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W Check for updates

A mucosal route of vaccination could prevent severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) replication at the site of infection
and limit transmission. We compared protection against heterologous
XBB.1.16 challenge in nonhuman primates (NHPs) -5 months following

intramuscular boosting with bivalent mRNA encoding WAland BA.5

spike proteins or mucosal boosting with a WA1-BA.5 bivalent chimpanzee
adenoviral-vectored vaccine delivered by intranasal or aerosol device.
NHPs boosted by either mucosal route had minimal virus replicationin
the nose and lungs, respectively. By contrast, protection by intramuscular
mRNA was limited to the lower airways. The mucosally delivered vaccine
elicited durable airway IgG and IgA responses and, unlike the intramuscular
mRNA vaccine, induced spike-specific B cells in the lungs. IgG, IgA and

T cell responses correlated with protectionin the lungs, whereas mucosal
IgA alone correlated with upper airway protection. This study highlights
differential mucosal and serum correlates of protection and how mucosal
vaccines can durably prevent infection against SARS-CoV-2.

Immunity to severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) elicited by approved vaccine boosts viathe intramuscular
(i.m.) route continues to protect against severe disease and hospitaliza-
tion"?. However, breakthrough infections occur frequently, sustaining
the coronavirus disease 2019 (COVID-19) pandemic. Indeed, effective-
ness of bivalent mRNA vaccines against infection is limited within 4
months ofimmunization®. Furthermore, reinfections can be associated
with postacute sequelae, including long COVID*, and the elderly and
immunocompromised remain susceptible to severe disease due to poor
vaccine responses or diminished innate immunity>®. Thus, deployment
ofvaccines that prevent or substantially limit breakthrough infections
and transmission could have clinical benefit and slow the emergence
of new strains.

A vaccine that protects against breakthrough infection needs to
overcome four major obstacles: (1) waning of neutralizing antibody
titers with time’””?, (2) induction of high levels of serum neutralizing
antibodies for protection in the nose compared to the lungs'®", (3)
emergence of antigenically mismatched variants that exhibitimmune

escape” ™

of new variant-specific responses

A vaccine targeted directly to the airways could enhance
immunity to SARS-CoV-2 by eliciting or boosting resident memory
B cells and plasma cells in the mucosa-associated lymphoid tis-
sue and draining lymph nodes and by locally generating inhibitory
IgA’®?° and enhancing T cell immunity in the airways. Many intra-
nasal (i.n.) or aerosolized (AE) vaccines are under investigation,
including soluble spike (S)* and lipid nanoparticle-encapsulated
mRNAs™, Virus-vectored vaccines can elicit local humoral and cel-
lularimmunity at the site of infection, and current candidates include
parainfluenzavirus®, Newcastle disease virus** and numerous adeno-
virus serotypes® . The vaccine ChAd-SARS-CoV-2-S contains the
prefusion-stabilized S from the ancestral Wuhan strain inserted
into a replication-deficient subgroup E Simian-Ad36 adenovirus
and is currently being used in India as a vaccine administered as
nasal drops (iNCOVACC)*. In animal models, ChAd-SARS-CoV-2-S
elicited mucosal and systemic S-specificIgA, IgGand T cell responses

and (4) antigenicimprinting, which could limit the induction
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and durably protected against multiple SARS-CoV-2 variantsin both
upper and lower airways® >,

Nonhuman primate (NHP) preclinical models have been impor-
tant for the development of SARS-CoV-2 vaccines and have been used
to demonstrate vaccine-mediated protection against virus variants,
define B cellimprinting and provide evidence for the efficacy of boost-
ing®*~*.However, few NHP studies have assessed how mucosal vaccines
using Food and Drug Administration-approved devices for either
upper or lower airway delivery influence the durability of immunity
and protection® or their effects as a booster following the standard
mRNA vaccine regimen used in humans. Although the NHP model
for COVID-19 does not fully recapitulate the extent of pathology and
inflammation observed in humans with severe disease*’,immune and
virus readouts remain highly predictive of clinical outcomes arising
from vaccination and/or challenge with recently circulating Omicron
strains*’. To address the protective role of local humoral and T cell
immunity arising from a mucosal boost and determine the optimal
deliveryroute and device, we administered bivalent Wuhan-1and Omi-
cron BA.5-matched ChAd-SARS-CoV-2-S vaccine to rhesus macaques
(Macaca mulatta) -7 months after they had been primed with twoi.m.
doses of ancestral S-matched mRNA-1273 vaccine. One group of animals
received ChAd-SARS-CoV-2-S delivered by a clinically approved aerosol
device to the upper and lower airways, whereas another received the
vaccine as amist via thei.n. route using a clinically approved sprayer.
For comparison to the available vaccines used in humans at the time
of this study, a cohort of animals was boosted via the i.m. route with
a matched bivalent (Wuhan-1and Omicron BA.5 S) mRNA vaccine
(mRNA-1273.222). Four and a half months later, all animals were chal-
lenged with the highly transmissible heterologous XBB.1.16 strain. We
show that mucosal boosting confers durable high-level protection with
the potential to block infection and transmission and that there are
distinct correlates of protection for mucosal and i.m. vaccines based
ontissue-specificimmunity in the airways and serum, respectively. We
also provide evidence that IgA in the mucosa is both a correlate and
potential mechanism of protection in the upper airway.

Results

Study design

Twenty Indian-origin rhesus macaques wereimmunized with 30 pg of
Wuhan-1/WA1S-encoding mRNA-1273 at weeks O and 4 by thei.m. route.
Dose and regimen were chosen to approximate theimmune responses
elicited in humans by the standard mRNA-1273 primary series. Seven
months later, the20 NHPs were separated into three groups (Extended
Data Fig.1). One cohort (i.m. boost) of eight NHPs received 30 pg of
bivalent mRNA-1273.222, encoding the prefusion-stabilized Wuhan-1
and BA.5 S proteins with two proline-substitution (S-2P), by the i.m.
route. This was the benchmark vaccine group for comparing mucosal
boosting and was the standard of care in humans for boosting at the
time of this study. Another cohort (i.n. boost) of six NHPs received
a total of 10" virus particles (vp) composed of an equal mixture of
ChAd-SARS-CoV-2-Wuhan-1-S (S-2P) and ChAd-SARS-CoV-2-BA.5-S
(S-6P, furin cleavage site mutation)®” delivered using the MAD Nasal
Intranasal Mucosal Atomization Device (MAD). The MAD is designed to
deliver amist of 30- to 100-um particles to the upper airway. The final
six i.m.-primed NHPs (AE boost) were boosted with the same dose of
the bivalent ChAd-SARS-CoV-2-S cocktail as 4-um particles delivered by
AErouteviaanInvestigational eFlow Nebulizer System (PARIRespira-
tory Equipment). The PARI device is a silicone face mask attachment
(PARISMARTMASK Baby/Kids) to enable particle deposition into the
nose and lungs. To investigate the potential of a mucosally delivered
virus-vectored vaccine in an unexposed population and allow a com-
parison between immune responses following boosting and primary
immunization, we also administered a single dose of the same biva-
lent ChAd-SARS-CoV-2-S vaccine to four naive NHPs via aerosol to the
nose and lungs (AE prime). As controls, eight naive NHPs (control)

received two doses of 30 pg of control mRNA at weeks 0 and 4. At the
time of boosting, four of these NHPs received no vaccines, whereas the
other four were given10" vp of a control adenoviral-vectored vaccine
(ChAd-Control) by the AE route.

Samples from multiple anatomical sites, including bronchoal-
veolar lavage (BAL) fluid, nasal washes (NWs) and peripheral blood,
were collected for analysis at week 6 (postprime peak response), week
28 (preboost), week 34 (postboost peak response), weeks 40 and 44
(memory) and week 48 (prechallenge). At week 50, which was
4.5 months after the boost, all NHPs were challenged with 3 x10°
plaque-forming units (p.f.u.) of XBB.1.16 Omicron strain (Extended
Data Fig. 2). Challenge occurred via the i.n. and intratracheal (i.t.)
routes. BAL, NWs and nasal swabs (NSs) were collected after the chal-
lenge to assess virus replication.

ChAd-SARS-CoV-2-S limits infection at the site of delivery
Subgenomic RNA (sgRNA) encoding nucleoprotein (N) is a highly sensi-
tive measure of virus replication and hasbeen used in prior NHP studies
forassessing protection®****, In the lower airway (Fig.1a), sgRNA levels
weresimilar (1.1 x 10° geometric mean copies numbers per ml) between
both control cohorts, and the two groups were combined for statistical
analysis. Onday 2, both thei.m.mRNA andi.n.mucosalboosts yielded
significant protection in thelungs, with copy numbers of 9.8 x 10?and
9.5 x 10%, respectively, which corresponded to 115-fold reductions com-
pared to the controls (P=0.0012 for i.m. and P=0.0336 for i.n.). The
AEboost group showed even greater control of virus replication, with
geometric mean titers of 1.0 x 10% (1,100-fold reduction, P=0.0046),
which was only marginally higher than the assay limit of detection
(LOD). By day 7, nearly 80% (19/24) of the NHPs from any vaccine group
(boosted or primed) had cleared sgRNA from the lungs compared to
only 25% (2/8) in the control group. However, the difference in sgRNA
onday 7 was statistically significant (P = 0.0247) only for the AE boost
cohort. In summary, all vaccines tested conferred protection in the
lower respiratory tract, consistent with clinical data on the efficacy of
i.m.vaccines against severe disease"*’; however, the AEboost resulted
inmore rapid and nearly complete control of sgRNA production.
Theevolution of virus variants that resist antibody neutralization
hasresultedinless durable protection against symptomatic upper air-
way infection, especially from Omicron sublineages®**. Here, geometric
mean virustitersin the upper airway (NSs) on day 2 after challenge were
7.3 x10°%inthe i.m. mRNA-boosted group and 1.0 x 10°in the controls,
adifference of less than twofold (P> 0.05); all eight animalsinthei.m.
boost group had detectable sgRNA in the NSs (Fig. 1b). By contrast,
there was a near-complete reduction (14,000-fold, P= 0.0038) of
sgRNAin thei.n.-boosted group, withgeometric meantiters of 7.6 x 10",
and levels were measurablein only one of sixi.n.-boosted NHPs. sgRNA
copy numbersinthe NSsofthe AEboost group were also significantly
lower at 1.8 x 10° (580-fold, P=0.0048). Evenin the AE prime group with
only four animals there was some evidence of protection, although the
effect was not uniform (P> 0.05 versus control ori.m.boost). By day 7
after the challenge, essentially all animals in the i.n.- and AE-boosted
groups had undetectable sgRNA in the NSs. By contrast, sgRNA copy
numbers in the i.m.-boosted group were reduced only tenfold com-
pared to numbers observed in the controls (P> 0.05). Thus, even
~5months after mucosal boosting, heterologous XBB.1.16 virus replica-
tion canbe effectively controlled in upper and lower respiratory tracts.
Wealso measured infectious virus by tissue culture infectious dose
(TCID)*. Like the sgRNA findings, all mucosally vaccinated groups
demonstrated similar protection in the lungs as the i.m.-boosted group
(P>0.05versusi.m.boost onall sampling days; Fig. 1c). Although virus
was detected inthe BAL of seven of eight control animals, only one NHP
across all of the vaccinated cohorts had culturable virus. In contrast
to the high-level protection in the BAL, significant protection in the
nose was observed only for the AE (P=0.0031) and i.n. boost groups
(P=0.0038) (Fig.1d). Of note, there was no control of virus replication
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Fig.1|Mucosal adenoviral-vectored vaccine protects against XBB.1.16
replication. NHPs were administered mRNA-1273 or control mRNA at weeks

0 and 4 and were boosted at week 32 with the indicated vaccines. a-e, Virus
replication was measured by detection of sgRNA encoding N (sgRNAN;aandb),
and culturable virus was assessed by TCID, assay (c-e) in lower (aand ¢) and
upper (b, d and e) airways at days 2, 4,7 and 15 (for sgRNA only). Circles, boxes
and horizontal solid lines represent individual animals, interquartile range

and median, respectively, whereas minima and maxima are denoted at whisker
termini. Assay LOD is represented as a dotted line. Wilcoxon rank-sum tests
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were conducted for each vaccinated group comparing to pooled controls at the
indicated time points. Pairwise two-sided P values are shown. NS indicates that
comparisons were not significant (P> 0.05). Additional details on the statistical
analysis are listed in Methods. Immunizations include control mRNA (ctrl mRNA)
viathei.m.route, control adenovirus vector (ctrl Ad) via the AE route, mRNA-1273
viathei.m.route, mMRNA-1273.222 via thei.m. route and bivalent ChAd-SARS-CoV-
2-Sviathe AE ori.n. route. The numbers of NHPs per group are as follows: control,
n=_8;i.m.boost, n =8 (exceptforday2ina,forwhichn=7);i.n.boost,n=6; AE
boost, n=6;AEprime,n=4.

in the i.m.-boosted group on day 2 in the nose. Similar findings were
obtained in NWs (Fig. 1e).

