs of infec-
tion and virus replication and then euthanized for tissue collection
on day 7 (Fig. 1). Vaccine efficacy was assessed in a blinded manner
by challenge virus replication and lung pathology. Vaccine-induced
immune responses were measured prior to and 7 days after chal-
lenge to determine correlates of protection.

Animals

Infant male (n = 8) and female (n = 8) rhesus macaques (Macaca
mulatta; RM) of Indian-origin from the California National
Primate Research Center (CNPRC, Davis, CA) breeding colony
(negative for type D retrovirus, simian immunodeficiency virus,
simian lymphocyte tropic virus type 1 and SARS-CoV-2) were en-
rolled at a median age of 2.2 months and randomly assigned into
two groups (table S1). Infants were housed indoors with their
dams until weaning at 7 to 8 months of age and then pair-
housed. At week 49, age- and sex-matched unvaccinated animals
(n = 8) were added (table S1). Control RMs were also dam-reared
and weaned between 5 to 8 months of age. Three of 8 control RMs
were initially housed outdoors in the same corral and transitioned
to indoor pair-housing approximately 1 month prior to challenge.
Animal care followed the Guide for Care and Use of Laboratory
Animals by the Institute for Laboratory Animal Research. Animal
procedures were approved by the UC Davis Institutional Animal
Care and Use Committee prior to study initiation. RMs were
moved into the animal biosafety level 3 (ABSL-3) facility just
before virus challenge inoculation.

Vaccines

The SARS-CoV-2 stabilized prefusion S (S-2P) mRNA vaccine for-
mulated in lipid nanoparticles (LNP) was provided by Moderna,
Inc. For the adjuvanted protein vaccine, the Vaccine Research
Center (National Institutes of Health, NIH) provided the S-2P
Protein, whereas Access to Advanced Health Institute (AAHI)
and 3 M worked together to provide the 3 M-052-SE adjuvant
(28). To balance immunogenicity and safety, we decided to immu-
nize the infant RMs in the mRNA-LNP group IM at weeks 0 (quad-
riceps) and 4 (biceps) with 30 pg of mRNA-LNP as described (28).
The vaccine was stored at —20°C until just prior to the immuniza-
tion. Infant RMs in the Protein+3 M-052-SE vaccine group were
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immunized IM with 15 ug S-2P protein mixed with 3 M-052-SE -
an adjuvant consisting of 10 ug of the synthetic TLR7/8 agonist 3 M-
052 in a 2% squalene-in-water emulsion (Protein+3 M-052-SE) - in
0.5 mL divided across the left and right quadriceps (week 0) or
biceps (week 4).

SARS-CoV-2 challenge

The challenge virus was obtained through the Biodefense and
Emerging Infections Research Resources Repository (BEI Resourc-
es), National Institute of Allergy and Infectious Diseases (NIAID),
NIH: SARS-Related Coronavirus 2, Isolate hCoV-19/USA/MD-
HP05647/2021 (Lineage B.1.617.2; Delta variant) (WCCM), NR-
55674, contributed by Andrew S. Pekosz: titer: 1.8x10”7 Median
Tissue Culture Infectious Dose (TCIDs,) per mL. The virus was
stored at —80°C. A new vial was thawed immediately prior to
each animal inoculation and diluted 9-fold in phosphate-buffered
saline (PBS). At approximately 52 weeks after the first immuniza-
tion animals were challenged with this virus IT (2x10° pfu in 1 mL)
and IN (1x10° pfu, 0.25 mL per nostril) (Fig. 1).

Clinical observations

Daily cage-side clinical monitoring was performed by trained staff
who were blinded to the group assignments, and included recording
of responsiveness, discharge, respiratory rate and character, evi-
dence of coughing or sneezing, appetite, stool quality. A score was
tabulated for each of these parameters, and a total score was calcu-
lated for each animal per day. When RM:s had to be sedated for pro-
cedures, additional clinical assessments (including rectal
temperature, respiration, oxygen saturation (SpO2), heart rate,
and skin turgor/hydration) were recorded as described earlier
(30). Animals were sedated with ketamine HCI (10 mg/kg IM) for
the clinical assessment. Dexmedetomidine (15 mcg/kg IM) was ad-
ministered after clinical assessments to facilitate sampling, and mid-
azolam (0.25 to 0.5 mg/kg IM) was added as needed. SpO2 was
obtained by pulse oximetry with a Radical 7 (Masimo, Irvine, CA).

Lung radiograph examinations

Radiographs were obtained with a HF100+ Ultralight imaging unit
(MinXRay, Northbrook, IL) at 50 kVp, 40 mA, and 0.1 sec. Ventro-
dorsal, dorsoventral, right (R) lateral, and left (L) lateral radio-
graphs were obtained prior to and on days 2, 4, and 7 after
challenge. Radiographs were scored for the presence of pulmonary
infiltrates by a board-certified veterinary radiologist, who was
blinded to the experimental group and time point, according to a
standard scoring system (0: normal; 1: mild interstitial pulmonary
infiltrates; 2: moderate pulmonary infiltrates perhaps with partial
cardiac border effacement and small areas of pulmonary consolida-
tion; 3: severe interstitial infiltrates, large areas of pulmonary con-
solidation, alveolar patterns and air bronchograms). Individual
lobes were scored and total lung scores per animal per day and
over the 4 time points were tabulated.

Statistical Analyses

All raw, individual-level data are presented in data file S1. Between-
group comparisons utilized the nonparametric Wilcoxon signed
rank test, and within-group comparisons utilized the nonparamet-
ric Mann-Whitney U test. Associations were assessed using the
Spearman rank correlation coefficient test. All reported p-values
are exact. When computing exact p-values was not computationally
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feasible, a Monte-Carlo method was utilized to approximate the
exact p-value. The Benjamini-Hochberg procedure was employed
to control the false discovery rate (FDR) in the correlation analyses.
FDR corrections were applied separately for the correlates of protec-
tion, correlates of pathogenicity, and inter-strain correlations anal-
yses. P-values where p < 0.05 before the FDR correction.
Longitudinal generalized estimating equations (GEE) models were
fit on neutralizing antibody data post week 6 with a continuous time
component as the predictor, log-transformed neutralizing antibody
as the outcome, and a random intercept for each animal. Pseudovi-
rus neutralization data showed a change in the log-linear trend over
time, so piecewise linear models were fit, with the knot placement
determined by selecting the model with the lowest quasi-likelihood
under the independence model criterion (QIC). Decay rates were
calculated by exponentiating the slope of the log-linear models,
and antibody half-life was calculated accordingly. Analysis was per-
formed in GraphPad Prism version v9.4.0 and SAS version 9.4.
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Abstract

One-sentence summary: SARS-CoV-2 vaccines protected infant rhesus macaques against severe lung disease
after high dose challenge one year after vaccination.
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