Mucosal ChAd-SARS-CoV-2-S elicits durable serum responses

Antibodies are aprimary mechanism of protection against SARS-CoV-2,
including neutralizing and Fc effector function activities'**>**%, Thus,
we performed an extensive characterization of humoral responses
inblood and respiratory mucosal tissue. Because all boosted groups
received the same two-dose mRNA i.m. priming, all preboost data
are described as the average across all vaccinated groups, but the
group-specific preboost titers are displayed in the figures for refer-
ence and used for determination of paired statistical analyses. Virus
neutralization was measured using lentiviruses pseudotyped with S
fromD614G (the benchmark strain), BA.5 or XBB.1.16. Geometric mean
serum neutralizing antibody titers to D614G of ~1.4 x 10° reciprocal
median infectious dose at week 6 following i.m. priming decreased
6.5-foldto~2.2 x 10*at week 28 (Fig. 2a), consistent with the waning of

antibody titers following an mRNAi.m. prime or boost**’, Following a
third i.m. dose (boost), serum titers to D614G were 4.5 x 10° (-20-fold
increase), and neutralization breadth also improved with increased
titers to BA.5 and XBB.1.16, although responses subsequently waned
(Fig. 2a-c). By contrast, although AE or i.n. boosts increased serum
neutralization titers to D614G 2 weeks following the boost to 1.8 x 10*
and 9.6 x 107, respectively, which were 2.6- and 4.6-fold lower than the
i.m.-boosted cohort, titers remained stable over 5 months (Fig. 2a).
Indeed, at week 48, titerstoD614G in thei.m.,i.n.and AEboost groups
were 8.7 x10% 5.8 x10*and 1.5 x 10%, respectively, and to XBB.1.16 were
3.8x10%,2.2 x10"and 5.8 x 10". Neutralizing titers to recently circulating
SARS-CoV-2 strains BA.2.86 and EG.5.1 were also assessed (Extended
Data Fig.3a-c). Only the i.m.- and AE-boosted groups had detectable
serum neutralizing titers to these variants. Serum antibody titers to
authenticlive virus showed almost identical patterns as for pseudovi-
ruses, although titers against live viruses were lower (Extended Data
Fig.3d-g).
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Fig. 2| Mucosal adenoviral-vectored vaccine elicits durable systemic
humoral responses. NHPs were administered mRNA-1273 or control mRNA
atweeks 0 and 4 and were boosted at week 32 with the indicated vaccine.

a-g, Serawere collected postprime (week 6), preboost (week 28), postboost
(weeks 34 and 40), prechallenge (week 48) and postchallenge (days 2, 4,7 and 15).
Time of infection (Inf.) is noted by purple arrows. a-c, Pseudovirus neutralizing
responses measured against D614G (a), BA.5 (b) and XBB.1.16 (c). Circles indicate
geometric means for each group. Error bars represent geometric standard
deviation. The assay LOD is represented as a dotted line. d-f, Serum IgG binding
titers to WA1 (d), BA.5 (e) and XBB.1.16 S (f) at the indicated times. Circles indicate
geometric means for each group. Error bars represent geometric standard
deviation and may extend beyond the range of the graph. g, Postchallenge

binding titers to XBB.1.16 S for individual NHPs. Prechallenge samples were
collected at week 48.In g, lines connect binding titers across time points, while
symbols denote AU per ml of individual NHPs. An AU below a value of 1was
replaced with avalue of 1 for the data shown in d-g. Postchallenge fold increases
inserum anti-XBB.1.16 IgG binding titers are described in Supplementary Table 1.
Immunizations include control mRNA (ctrl mRNA) via the i.m. route, control
adenovirus vector (ctrl Ad) viathe AE route, nRNA-1273 via thei.m. route,
mMRNA-1273.222 viathei.m. route and bivalent ChAd-SARS-CoV-2-S via the AE or
i.n.route. The number of NHPs per group are as follows: control, n = 8; i.m. boost,
n=8;i.n.boost, n=6; AEboost, n = 6; AE prime, n = 4;1Cs,, reciprocal median
infectious dose.
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Fig.3|SARS-CoV-2 S-specific memory B cells elicited by vaccination. BAL
(a) and peripheral blood mononuclear cells (PBMCs; b) were collected 4 weeks
following the second dose of the primary regimen (week 8) or following a boost
(week 36) and were stained with fluorescently labeled WA1, BA.5 and XBB.1.16
S-2P probes. Representative flow cytometry dot plots are shown for memory

B cell binding to WAland BA.5 probe pairs (first set of columns) and WAland
XBB.1.16 probe pairs (second set of columns). The pie chartsin the last set of
columns indicate the proportion of S-binding memory B cells with specificities
for various combinations of variants as determined using Boolean gating. The
number shown in the center of the pie chart represents the geometric mean
frequency of the entire S-binding memory B cell population for all NHPs within

theindicated group at the indicated time point. The numbers of NHPs per group
areas follows: control, n=8;i.m.boost, n=8;i.n.boost, n = 6; AEboost n = 6; AE
prime, n =4.Pie charts are only provided for groups with S-specific memory B cell
frequencies that were clearly distinguished from background staining. Complete
longitudinal analysis is shown for all groups in Extended Data Figs. 6 and 7. The
number symbol (#) indicates that while sample collection for the AE prime
cohortoccurred on week 36, week 36 was 4 weeks following the single AE prime
rather than 4 weeks following aboost, as in other groups. Complete statistical
analyses for comparisons of S-specific memory B cell frequencies are shownin
Supplementary Table 2.
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The AE prime group also exhibited different neutralizing titer
kinetics than thei.m. mRNA regimen of two immunizations. Two weeks
after the AE prime, neutralizing titers to D614G and BA.5 were 5.0 x 10*
and 2.0 x 10}, respectively (Fig. 2a,b). Fourteen weeks later, just before
challenge, titers to D614G were still at 5.5 x 10", whereas titers to BA.5
had increased 29-fold to 5.9 x 10?, indicating that the peak response
tothe AE vaccine was considerably later than the 2-week interval typi-
cally observed followingi.m. vaccination.Indeed, at week 48, neutral-
izing titers to BA.5 were higher in the AE prime group thanin all other
cohorts, likely reflecting the lack of imprinting to ancestral epitopes
used in the mRNA vaccine. Overall, these data are consistent with the
findings in human studies that serum neutralizing titers following
i.m.-delivered Ad26-vectored vaccines remain stable over time*°*,

Serum neutralizing titers to XBB.1.16 at 2 weeks postchallenge
increased 11.2-fold, 6.2-fold and 13.8-fold in the i.m. boost, i.n. boost
and AE prime groups, respectively, whereas titers in the AE boost group
increased by only 1.7-fold compared to the time of challenge (Fig. 2c).
Akinetic analysis of IgG binding titers showed similar patterns as the
neutralizingtiters, both pre- and postchallenge (Fig. 2d-f). In control
NHPs, primary serumbinding IgG responses were detected to all variant
Sproteinsat2 weeks postchallenge (Fig. 2g and Extended DataFig. 4),
with the highest response against the challenge strain. Incomparison,
we detected a recall response to XBB.1.16 postchallenge in all vacci-
nated groups except for the AE boost group, which showed no boost
inserum anti-S IgG titers (Fig. 2g). Indeed, titers waned slightly in the
AEboost group over the 2-week interval following challenge (Supple-
mentary Table 1), suggesting that rapid control of virus replication in
the AE-boosted animals limited antigen availability.

AE ChAd-SARS-CoV-2-S elicits S-specific BAL B cells

In contrast to circulating serum antibodies, mucosal antibodies
would be localized to the sites relevant for initial virus infection and
replication. Because airway antibody responses can be mediated by
tissue-resident B cells****, induction or boosting of S-specific memory
B cells could be critical to enhancing durable protection. Therefore,
we measured the specificity and frequency of mucosal and circulating
variant-specific memory B cells using WA1, BA.5 and XBB.1.16 fluores-
centSprobes (Extended DataFig.5). mRNAi.m. vaccination elicited no
detectablememory B cells in BAL after the initial primary series (week 8)
or following the boost (week 36; Fig. 3a and Extended Data Fig. 6). By
contrast, the bivalent ChAd-SARS-CoV-2-S mucosal vaccine elicited
S-specific BALmemory B cells at afrequency of 14.3% for the AE boost
group and a frequency of 9.3% for the AE prime group at week 36 (4
weeks following immunization) out of allmemory B cells (P=0.0007
forthe AEboost cohortand P=0.004 for the AE prime cohort compared
tothei.m.boost cohort; Supplementary Table 2). The higher frequency
observed following the AE boost than that observed following the AE
prime, despite the lack of detectable memory B cells before the AE
boost, suggests that these B cells might originate from the periphery
or from lung-resident B cells that were primed by the i.m. vaccine but
were below the LOD in our assays.

Intheblood, mRNAi.m. primingelicited S-binding memory B cells
with a frequency of -0.4% at week 8 (Fig. 3b). This declined to ~0.15%
by week 32 (Extended Data Fig. 7). mRNA i.m. boosting increased the
frequencyto 0.86% at week 36, which was higher than after the primary
immunization series (P=0.0078; Supplementary Table 2). Of note,
neither AE nor i.n. boosting increased the frequency of circulating
memory B cellsin the blood compared to the postprime frequency.

Previous studies by us and others have shown that initial priming
with mRNAimprintsthe B cell response such that B cells specific for the
priming antigen are recalled after subsequent heterologous antigenic
exposure'®”**3*3 We found that B cell specificity imprinted by the
initial mMRNA vaccination remained unchanged following any of the
boosts. B cells were predominately cross-reactive to multiple variants
or were specific for WAL, which was the priming immunogen. Indeed,

the proportion of memory B cells that recognized epitopes unique to
BA.5did notincrease following the bivalent boost, despite inclusion of
BA.5S.Furthermore, there were insufficient numbers of memory B cells
inthe BAL ofthei.m.andi.n.boost cohorts to enable characterization
of binding specificity (Fig. 3a), which reflected the limited capacity of
those vaccines to elicit lower airway immune responses. By contrast,
AE priming elicited a population of memory B cells in both the blood
and the lungs that were specific for BA.5 S and represented 26.2% of
theentire peripheral S-binding population and aneven larger propor-
tion of the mucosal B cells (Fig. 3). Following challenge with XBB.1.16,
cross-reactive B cell responses were recalled in the i.m. boost and AE
prime groups, whereas XBB.1.16-specific responses were elicited in the
control animals. Strikingly, there was no expansion of the S-specific
memory B cell populationin the mucosally boosted groups (Extended
DataFigs.6and 7).

Analysis of upper and lower airway antibody responses
mRNA vaccines administered by thei.m. route principally elicit S-specific
serum and mucosal IgG with minimal production of mucosal IgA>*".
Indeed, anti-SIgG responses were boosted in the BAL following a third
i.m.dose of mRNA, with titers to WAlincreasing -380-fold (P = 0.0078)
from-~1x10°at week 28 to 3.8 x 10*arbitrary binding units (AU) per ml at
week 34 (2weeks postboost; Fig. 4a). BALIgG titersto BA.5and XBB.1.16
alsoincreased significantly (P=0.0078 for both variants; Fig.4b,c and
Supplementary Table 3a). However, IgA titersin the lungs to WA1S and
allother variants afteri.m.boost were low (Fig. 4d-f). By contrast, the AE
boost strikingly increased both IgG (-360-fold increase, P = 0.0313) and
IgAtiters (-1,200-fold increase, P= 0.0313; Supplementary Table 3b) to
WA1Sinthe BAL, and these titers were stable over the following 5months
(P> 0.05). This stability contrasts with the rapid waning observed in
mucosal IgG binding titers elicited by the i.m. boost (P=0.0078 for
all variants; Supplementary Table 3a). In the i.n. boost group, there
were modest increases in anti-WA1 S titers in BAL, with fold increases
of -90-fold for IgG and ~26-fold for IgA, compared to the preboost time
point with no subsequent waning (P=0.0313 and P> 0.05 for expan-
sion and contraction time points, respectively, for all variants). Last, 2
weeks after the AE prime (week 34), we also detected WA1 S-specificlgG
(1.9 x10" andIgA (1.6 x 10%) in the BAL, and these continued to rise until
week 40, similar to the trend observed for serum neutralizing antibody
titers. However, the changes observed in the AE prime cohort were not
significant (P> 0.05), possibly due to the small size of the cohort.
Inthe NWs, each of the vaccine boosts resulted in modest increases
inanti-SIgGbindingtiters (Fig. 4g-i), in contrast to the large increases
observedinthe BAL withasignificanteffect observed only for thei.m.
boost cohort (P=0.0391for WAland XBB.1.16 and P=0.0156 for BA.5;
Supplementary Table 3c). The AE prime group, however, induced
upper airway WA1 S-specific IgG that reached titers equivalent to the
mucosally boosted groups by week 40. Importantly, the i.n. boost
increased anti-SIgA levels in the nose by week 34 with -13-fold, 15-fold
and 10-fold increases to WAL, BA.5 and XBB.1.16, respectively, which
were higher thaninall other groups. IgA titers did not decline between
weeks 34 and 48 and instead significantly increased approximately
fourfold for all variants (P=0.0313). IgA titers also increased follow-
ingan AEboost or prime, although these changes were not significant
(Fig. 4j-1 and Supplementary Table 3d). Anti-S IgA titers remained
stable inthe mucosal groups until challenge.

Kinetics of airway mucosal antibody responses postchallenge

Antibody protection in the lung can be mediated through neutralizing
or Fceffector function activities'****, Moreover, in prior NHP studies,
we also showed that there was a rapid anamnestic antibody response
in BAL within 2-4 days of SARS-CoV-2 challenge of i.m.-vaccinated ani-
mals**%, coincident with control of virus replication. Here, there was an
increaseinanti-SIgGin BAL postchallenge across all the vaccine groups
(Extended DataFig.8a-c). By day 4 postchallenge, geometric mean IgG
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Fig. 4| Mucosal IgG and IgA responses following vaccination. a-1, NHPs

were administered mRNA-1273 or control mRNA at weeks 0 and 4 and were
boosted at week 32 with the indicated vaccine. BAL (a-f) and NWs (g-1) were
collected postprime (week 6), preboost (week 28), postboost (weeks 34 and 40),
prechallenge (week 48) and 2 weeks postchallenge (week 52). Time of infection
(Inf.) is noted by purple arrows. IgG (a-cand g-i) and IgA (d-fand j-1) binding
titers were measured to WAL, BA.5and XBB.1.16 S as indicated. Circles indicate
geometric means for each group. Error bars represent geometric standard
deviation and may extend beyond the range of the graph. AU values below 1 were
replaced with a value of 1. Wilcoxon signed-rank tests were conducted for anti-S
titers at week 34 (postboost) versus week 28 (preboost) and also for week 48

(prechallenge) versus week 34 (postboost) for each vaccinated group. Additional
details on statistical analyses and corresponding fold changes in geometric

mean serum neutralizing antibody titer are available in Supplementary Table 3.
Asterisks (*) indicate pairwise two-sided Pvalues (*P < 0.05and **P < 0.01). All
other comparisons were not significant (P> 0.05). Immunizations included
control mRNA (ctrl mRNA) via the i.m. route, control adenovirus vector (ctrl Ad)
viathe AE route, mRNA-1273 via the i.m. route, nRNA-1273.222 via the i.m. route
and bivalent ChAd-SARS-CoV-2-S via the AE or i.n. route. The numbers of NHPs
per group are as follows: control, n = 8;i.m.boost, n=8;i.n.boost, n = 6; AEboost,
n=6; AEprime,n=4.

binding titersin the BAL to XBB.1.16 increased three- to fivefold for all
vaccinated groups compared to the prechallenge time points (Extended
DataFig. 8c), although this response was transientin the AEboost group.
Furthermore, anamnestic IgA responses in BAL to any variant S were
onlyclearly detectedinthei.m.-andi.n.-boosted cohorts, with delayed
kinetics compared tolgG (Extended Data Fig. 8d-f). Anti-XBB.1.16 SIgA
binding titers increased 3.4-fold in the i.m. boost group and 5.8-fold
in thei.n. boost group by day 15 postchallenge compared to the pre-
challenge time point (Extended Data Fig. 8f). Despite the anamnestic

responses in the lower airway of the i.n.-boosted group, there were no
correspondingrecallresponsesin the nose.Indeed, NWIgA wasboosted
by XBB.1.16 challenge only in thei.m.-boosted group by day 15 (tenfold;
Extended DataFig. 8). Thisis consistent with persistent virus replication
inthe nose observed only in the i.m.-boosted group.

Differential antibody neutralization in the nose and lungs
Todetermine the potential contributions of IgG and IgA to protectionin
therespiratory tract, we measured the capacity of BAL or NW antibodies
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Fig. 5| Functional IgG and IgA responses in the upper and lower airways
following vaccination. a-h, NHPs were administered mRNA-1273 or control
mRNA at weeks 0 and 4 and were boosted at week 32 with the indicated vaccine.
BAL (a-c) and NWs (g) were collected preboost (week 28), postboost (week 34),
atamemory time point (week 40) and at time of challenge (TOC; week 48) and
postchallenge (days 2, 4,7 and 15). WAl (aand g), BA.5 (b) and XBB.1.16 (¢) S
binding to ACE2 was measured with and without the addition of mucosal fluids to
determine percentinhibition as a surrogate for neutralizing antibodies. Symbols
ina-cand gindicate median percent inhibition of each group. Mucosal fluids at
alate memory time point prechallenge (week 44) from BAL (d-f) or NWs (h) were
used toinhibit WA1(d and h), BA.5 (e) or XBB.1.16 (f) Sbinding to ACE2 as complete
fluid or after the selective depletion of either IgG or IgA. Symbolsind-fand h

representindividual NHPs. Boxes and horizontal lines represent interquartile
range and median, respectively, while minima and maxima are denoted at whisker
termini. Wilcoxon signed-rank tests were conducted for ACE2-S binding inhibition
atweek 44 with complete or depleted mucosal fluids. Asterisks (*) indicate
pairwise two-sided Pvalues (*P < 0.05and **P < 0.01). All other comparisons

were not significant (P> 0.05). Additional details on statistical analyses and
corresponding fold changes in median percent inhibition are providedin
Supplementary Table 4. Immunizations include control mRNA (ctrlmRNA) via
thei.m. route, control adenovirus vector (ctrl Ad) via the AE route, mRNA-1273 via
thei.m.route, mRNA-1273.222 via the i.m. route and bivalent ChAd-SARS-CoV-2-S
viathe AE ori.n.route. The numbers of NHPs per group are as follows: control,
n=8;i.m.boost, n=_8;i.n.boost, n=6; AEboost, n=6; AE prime, n=4.

to inhibit binding between variant S and its angiotensin-converting
enzyme 2 (ACE2) receptor as afunctional surrogate of neutralization®.
ACE2 binding inhibition activity in lung and nasal fluids at week 28
(preboost) was low to undetectable for all groups following two i.m.

doses of MRNA-1273 (Fig. 5). In thei.m.boost group, medianinhibition
of WAlbindinginthe BAL increased 2 weeks after the boost from ~6.9%
t058.8% (P=0.0078; Fig. 5a and Supplementary Table 4a). Binding inhi-
bitionthenwaned (P=0.0078 for week 48 versus week 34), consistent
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with the decrease in serum neutralization and binding titers. We did not
observeaclearincrease ininhibition of any other SARS-CoV-2 variant
afteri.m. boosting (Fig. 5a-c).

The AEboost also increased ACE2 binding inhibitionin BAL, with
median inhibition against WAl rising to 92.7% 2 weeks after the boost
(P=0.0313) but with no evidence of waning (P> 0.05). Inhibition of
XBB.1.16 binding alsoincreased (-8% to 36.7%) but did not reach signifi-
cance (Fig. 5¢). The AE prime group elicited ACE2 binding inhibition,
although this was principally directed to BA.5, possibly reflecting
the more immunogenic 6P-stabilized structure of the BA.5 S than
the 2P-stabilized Wuhan S (Fig. 5b). In comparison, the i.n. boost
only modestly increased ACE2 binding inhibition in BAL fluid against
XBB.1.16 with little or no effect on inhibition of other variants.

Inthe NWs, preboost median ACE2 binding inhibition to WAl was
~21.3% and only marginally different 2 weeks after any boost (Fig. 5g
and Supplementary Table 4b). However, by the memory time point at
week 40, binding inhibition had increased to 35.8%, 37.4% and 49.2%
inthei.m., i.n.and AE boost groups, respectively, reflecting different
antibody induction kinetics in the upper and lower airways. Virus
challenge elicited arecall response in all boosted groups by days 2-4.

Role of IgG and IgA for functional inhibition in airways

To assess the potential mechanisms of mucosal antibody responses,
we assessed the relative contributions of IgG and IgA to neutralization
in mucosal fluids by measuring ACE2 binding inhibition after in vitro
depletion of either IgG or IgA. Samples were collected at week 44, a
postboost memory time point.In BAL, IgA depletion had limited effects
on inhibitory responses in any group except for amodest reduction
for anti-XBB.1.16 following ani.m. or AE boost, although the reduction
was more apparent for the latter group (Fig. 5d-f and Supplemen-
tary Table 4c). However, IgG depletion reduced median WA1S-ACE2
bindinginhibitionin BAL from18.9%t02.2%in the i.m.-boosted group
(P=0.0078). Although IgG depletion did not result in a significant
reductionininhibition of WA1binding for the AE-boosted group, likely
due to the wide range of responses across the cohort, we observed a
significant decrease infunctional antibodies to XBB.1.16 S (P = 0.0313;
Fig. 5d). All other groups showed limited binding inhibition.

In the upper airway, IgG depletion substantially reduced WA1
S-ACE2 binding inhibition in the i.m.-boosted group from 34.3% to
10.9%, whereas IgA depletion had a lesser effect, reducing inhibi-
tion to 25.5% (P=0.0156 and P> 0.05 for IgG and IgA, respectively;
Fig.5hand Supplementary Table 4d). For the AE-boosted group, both
IgG and IgA contributed to ACE2 binding inhibition, with inhibition
declining from 76.5% to 47.1% and 42.2%, respectively, although the
effect was only significant for IgG depletion (P = 0.0313). Impor-
tantly, thei.n.-boosted group was unique in that IgA depletion almost
eliminated binding inhibition, suggesting that functional activity of
antibodiesin the nose of this group was predominately IgA-mediated
(P=0.0313).

Mucosal ChAd-SARS-CoV-2-S vaccine expands S-specific
Tcells

mRNA or adenoviral vaccines administered via the i.m. route induce
CD4"and CD8' T cell responses against SARS-CoV-2, which may contri-
bute to protection®®*’, Thus, we assessed the kinetics of T cell responses
inblood and BAL (Extended DataFig. 9). Following aboost with thei.m.
mRNA vaccine or mucosal adenoviral-vectored vaccine, there were
no further increases in the frequency of SARS-CoV-2-specific type 1
helper T (T,1), follicular helper T (T,;) or CD8" T cell subsets in the
blood above those elicited by the two-dose primary series (Fig. 6a-d).
However, in the BAL, there was an increase in S-specific T 1 and CD8"
T cells (coexpressing CD69 and interferon-y (IFNy), tumor necrosis
factor (TNF) or interleukin-2 (IL-2)) following the AE boost (Fig. 6e,g
and Supplementary Table 5). The T cell response was highest in the
AE prime group, which had the greatest frequency of S-specific T,1

and CD8' T cells, withmedian values of 14.1% and 4.7%, respectively, at
week 34 compared to1.2% and1.4% in the AEboost group, although the
frequency of S-specificCD8' T cellsinthe AE boost group did increase
to 11.8% by week 48. For the i.m., i.n. and control groups, the median
frequencies of S-specific T, and CD8" T cells in the BAL were all less
than1% atboth weeks 34 and 48. This suggests that antigen presentation
in the lungs and mucosa-associated lymphoid tissue is an especially
efficient way toinduce T cell responses in BAL.

We further interrogated the impact of vaccination route on non-
specific T cell recruitmentinto the lungs (Supplementary Fig.1). Inter-
estingly, i.m. priming with mRNA, but not boosting, had asuppressive
effect on total CD4" and CD8" T cells, perhaps reflective of immune
cell efflux from the BAL and recruitment to the initial site of antigen
presentation. Although we observed a trend toward greater CD4" and
CD8' T cell counts following AE priming with the ChAd-SARS-CoV-2-S
vaccine as compared to the other vaccine regimens, this effect was not
noticeably different than what was observed in the controls, including
both controls that were primed with mRNA only and those that were
given control ChAd-vector via the AE route. The relative increase in
total T cells following an AE prime compared to the i.m. or i.n. boost
(<1log) could also not account for the dramatic increase (-2 log) in
antigen-specific T cells (Fig. 6f,h).

As T cells may contribute to vaccine-mediated protection against
severe SARS-CoV-2 disease in the lung®>***°, we next assessed the magni-
tude of the antigen-specific T cell compartmentin the BAL following virus
challenge. There was no significantincrease in the number of S-specific
Tcellsinthe AEboostgroup atany time orinthe AE prime group until day
15, after virus had been cleared from the lungs; there was a trend toward
asmallincrease in antigen-specific lung T cell countsin thei.m. and i.n.
boostgroupsbeginningatday4, consistent withani.t.-deliveredinfection
thatbypassesthelocalized protective effect of ani.n.-administered vac-
cine (Fig. 6f,h). Responses to the N protein, which was not incorporated
into the vaccine, were highest in the control group, followed by the i.m.
boost group (Extended Data Fig. 10), whereas cohorts that received
mucosal vaccines had low to undetectable N-specific responses, consist-
ent with rapid suppression of virus replication.

Immune correlates of virus replication after challenge

Based on the extensive B and T cell assessment, we analyzed multiple
parametersto establish criteriaassociated with reduction of virus rep-
lication in the airways. Given the limited number of animalsin each
vaccine-specific group, we analyzed all animals together. In previous
studies,immune correlates have been typically defined only at the peak
of response shortly after vaccination when serum antibody titers are
highest'*"*¢, We found that multiple humoral immune measures at
both the peak time after boosting (week 34) and immediately before
challenge (week 48) were inversely correlated with virus replication
in the lower airways as measured by sgRNA copy number in the BAL
(Table1). Theseincluded neutralizing and binding antibody titersin the
sera, mucosal IgG and IgA titers in the lungs, ACE2-binding inhibitory
antibodies in the BAL and frequency of lung S-specific T,,1 and CD8"
T cells. Inaddition, we constructed multiple parametric linear models
to predict virus titers as a function of both vaccination group and one
ofthe variousimmune readouts (with each measure incorporated into
itsownindividual model) amongall animals. The linear model incorpo-
rating anti-XBB.1.16 IgG titers in the blood at week 48 was sufficiently
predictive of virus copy number in the lungs such that the vaccination
group provided no additional predictive power. Importantly, and in
contrast to the correlations in the BAL, only NW IgA titers were associ-
ated with reduction in virus replication in the upper airway (P < 0.001
for titers at week 48).

Discussion
In this study, we evaluated whether targeting a SARS-CoV-2 vaccine
directly to the mucosa could boost upper airway immunity such that
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Fig. 6| AEimmunization elicits durable CD4* and CD8" T cell responses in
BAL. a-h, PBMCs (a-d) and BAL fluid (e-h) were collected before vaccination
(baseline) and at weeks 6 (postprime), 34 (postboost) and 48 (time of challenge)
aswellasondays 2,4,7and 15 postchallenge. Lymphocytes were stimulated
with SARS-CoV-2 S1and S2 peptide pools (WA1) and were then measured by
intracellular staining. a,b,e, Percentage of memory CD4" T cells with T,,1 markers
(IL-2, TNF or IFNy; aand e) or type 2 helper T (T,;2) cell markers (IL-4 or IL-13; b)
following stimulation. ¢,g, Percentage of memory CD8" T cells expressing IL-2,
TNF or IFNy following stimulation. d, Percentage of T, cells that express CD40L
following stimulation. Breaks in the y axis indicate a change in scale without a
breakintherange depicted. Dotted lines are set at 0%. Fold changes in S-specific
T cell frequencies are provided in Supplementary Table 5. f,h, Absolute numbers
of S-reactive T;1 CD4" (f) or CD8" T cells (h) in the BAL. Counts below a value of
1(due to background subtraction) were replaced with a value of 1 for datain

fand h. Circles, boxes and horizontal lines ina-h represent individual animals,
interquartile range and median, respectively, while minima and maxima are
denoted at whisker termini. Reported values may be negative due to background
subtraction and may extend below the range of the y axis. The number symbol (#)
indicates that while sample collection for the AE prime cohort (orange) occurred
onweek 34, week 34 was 2 weeks following the single AE prime rather than

2 weeks following a boost, as in all other groups. Immunizations include control
mRNA (ctrlmRNA) via thei.m. route, control adenovirus vector (ctrl Ad) via the
AEroute, mRNA-1273 via thei.m. route, mMRNA-1273.222 via the i.m. route and
bivalent ChAd-SARS-CoV-2-S viathe AE ori.n. route. The numbers of NHPs per
group are as follows: control, n = 8;i.m.boost, n = 8;i.n.boost, n = 6; AEboost,
n=6; AE prime, n = 4. Due to prespecified minimum cell numbers per sample
required for analysis, some time points include data from fewer NHPs than the
full group size.
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Table 1| Immune correlates of virus replication after
challenge

Variable Week 34 (postboost) Week 48 (TOC)

P P P P

Lower airway correlations Versus BAL sgRNA N on day 2 postchallenge

Serum pseudovirus -0.429 0.016 -0.502 0.004
neutralization (XBB.1.16)

Serum IgG (anti-XBB.1.16)° -0.525 0.002 -0.652 <0.001
BAL IgG (anti-XBB.1.16) -0.503 0.004 -0.625 <0.001
BAL IgA (anti-XBB.1.16) -0.493 0.005 -0.590 <0.001
BAL ACE2 binding -0.499 0.004 -0.301 0.100
inhibition (XBB.1.16)

BAL S-specific T,/1 cells -0.226 0.221 -0.422 0.018
BAL S-specific CD8' Tcells -0.446 0.012 -0.574 0.001

Upper airway correlations Versus NS sgRNA N on day 2 postchallenge

Serum pseudovirus 0.087 0.638 -0.182 0.318
neutralization (XBB.1.16)

Serum IgG (anti-XBB.1.16) -0.045 0.808 -0.202 0.268
NW IgG (anti-XBB.1.16) -0.149 0.415 -0.297 0.099
NW IgA (anti-XBB.1.16) -0.354 0.047 -0.591 <0.001
NW ACE2 binding 0.050 0.784 -0.228 0.210

inhibition (WA1)

Immune parameters measured following the boost (week 34) and immediately before
challenge (week 48) were assessed for potential correlations with virus sgRNA N copy
numbers at day 2 postchallenge in BAL and NSs. Spearman’s rank correlation coefficients
(p) and two-sided P values are listed for each association, with significant associations
shown in bold. No adjustments were made for multiple comparisons. A linear model was
also constructed to predict virus sgRNA copy number as a function of vaccination group
and various immune readouts one by one to determine which immune parameters were
independently predictive of virus load. *Week 48 values predictive of virus titers in the linear
model such that vaccine status is no longer informative.

durable protection could be achieved against a heterologous highly
transmissible immune-evading variant. To achieve optimal mucosal
boosting, we compared two different delivery devices that are both
approved for usein humans for either vaccines or other indications. Our
principal findings were (1) tissue-specific induction of airway mucosal
antibodiesis dependent on vaccine delivery route; (2) antigen-specific
immunoglobulin class is dependent on the site of antigen encounter,
with i.m. vaccines primarily boosting systemic IgG and mucosal vac-
cines inducing both mucosal IgG and IgA; (3) immunity induced by
mucosal adenoviral-vectored vaccines was durable over a period of
Smonths, incontrast to the rapid peak and subsequent waning typical
ofi.m.vaccination with mRNA vaccines; and (4) control of virus infec-
tion in the lower airway, upper airway and both compartments was
characteristic of i.m., i.n. and AE vaccination, respectively. Addition-
ally, our data suggest that IgA is a correlate and potential mechanism
of protection in the upper airway that is distinct and not reflected by
serum neutralizing titers.

These data indicate that vaccines directed at both the lungs and
nose (AE groups) caninduce broad multicompartment mucosalimmu-
nity. This response effectively and rapidly suppresses virus replica-
tion such that insufficient antigen is available to promote systemic
recall responses. However, mucosal vaccination directed primarily
at the nose (i.n. boost group), although capable of boosting upper
airway IgA titers and preventing local virus replication, did not elicit
antigen-specific memory B cellsin BAL nor suppress virus replication
inthe lungs as effectively as the AE boost. This highlights that the form
of mucosal delivery can optimize immune responses in specific upper
and lower airway compartments.

The prevention or substantive inhibition of most respiratory infec-
tions is mediated by antibodies in the airways. For instance, mucosal

IgG antibodies specific to SARS-CoV-2 S are readily elicited by i.m.
mRNA vaccination and correlate with protection'****’, By contrast, i.m.
mRNA vaccines against SARS-CoV-2 elicit low to undetectable secretory
IgA responses®*>¥, although IgA is associated with protection from
upper airway infection for SARS-CoV-2, influenzavirus and respiratory
syncytial virus'>?*¢*7° In this study, i.n. delivery of adenoviral vaccines
primarily induced upper airway IgA rather than IgG, which may be
due to activation of IgA-producing plasmablasts and/or memory B
cells in the nasal-associated lymphoid tissue’"’2. Thus, enhanced IgA
production by targeted vaccine delivery could overcome the limited
protection against infection with current SARS-CoV-2 variants provided
by i.m.-elicited neutralizing IgG'>"”. Indeed, it is notable that serum
neutralizing antibody titers to recently circulating variants EG.5.1
and BA.2.86 were detectable following i.m., but noti.n., boosting and
that these responses had no association with protection in the upper
airway, suggesting that secretory IgA, and not serum neutralizing
IgG, is the likely mechanism and correlate of protection following
i.n. immunization. It is also notable that although we measured total
antigen-specificlgA, additional analysis indicates that this is comprised
of dimericsecretorylgA. Collectively, these datasuggest that there may
be distinct correlates of protection for mucosally and i.m.-delivered
vaccines. Mucosal vaccines may require assessment of antibody or
Tcellresponsesinthe upper airways to correlate with protection rather
than the standard neutralizing antibody correlate in the blood from
currently available i.m.-delivered vaccines.

Virus-vectored vaccines also effectively induce T cell
responses®**>°, We showed that AE-delivered ChAd-vectored vac-
cines induced high frequencies of CD4" and CD8" T cells in BAL that
were sustained, whichis consistent with prior studiesin NHPs using AE
delivery of other antigens™ . Regarding the role of T cellsin mediating
protection in this study, it is notable that the frequency of S-specific
T cells after challenge did not markedly increase until after virus repli-
cation had been controlled in animals that were primed or boosted by
AE adenoviral vaccine ori.m. mRNA. Reductionsinvirusreplicationin
BAL at day 2 postchallenge in animals boosted by i.n. vaccination was
evident even though there were low to undetectable T cell responses.
Althoughwe observed a correlation betweenS-specific T cell frequency
and virus titers in the lungs, the rapid and complete control of virus
replication in the upper and lower airways by day 2 are consistent
with an antibody-mediated mechanism of protection. Nevertheless,
the induction of T cell responses in the lungs following AE boosting
or priming could provide another layer of immunity in the context of
further antigenic shift centered on B cell epitopes®>””’%. In addition,
the high numbers of total T cells, including antigen-specific T1 cells,
whichwereelicited by the AE prime in particular, may suggest aunique
benefit for an AE rather than i.m. prime in the case of a future novel
respiratory pathogen.

Akey aspect of optimizing mucosalimmune responses in humans
by vaccination will be the delivery device. We chose two approaches
selectively targeting the upper (i.n.) and lower airways (AE) using
devices with extensive safety data in humans. The eFlow Technology
used in the Investigational eFlow Nebulizer System (PARI) for AE
delivery has been approved for treatment of cystic fibrosis’ and, as
shown here, is highly efficient for generating robust antibody and
T cell responses in the lung’* 7%, The MAD device for i.n. delivery is
similar to ani.n. sprayer used to administer the live attenuated quad-
rivalent influenza vaccine®. Furthermore, the ChAdOx1 nCov-19
(AZD1222) vaccine, which uses a different adenovirus serotype than
ChAd-SARS-CoV-2-S, was administered using the MAD device ina phase
1clinical trial for safety and immunogenicity®. In contrast to our data,
the ChAdOx1 nCov-19 clinical study showed limited immunogenicity.
This may be due to one or more factors, including (1) the use of a dif-
ferent simian adenovirus strain with possibly distinct tropism, (2) a
higher vaccine dose (1 x 10" vp of ChAd-SARS-CoV-2-S compared to
5x10°-5 x 10" for ChAdOx1) and (3) the prefusion stabilization of
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S for ChAd-SARS-CoV-2-S compared to wild-type S protein (used in
ChAdOXx1), as stabilization is more efficient at inducing neutralizing
responses against class I fusion proteins® %, Similarly, arecent report
comparingi.n. and i.t. (via endoscopy) delivery of Ad26.COV-2.S in
NHPs after priming withi.m.-delivered adenovirus showed significant
to complete protection in the lower airway by i.t. administration but
more limited protection in the upper airway. Moreover, there was no
protective effect fori.n. administration in the upper or lower airway?’.
Of note, we evaluated virus replication by measurement of sgRNA
encoding the N protein, a substantially more sensitive assessment of
virusreplication than the transcript encoding the E protein, whichwas
used in this other study, and we substantiated our findings with virus
growth assessment. Differences in the adenovirus serotypes or dose,
Sinserts, vaccine used for priming and amount and strain of challenge
virus may explain some of the differences observed in protection
between these studies.

The selection ofimmunization route and mucosal delivery device
for limiting infection in humans may depend on how SARS-CoV-2 is
transmitted. Although virus is likely emitted as small aerosol drop-
lets (<5 um) generated deep in the lower airways®*, it remains unclear
which anatomicalsite inthe upperrespiratory tractisthe primary site
of infection after natural exposure. Although we did not achieve full
protection in the lungs following i.n. boosting via MAD, it is notable
that we experimentally administered our challenge stock viabothi.n.
and i.t. routes. If natural infection occurs primarily in the nose, then
delivery of challenge virus directly into the trachea may have hindered
the ability of thei.n. vaccine to completely block infection.

Limitations of the study

First, although we model the impact of prior immune exposure to
multiple antigens (WAl and BA.5), we did not attempt to recapitu-
late the antecedent exposures that humans now have including
infections and additional vaccine doses. However, two mRNA vac-
cinations likely induce some level ofimmune imprinting'”*. Second,
although we included the AE prime group to characterize the role of
priorimmunity, we did notinclude asimilari.n. prime arm because of
limited numbers of NHPs. Likewise, we did not have a control group
fori.n. adenovirus exposure. As the control AE group had no effect
on protection, itis probable that ani.n. control would have likewise
exerted no effect on virus replication. Finally, we did not administer
ChAd-SARS-CoV-2-S via the i.m. route, as the major comparison was
with currently available i.m. mRNA vaccines; however, a direct com-
parison of adenoviral-vectored vaccines delivered via the i.m. and
AE routes could allow us to distinguish features of immunogenicity
associated with route of administration.

Thisstudy provides a proof of principle for mucosal vaccinationin
arelevant preclinical model to achieve durable cross-variantimmunity
with essentially complete prevention of XBB.1.16 infection. Itis possible
that alternative platforms could achieve similar results if delivered to
the mucosa. Although there are rodent data fori.n. delivery of protein
and mRNA?"?, there are more limited NHP data modeling priorimmu-
nity by widely used mRNA vaccines before mucosal boosting to demon-
strate durable protection againstinfection. Indeed, proteinand mRNA
may need to be formulated specifically to enhance penetrationinto the
upper airway mucosal tissue®, which is a natural feature of many vac-
cinesderived from viruses that have evolved for this purpose. Further-
more, the choice of adenovirus serotype may be relevant, as there may
be distinct preferences for replication in the upper airway compared
to the gut®. Itis likely that our findings regarding the role of mucosal
IgA as a correlate of protection in the upper airway may also pertain
to alternative mucosal delivery platforms and that measurement of
these responses rather than serum neutralizing titers would be key
for clinical development and authorization. The data presented here
provide aroadmap for next-generation vaccines against SARS-CoV-2
and other respiratory pathogens with pandemic potential to achieve

near-sterilizing prevention of infection and transmission blockade
and potentially limit the rate of virus evolution. This approach also
hasthe potential toreduce global virus burden and alter the outbreak
dynamics of disease.
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Methods

Rhesus macaque model

All experiments were conducted according to National Institutes of
Health (NIH) standards on the humane care and use of laboratory
animals, and all procedures were approved by, and were conducted in
accordance with, regulations of the Animal Care and Use Commiittees
of the NIH Vaccine Research Center (VRC) and Bioqual. Animals were
housed under animal biosafety level 2 conditions for the immunization
phase. Upto1week before (for acclimation) and during the challenge
phase, animals were housed under animal biosafety level 3 conditions,
per Bioqual facility standard operating procedures.

Atthetime of study enrollment, 2- to 6-year-old male Indian-origin
rhesus macaques were primed with mRNA vaccine or were admin-
istered control mRNA. Animals were later stratified into groups for
vaccine boosting based on age and weight.

Preclinical mRNA and adenoviral-vectored vaccines

A sequence-optimized mRNA encoding prefusion-stabilized
SARS-CoV-2 S protein containing two proline stabilization mutations
(S-2P)*** for Wuhan-1or bivalent Wuhan-1/BA.5 was synthesized in vitro
and formulated®®. The ChAd-SARS-CoV-2-BA.5-S vector expressed
a prefusion-stabilized S glycoprotein of BA.5 (GenBank QJQ84760;
TI191, L24S, 25-27del, 69-70del, G142D, V213G, G339D, S371F, S373P,
S375F, T376A, D405N, R408S, K417N, N440K, G446S, L452R, S477N,
T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K,
P681H,N764K, D796Y, Q954H and N969K) containing six proline sub-
stitutions (F817P, A892P, A899P, A942P, K986P and V987P) and furin
cleavage site substitutions (RRARS to GSASS, residues 682-686) as
described elsewhere®. Control mRNA ‘NTFIX-01 (not translated factor
9)’ was synthesized and similarly formulated into lipid nanoparticles
as previously described®’.

The ChAd-SARS-CoV-2-S replication-incompetent vector
(Simian-Ad36) encoding the prefusion-stabilized SARS-CoV-2
S-2P and empty ChAd-Control vector were generated as described
previously”. The ChAd-SARS-CoV-2-BA.5-S genome was res-
cued following transfection of the T-REx-293 cell line (Invitrogen,
R710-07). Replication-incompetent ChAd-SARS-CoV-2-BA.5-S,
ChAd-SARS-CoV-2-S and ChAd-Control vectors were scaled up in
HEK-293 cells (ATCC, CRL-1573) and purified by CsCl density-gradient
ultracentrifugation. Viral particle concentrations were determined by
spectrophotometry at 260 nm, as previously described®®.

Vaccine delivery to rhesus macaques

For i.m. delivery, mRNA was administered in 1 ml of formulated lipid
nanoparticles diluted in PBS into the right quadricep, as previously
described***>*', For AE delivery, each animal was administered 1 ml
of adenoviral-vectored vaccine (diluted in PBS to a concentration
of 1x10" vp) via a pediatric silicone face mask (PARI SMARTMASK
Baby/Kids) attached to an Investigational eFlow Nebulizer System
(PARI) that delivered 4-um particles deep into the lungs, as previously
described®?. For i.n. delivery, each animal was administered 200 pl
of adenoviral-vectored vaccine as 30- to 100-pum particles into each
nostril for a total volume of 400 pl (diluted in PBS to a concentration
of 2.5 x 10" vp) via MAD Nasal (Teleflex).

Immunization and challenge schedule

Twenty NHPs were primed at weeks 0 and 4 with two doses of 30 pg of
mRNA-1273 viathei.m. route. At week 32, the following groups received
athird dose: (1) eight NHPs (i.m.boost) received 30 pg of mRNA-1273.222
viathei.m.route, (2) six NHPs (i.n. boost) received 10" vp of the bivalent
cocktail of ChAd-SARS-CoV-2-Wuhan-1-Sand ChAd-SARS-CoV-2-BA.5-S™
viathei.n.route, and (3) six NHPs (AE boost) received 10" vp of the biva-
lent cocktail of ChAd-SARS-CoV-2-Sviathe AE route. Also, at week 32, a
naive cohort of four NHPs (AE prime) were administered 10" vp of the
bivalent cocktail of ChAd-SARS-CoV-2-S viathe AE route.

Finally, an additional group of eight NHPs received two doses of
30 pg of control mRNA via the i.m. route at weeks O and 4. At week 32,
four of these NHPs received 10" vp of control ChAd via the AE route.

AlINHPs were challenged at week 50 (18 weeks after final immu-
nization) with 3 x 10° p.f.u. of SARS-CoV-2 Omicron XBB.1.16. The virus
inoculum was administered as 2.25 x 10° p.f.u. in 3 ml via the i.t. route
and 0.75 x10° p.f.u. in 1 ml via the i.n. route (MAD) with a volume of
0.5 mldistributed evenly into each nostril.

Isolation and sequencing of the XBB.1.16 challenge stock
XBB.1.16 (EPI_ISL_17417328) was isolated from aresidual NS kindly pro-
vided by B. Pinsky (Stanford University). Virus was plaque purified and
propagated oncein VeroE6-TMPRSS2 cells to generate aworking stock.
XBB.1.16 stock was then sequenced as previously described®**°. Briefly,
NEBNext Ultra Il RNA Prep reagents and multiplex oligonucleotides
(New England Biolabs) were used to prepare Illumina-ready libraries,
whichwere sequenced on aMiSeq (Illumina). Demultiplexed sequence
reads were analyzed in the CLC Genomics Workbench v.23.0.1 by (1)
trimming for quality, length and adaptor sequence, (2) mappingto the
Wuhan-Hu-1SARS-CoV-2reference (GenBank NC_045512), (3) improv-
ing the mapping by local realignment in areas containinginsertions and
deletions and (4) generating both asample consensus sequence and a
list of variants. Default settings were used for all tools.

Celllines

Cell lines used for ChAd production included the T-REx-293 cell line
(Invitrogen, R710-07) for rescue of the ChAd-SARS-CoV-2-BA.5-S
genome and HEK-293 cells (ATCC, CRL-1573) for scaling up of ChAd
vectors.

VeroE6-TMPRSS2 cells were used for propagation of XBB.1.16
challenge stock and live virus neutralization assays, while Vero-ACE2/
TMPRSS2 cells were used for TCID,, assays. Both cell lines were pro-
vided by A. Creanga (VRC/National Institute of Allergy and Infectious
Disease (NIAID)) and were cultured in complete DMEM as previously
described”. The 293T-human ACE2 cell line (obtained from M. Farzan
and H. Mu at the University of Florida Scripps Institute) was used for
pseudovirus neutralization assays.

sgRNA quantification

sgRNA was isolated and quantified by researchers blinded to vac-
cine status, as previously described?*. Briefly, total RNA was extracted
from BAL fluid and NSs using an RNAzol BD column kit (Molecular
Research Center). PCR reactions were conducted with TagMan Fast
Virus 1-Step Master Mix (Applied Biosystems), forward primer in
the 5’ leader region and N gene-specific probe and reverse primer
as previously described®. The following primers and probes were
used: sglLeadSARSCoV2_F (5’-CGATCTCTTGTAGATCTGTTCTC-3’),
N2_P (5-FAM-CGATCAAAACAACGTCGGCCCC-BHQ1-3’) and wtN_R
(5’-GGTGAACCAAGACGCAGTAT-3’). Amplifications were performed
with aQuantStudio 6 Pro Real-Time PCR System (Applied Biosystems).
The assay lower LOD was 50 copies per reaction.

TCID,, quantification

Infectivity of virus was determined by TCID;, assay on Vero-ACE2/
TMPRSS2 cells. One hour before the assay, the growth medium
was removed from the cells and replaced with 180 pl per well of 2%
cDMEM (DMEM supplemented with 2% fetal bovine serum (FBS),2 mM
L-glutamine and 1x antibiotic). Samples were serially diluted tenfold
in DMEM containing 2% FBS. Twenty microliters of diluted sample
was added to cells in quadruplicate. After 5 days, infectious medium
wasremoved, and cells were fixed and stained with crystal violet (20%
methanol and 2.5 g of crystal violet). Virus replication was scored as
alack of crystal violet staining. TCID;, values were calculated using
the Reed-Muench method’. The lower LOD for the quantification of
virus titer was 108.
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Pseudovirus neutralization

SARS-CoV-2 lentiviral pseudotyped neutralization assays were per-
formed on integrated automation platforms consisting of a Biomek
liquid handler from Beckman Coulter, an ambient temperature lab-
ware hotel (Thermo Scientific), a37 °Cincubator (Thermo Scientific)
and a Molecular Devices Paradigm Multimode reader, as previously
described*. The automated assay methods were operated using Beck-
man Coulter SAMI EX software (version 5.0). On day 1, samples were
diluted starting at 1:20 and then serially diluted fourfold (seven times)
in D10 culture medium (10% FBS, DMEM and 0.3 pl ml™ puromycin)ina
bulk sterile polypropylene 384-well deep-well plate. The diluted sam-
pleswere transferred frombulk dilution plates into individual 384-well
black tissue culture plates at 30 pl per well (Thermo Scientific Nunc
384-well polystyrene plates, cell culture surface, 164564). SARS-CoV-2
S-pseudotyped viruses were diluted in D10 and added at 30 pl per well
into tissue culture plates containing the serially diluted samples, fol-
lowed by a 45-min incubation at 37 °C and 5% CO,. 293T-human ACE2
reporter cellswere added ata concentration of10,000 cells per wellin
20 plinto virus/sample tissue culture plates, followed by a 72-h incu-
bation at 37 °C and 5% CO,. On day 4 (72 h from day 1), 50 pl of culture
mediumwas removed from the plates, and 30 pl of luciferase substrate
(PerkinElmer Britelite Plus, 6066769) was added. The plates were incu-
bated atroomtemperature for 2 min, and the samples/luciferase were
mixed. The luminescence signal (relative luminescence unit (RLU))
was measured using a Paradigm Multimode reader. The neutraliza-
tion percentage of the test sample was determined by normalization
of the test sample RLU to the RLU of virus and cell control wells with
the following calculation: percentage = [(test wells — average of cell
control wells) - (average of virus control wells - average cell control
wells)] + (average virus control wells - average cell control wells) x 100.
The neutralization curve fit was generated on a NAB analysis module
onthe Labkey web-based server with five-parameter nonlinear regres-
sion. Neutralizing antibody titers are expressed as the reciprocal of
the serum dilution required to reduce RLU by 50% and are reported
asinhibition dosage.

Live virus neutralization

D614G” and BA.5 (ref. 96) variants have been previously described.
XBB.1.5was provided by A. Pekosz (Johns Hopkins University), whereas
EG.5.1 (EPLISL_17977757) was isolated from a residual NS kindly pro-
vided by B. Pinsky. All variants were plaque purified and propagated
oncein VeroE6-TMPRSS2 cells to generate working stocks. Viruses were
deep sequenced and confirmed as previously described”.

Focus reduction neutralization assays were performed as previ-
ously described®. Briefly, samples were diluted starting at 1:10 in a
total volume of 60 pl and serially diluted threefold (eight times) using
DMEM. Serially diluted samples were incubated with an equal volume
of SARS-CoV-2 (100-200 fociperwell) at 37 °Cfor1 hinaround-bottom
96-well culture plate. The antibody-virus mixture was then added to
Vero-TMPRSS2 cells and incubated at 37 °C for 1 h. After incubation,
the antibody-virus mixture was removed, and 100 pl of prewarmed
0.85% methylcellulose overlay was added to each well. Plates were
thenincubated at 37 °Cfor 18 to 40 h. The methylcellulose overlay was
removed, and cells were washed six times with PBS. Cells were fixed with
2% paraformaldehyde in PBS for 30 min. Following fixation, plates were
washed twice with PBS, and permeabilization buffer (0.1% bovine serum
albuminand 0.1% Saponin in PBS) was added to permeabilize cells for
at least 20 min. Cells were incubated with primary anti-SARS-CoV-2
S directly conjugated to Alexa Fluor-647 (clone CR3022-AF647, Cell
Signaling, 37475; 1:5,000) overnight at 4 °C. Cells were then washed
twice with PBS and imaged on an ELISpot reader (CTL Analyzer).

Antibody neutralization was quantified by counting the number
of foci for each sample using the Viridot program®. The neutralization
titers were calculated as 1 - (ratio of the mean number of foci in the
presence of sera and foci at the highest dilution of the respective sera

sample). Each specimen was tested in duplicate. The half-maximal
focus reduction neutralization titers were interpolated using a
four-parameter nonlinear regressionin GraphPad Prism 9.2.0. Samples
that did not neutralize at the LOD at 50% were plotted at 20 and were
used for geometric mean and fold change calculations.

Serum and mucosal antibody binding

Quantification of antibodies was performed using multiplex electro-
chemiluminescence serology assays by Meso Scale Discovery (MSD),
aspreviously described**”. Briefly, total antigen-specific antibodies
were measured by MSD V-Plex SARS-CoV-2 Panel 36var3 for S (kindly
provided by MSD), according to the manufacturer’s instructions,
exceptthat 25 pl of sample and detection antibody were used per well.
Heat-inactivated plasmawas diluted 1:10,000 in Diluent 100. BAL and
NW fluid were concentrated tenfold with Amicon Ultra centrifugal
filter devices with a30-kDamolecular weight cutoff (MWCO; Millipore
Sigma). Concentrated BAL samples were subsequently diluted 1:100
for IgG and 1:50 or 1:100 for IgA using Diluent 100. Concentrated
NW samples were subsequently diluted 1:10 or 1:25 for IgG and 1:50
or 1:100 for IgA using Diluent 100. AU per ml values were calculated
for each sample using relevant MSD reference standard except for
anti-XBB.1.16 IgA titers, for which the SARS-CoV-2 WA1 reference
standard was used.

ACE2-S binding inhibition

ACE2 binding inhibition was performed as previously described*®.
Briefly, BAL and NWs were concentrated tenfold with Amicon Ultra
centrifugal filters with a 30-kDa MWCO (Millipore). Concentrated
samples were subsequently diluted 1:5in Diluent 100 (MSD). The ACE2
bindinginhibitionassay was performed with a V-Plex SARS-CoV-2 Panel
32 (ACE2) kit (MSD), as per the manufacturer’sinstructions. Plates were
read on an MSD Sector S 600 instrument.

For the XBB.1.16 variant, ACE2 binding inhibition was performed
using a modified MSD platform assay. Briefly, after blocking MSD
Streptavidin Multi-Array 384-well plates with Blocker A (MSD), the
plates were coated with 1 pug ml™ biotinylated SARS-CoV-2 XBB.1.16
S-2P andincubated for 1 h at room temperature. The plates were then
washed five times with wash buffer (1x PBS containing 0.05% Tween-
20). Diluted samples were added to the coated plates and incubated
for1hatroomtemperature. MSD Sulfo-Tag human ACE2 protein was
diluted 1:200 and added to the plates. After a 1-h incubation at room
temperature, the plates were washed five times with wash buffer and
read on an MSD Sector S 600 instrument after the addition of Gold
Read Buffer B (MSD). The results are reported as percent inhibition.

For depletion of specific antibody classes from concentrated NW
and BAL (week 44) samples, we used Pierce Protein G magnetic beads
(Thermo Fisher Scientific), according to the manufacturer’s instruc-
tions. Briefly, 50 pl of sample was incubated for 2 hat room temperature
with 50 pl of Protein G magnetic beads previously equilibrated with
PBS (pH 7.4). After incubation, beads were removed by a magnetic
stand, and the flow-through was collected as IgG-depleted fluid. The
magnetic beads were then washed three times with PBS (pH 7.4) and
subsequently incubated with100 pl of Pierce IgG Elution Buffer (pH 2.0;
Thermo Fisher Scientific) for 10 min at room temperature. The beads
were removed using amagnetic stand, and the eluant was collected and
dialyzed against PBS (pH 7.4) with Slide-A-Lyzer MINI Dialysis Devices
(20-kDa MWCO; Thermo Fisher Scientific). The dialyzed eluant was
collected as IgA-depleted fluid. Concentrations of IgG and IgA in the
complete mucosal fluid, flow-through and eluant were determined
by enzyme-linked immunosorbent assay using an Isotyping Panel
1 NHP/Human kit (MSD). An equal concentration of IgG and IgA for
each sample was used in ACE2 binding inhibition assays. Comparison
of total IgA to secretory IgA was performed using an anti-monkey
secretory component primary antibody (polyclonal, Nordic MUbio
GAMon/SC;1pg ml™).
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Variant S-2P antigen production

Thebiotinylated SARS-CoV-2 variant S-2P was produced as previously
described'*® with an updated plasmid encoding the sequence of BA.5
or XBB.1.16 S-2P flanked by an HRV 3C cleavable single-chain Fc tag and
an Avitag. Briefly, Avi-tagged S-2P expressed by transient transfection
was captured by protein Aresin and collected in the flow-through after
concurrent HRV 3C cleavage and BirA biotinylation. Afterward, S-2P
trimers were purified onaSuperdex20016/600 gelfiltration column
(Cytiva) equilibrated with PBS.

B cell analysis

Cryopreserved PBMCs and BAL cells were thawed, washed briefly
with phenol-free RPMI with 4% heat-inactivated newborn calf serum
and incubated with Aqua live/dead viability dye (Invitrogen, L34957;
1:800) for 20 min at room temperature. Cells were stained with the
following antibodies (monoclonal unless indicated) for 20 min at
room temperature: (1) IgD FITC (goat polyclonal, Southern Biotech,
2030-02) at1:40, (2) IgM PerCP-Cy5.5 (clone G20-127, BD Biosciences,
561285) at 1:40, (3) IgA Dylight 405 (goat polyclonal, Jackson Immuno-
Research,109-475-011) at1:40, (4) CD20 BV570 (clone 2H7, Biolegend,
302332) at 1:40, (5) CD27 BV650 (clone 0323, Biolegend, 302828)
at 1:20, (6) CD14 BV785 (clone M5E2, Biolegend, 301840) at 1:80, (7)
CD16 BUV496 (clone 3G8, BD Biosciences, 564653) at 1:40, (8) CD4
BUV737 (clone SK3, BD Biosciences, 564305) at 1:40, (9) CD19 APC
(clone)3-119, Beckman Coulter, IM2470U) at 1:20, (10) IgG Alexa 700
(clone G18-145, BD Biosciences, 561296) at 1:20, (11) CD3 APC-Cy7
(clone SP34.2, BD Biosciences, 557757) at 1:40, (12) CD38 PE (clone
OKTI10, Caprico Biotech, 100826) at 1:640, (13) CD21 PE-CyS5 (clone
B-ly4, BD Biosciences, 551064) at 1:20 and (14) CXCRS PE-Cy7 (clone
MUSUBEE, Thermo Fisher, 25-9185-42) at 1:40. Surface-stained cells
were thenincubated with streptavidin-BV605-labeled (BD Biosciences)
WA1S-2P, streptavidin-BUV661-labeled (BD Biosciences) BA.5 S-2P
and streptavidin-BUV395-labeled XBB.1.16 S-2P for 30 min at 4 °C
(protected from light). Cells were washed and fixed in 0.5% formal-
dehyde (Tousimis Research) before data acquisition. All antibodies
were titrated on NHP PBMCs to determine the optimal concentration.
Sampleswere acquired onaBD FACSymphony cytometer with BD FACS
Divaversion9.3.1and analyzed for B cell phenotype and Boolean probe
binding frequencies using FlowJo version 10.9.0 (BD Biosciences).
Microsoft Excel version 16.87 was used for data sorting and background
subtraction. Boolean visualization was generated using Spice 6
(Vaccine Research Center)'*' and Prism 9 (GraphPad Software).

Intracellular cytokine staining

Intracellular cytokine staining was performed as previously
described®'*2, Briefly, cryopreserved PBMCs and BAL cells were thawed
and rested overnight at 37 °C and 5% CO,. After resting, cells were
stimulated with SARS-CoV-2S protein (S1and S2) and N peptide pools
(JPT Peptides) at a final concentration of 2 pg ml™ in the presence of
3 mM monensinfor 6 h. The S1,S2 and N peptide pools are comprised
0f158,157 and 102 individual peptides, respectively, as15-mers overlap-
ping by 11 amino acids in 100% DMSO. Negative controls received an
equal concentration of DMSO to that of the peptide pools (final con-
centration of 0.5%). The following monoclonal antibodies were used:
(1) CD3 APC-CY7 (clone SP34.2, BD Biosciences, 557757) at 1:640, (2)
CD4 PE-CY5.5 (clone SK3, Thermo Fisher, 35-0047-42) at 1:20, (3) CD8
BV570 (clone RPA-T8, Biolegend, 301038) at 1:80, (4) CD45RA PE-CY5
(clone 5H9, BD Biosciences, 552888) at1:2,500, (5) CCR7 BV650 (clone
GO43H7, Biolegend, 353234) at 1:10, (6) CXCRS5 PE (clone MUSUBEE,
Thermo Fisher, 12-9185-42) at1:10, (7) CXCR3 BV711 (clone 1C6/CXCR3,
BD Biosciences, 563156) at 1:20, (8) PD-1 BUV737 (clone EH12.1, BD
Horizon, 612792) at 1:40, (9) ICOS PE-CY7 (clone C398.4A, Biolegend,
313520) at 1:640, (10) CD69 ECD (clone TP1.55.3, Beckman Coulter,
6607110) at 1:40, (11) IFNy Ax700 (clone B27, Biolegend, 506516) at
1:640, (12) IL-2 BV750 (clone MQ1-17H12, BD Biosciences, 566361) at

1:80, (13) IL-4 BB700 (clone MP4-25D2, BD Biosciences, custom order)
at1:20, (14) TNFFITC (clone Mab11, BD Biosciences, 554512) at 1:80, (15)
IL-13BV421 (clone JES10-5A2, BD Biosciences, 563580) at1:20, (16) IL-17A
BV605 (clone BL168, Biolegend, 512326) at 1:40, (17) IL-21 Ax647 (clone
3A3-N2.1,BD Biosciences, 560493) at 1:10 and (18) CD154 BV785 (clone
24-31,Biolegend, 310842) at 1:20. An Aqua live/dead fixable dead cell
stainkit (Invitrogen, L34957;1:800) was used to exclude dead cells. All
antibodies were previously titrated to determine the optimal concen-
tration. Samples were acquired on aBD FACSymphony flow cytometer
with BD FACS Diva version 9.3.1, while data sorting and background
subtraction were conducted in Microsoft Excel version 16.87. Data were
analyzed using FlowJo version10.9.0 (Treestar).

Statistical analysis

Humoral, cellular and virus assays were log transformed as appropri-
ateand, whereindicated, are reported as geometric means, with error
bars depicting geometric standard deviation. For statistical analyses
of virustitersinFig.1, the three groups given adenoviral-vectored vac-
cine were compared to the pooled control arms at each time point. For
each comparison, Kruskal-Wallis tests were used to compare all groups
simultaneously at « = 0.05, followed by comparisons for each vacci-
nated group and the pooled controls using Wilcoxon rank-sum tests
at a=0.05/2if the overall test was statistically significant. Reported
pairwise Pvalues were doubled to account for this adjustment.

Statistical analyses comparing time points were performed using
Wilcoxon signed-rank tests, and comparisons between groups were
conducted with Wilcoxon rank-sum tests. Reported correlations
and the corresponding P values are based on Spearman rank cor-
relations. Values below the LOD were set to the limit, which varied
by assay. Values of 0 on variables that were analyzed on a log scale
were set to half the minimum of the nonzero data. Because all of
these analyses were nonparametric, the results were unaffected by
the precise values used.

The only parametric analyses involved fitting linear models to
predict sgRNA copy number (log,, sgRNA N at day 2) as a function of
vaccinationgroup and candidate immune assays. Candidate immune
assays were screened one by one (on a log scale as appropriate) to
determine if any of the assay readouts were able to predict sSgRNA N
copy number at day 2 well enough that the vaccination group was no
longer significantly predictive after adjusting for theimmune readout.
Sixteen immune assays were considered for predicting sgRNA N in
BAL, and ten assays were considered for predicting sgRNA N in NSs.
Because these linear models are parametric and therefore sensitive to
the values used for results below the LOD or off the log scale, they were
refit with small changes in the assigned values to assess robustness,
and the conclusions did not change.

All comparisons and predictive models should be considered
hypothesis generating as there were few adjustments for multiple
comparisons. Pairwise Pvalues are indicated by asterisks inthe figures,
andthesamplenislistedin corresponding figure legends. All analyses
were conducted using R version 4.3.0 unless otherwise specified.

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

Data availability

All data are available in the main text, Supplementary Information
or Extended Data figures. The Wuhan-Hu-1 SARS-CoV-2 reference is
available at GenBank NC_045512. XBB.1.16 and EG.5.1 sequences are
available at GISAID EPI_ISL 17417328 and EPI_ISL_17977757, respectively.
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Extended Data Fig. 1| Experimental scheme. NHP (n = 8 for control groups
and n =24 for vaccine groups) were administered 30 pg of mRNA vaccine via
IM route or1x 10" virus particles of adenoviral-vectored vaccine via IN or AE

route according toimmunization schedule shown above. Eighteen weeks
after boosting, all primates were challenged with XBB.1.16. Sampling schedule

indicatedinred.
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Extended Data Fig. 2| XBB.1.16 sequence. Challenge virus was titered and
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Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-024-01951-5

Extended Data Fig. 3| AE or IM boosting elicits durable serum neutralizing
responses against emerging SARS-CoV-2 variants. NHP were administered
mMRNA-1273 or control mRNA at weeks O and 4 and boosted at week 32 with the
indicated vaccine. (a-c) Sera were collected post-boost (week 34) and at the time
of challenge (TOC, week 48). Pseudovirus neutralizing responses measured
against (a) BA.5, (b) BA.2.86 and (c) EG.5.1. Circles, boxes and horizontal lines
represent individual animals, interquartile range and median, respectively,
while minima and maxima are denoted at whisker termini. # indicates that while
sample collection for AE prime cohort (orange) occurred on week 34, week 34
was two weeks following the single AE prime rather than two weeks following a
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boostasinother groups. Number of NHP per group (n) are as follows: control = 8;
IMboost =8; INboost = 6; AE boost = 6; AE prime = 4. (d-g) Sera were collected
post-prime (week 6), pre-boost (week 28), post-boost (week 34), pre-challenge
(week 48) and post-challenge (day 28). Neutralizing responses measured against
live virus (d) D614G, (e) BA.5, (f) XBB.1.5 and (g) EG.5.1. Circles indicate geometric
means for each group. Error bars represent geometric standard deviation. Assay
LODina-grepresented as dotted line. Number of NHP per group are as follows
with nlisted for all pre-challenge timepoints followed by n at day 28 post-
challenge in parentheses: control =8 (4); IMboost =8 (5); INboost = 6 (3);
AEboost =6 (3); AEprime=4(2).
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IL-4 or IL-13, whereas Ty, cells were defined as central memory CD4" T cells that
expressed CXCRS, ICOS and PD-1. Ty, cells were further characterized as IL-21",
CD69" or CD40L",CD69".
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Extended DataFig.10 | T cell responses to N peptides in PBMC and BAL
following IM or mucosal boosting. (a-d) PBMC and (e-h) BAL fluid were
collected pre-vaccination (baseline) and at weeks 6 (post-prime), 34 (post-boost)
and 48 (time of challenge, TOC) as well as on days 2,4, 7 and 15 post-challenge.
Lymphocytes were stimulated with SARS-CoV-2 N peptides (WA1) and then
measured by intracellular staining. Percentage of memory CD4" T cells with

(a, e) T, 1 markers (IL-2, TNF or IFNy) or (b) T,;2 markers (IL-4 or IL-13) following
stimulation. (c, g) Percentage of memory CD8" T cells expressing IL-2, TNF or IFNy
following stimulation. (d) Percentage of T, cells that express CD40L following
stimulation. Break in y-axis in e indicates a change in scale without a break in

the range depicted. Dotted lines set at 0%. Absolute number of N-reactive (f)
T,1CD4" or (h) CD8" T cellsin the BAL are also depicted. Counts below a value

of1(due to background subtraction) were replaced with a value of 1 for datain
fand h. Circles, boxes and horizontal lines in a-h represent individual animals,
interquartile range and median, respectively, while minima and maxima are
denoted at whisker termini. Reported values may be negative due to background
subtraction and may extend below the range of the y-axis. # indicates that while
sample collection for AE prime cohort (orange) occurred on week 34, week 34
was two weeks following the single AE prime rather than two weeks following
aboostasinall other groups. Number of NHP per group (n) are as follows:
control=8;IMboost =8; INboost = 6; AE boost = 6; AE prime =4. Due to
pre-specified minimum cell numbers per sample required for analysis, some
timepoints include data from fewer NHP than the full group size.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All flow cytometry data was collected in BD FACS Diva version 9.3.1.

Data analysis All statistical analyses were done using R version 4.3.0. XBB.1.16 challenge stock sequence reads were analyzed in CLC Genomics Workbench
version 23.0.1. Pseudovirus and live virus neutralization titers were interpolated using a NAB analysis module on Labkey web-based server and
GraphPad Prism version 9.2.0, respectively. Pseudovirus neutralization assays were performed on integrated automation platforms consisting
of a Biomek liquid handler from Beckman Coulter operated through Beckman Coulter SAMI EX software version 5.0. Flow cytometry samples
were acquired on a BD FACSymphony cytometer with BD FACS Diva version 9.3.1. Microsoft Excel version 16.87 was used for data sorting and
background subtraction. Boolean visualization of B cell data was generated using Spice 6 (Vaccine Research Center, Bethesda, MD) and
GraphPad Prism version 9. All other flow cytometry data analyzed in BD FlowJo version 10.9.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L

£zoz |udy




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text, the supplementary tables or in the Extended Data figures. Wuhan-Hu-1 SARS-CoV-2 reference is available at GenBank no.
NC_045512. XBB.1.16 and EG.5.1 sequences are available at GISAID no. EPI_ISL 17417328 and EPI_ISL 17977757, respectively.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human research participants used in this study.

Reporting on race, ethnicity, or Not applicable
other socially relevant

groupings

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

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.
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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 In this study, we aimed to assess protection from SARS-CoV-2 challenge after boosting with mucosally-delivered ChAd-SARS-CoV-2-S (n=6/
group) or intramuscularly-delivered mRNA-1273.222 (n=8). After SARS-CoV-2 challenge, the amount of virus RNA detectable in nasal swabs
and bronchoalveolar lavage would be evaluated in all groups. Our primary comparison was protection elicited by any of the vaccinated groups
in relation to the untreated control groups. These control groups were composed of a cohort of NHP that received control mRNA (n=4) or
control mRNA followed by control ChAd (n=4), which we planned to combine into a single control group for statistical analyses if no
differences in virus titers were observed between the cohorts. Our secondary objective was to compare protection provided by any of the
mucosally-boosted groups with the intramuscularly-boosted benchmark group. We estimated the standard deviation in virus loads to be
approximately 0.5 logs based on historical data from other NHP studies. This number of animals (n=6-8/group) thus allowed us 80% power to
detect differences in antibody titers that differ by 0.75 logs; this is sufficient for our study, in which we hypothesized a decrease of over 1.0
log. Finally, to investigate the potential of a mucosally-delivered virus-vectored vaccine in an unexposed population and allow a comparison
between immune responses following boosting versus primary immunization, we also administered a single dose of the same ChAd-SARS-
CoV-2-S vaccine to naive NHP via aerosol. This naive cohort was composed of 4 NHP due to the limitations of our already large study and the
number of available primates.

Data exclusions  No data was excluded from this study.

Replication We used multiple experimental approaches to verify reproducibility of data including both sgRNA and TCID50 analysis for determination of
virus replication; upper airway virus load was confirmed through measurement of culturable virus using both nasal swabs and nasal washes.
Neutralizing responses were verified using both pseudovirus and authentic virus. We also measured antigen-specific T cell responses using
lymphocytes isolated from distinct compartments (blood & BAL) and measured humoral responses using antibodies from multiple
compartments (blood, BAL, NW) and multiple antigens (WA1, BA.5 and XBB.1.16 spikes) and found consistent trends.

Additionally we measured virus RNA transcripts by performing two independent PCR assays (for different virus-specific targets). Although the
amplified subgenomic transcript (E vs N) was unique to each PCR run (with differences in RNA copy number of ~1log in our prior experiments),
and thus the virus RNA copy numbers in this experiment were also different between each PCR run (by ~1log), the kinetics and relative
differences between the various cohorts were nearly identical post-challenge between both assays.
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Due to the use of these orthogonal approaches to validate our findings, most assays were run a single time. However, the following assays
were repeated:

(1) BA.5 pseudovirus neutralizing titers were measured three times by two separate labs. For one run, the BA.5 pseudovirus stock was not
produced at the correct concentration, resulting in high neutralizing responses for all groups including the negative controls. For the other
two repeats, both labs independently confirmed the same trends and outliers within and across groups. Neutralization assays for all other
variants were run a single time.

(2) Antibody binding titers and ACE2 binding inhibition at pre-challenge timepoints were measured at least 2 times via ELISA using either
Meso Scale Discovery (MSD)'s Panel 32 or 36, and results were successfully replicated.

(3) ACE2 binding inhibition after selective depletion of 1gG or IgA was performed 3x for nasal wash samples with consistent results.

(4) ACE2 binding inhibition after selective depletion of IgA was performed 2x for BAL samples using two unique methods for removal of IgA.
Overall results were reproducible although we observed some differences in background and larger effects resulting from IgA depletion when
performing the approach which was not used in the manuscript. Importantly, we did not observe any contrasting results from those reported
in the manuscript.

Randomization  Animals were stratified into groups for vaccine boosting based on age and weight.
Blinding Subgenomic RNA analysis, which was the primary endpoint, was conducted by scientists blinded to group status. For all other assays,

scientists were not formally blinded as there was high demand for certain specimen / group samples at specific timepoints, requiring judicious
use for some of the samples. However, in practice, group status was largely unknown to investigators during performance of experiments.
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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
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Antibodies

Antibodies used We used the following antibodies for ICS:

Live/dead fixable aqua dead cell stain, Invitrogen #L34957 — Lot #2420618 (1:800)

CD45RA PE-CYS5, clone 5H9, BD Biosciences #552888 — Lot #7144708 (1:2500)

CD4 PE-CY5.5, clone SK3, Thermo Fisher #35-0047-42 — Lot #2516573 (1:20)

ICOS PE-CY7, clone C398.4A, Biolegend #313520 — Lot #B293719 (1:640)

CD8 BV570, clone RPA-T8, Biolegend #301038 — Lot #B346256 (1:80)

CCR7 BV650, clone GO43H7, Biolegend #353234 — Lot #B340645 (1:10)

CXCR3 BV711, clone 1C6/CXCR3, BD Biosciences #563156 — Lot #2129036 (1:20)

PD-1 BUV737, clone EH12.1, BD Horizon #612792 — Lot #0206107, 0303349, 2059784 (1:40)
TNF FITC, clone Mab11, BD Biosciences #554512 — Lot #1145433 (1:80)

10. IL-4 BB700, clone MP4-25D2, BD Biosciences custom order — Lot #1145122 (1:20)

11. CXCR5 PE, clone MUSUBEE, Thermo Fisher #12-9185-42 — Lot #2404260 (1:10)

12. CD69 ECD, clone TP1.55.3, Beckman Coulter #6607110 — Lot #7620070, 7620044, 7620076, 7620097, 7620090 (1:40)
13.1L-21 Ax647, clone 3A3-N2.1, BD Biosciences #560493 — Lot #0225901 (1:10)

14. IFN-g Ax700, clone B27, Biolegend #506516 — Lot #8320892 (1:640)

15. CD3 APC-CY7, clone SP34.2, BD Biosciences #557757 — Lot #0223215 (1:640)

16. IL-13 BV421, clone JES10-5A2, BD Biosciences #563580 — Lot #2265146 (1:20)

17.1L-17A BV605, clone BL168, Biolegend #512326 — Lot #B338018 (1:40)

18. CD154 BV785, clone 24-31, Biolegend #310842 — Lot #8329207 (1:20)

19. IL-2 BV750, clone MQ1-17H12, BD Biosciences #566361 — Lot #8305632, 1137097 (1:80)

O NV AW R
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We used the following antibodies for B cell analysis:

. Live/dead fixable aqua dead cell stain, Invitrogen #L34957 — Lot #2420618 (1:800)

. 1gD FITC, goat pAb, Southern Biotech #2030-02 — Lot #A2118-WF09C (1:40)

. 1gM PerCP-Cy5.5, clone G20-127, BD Biosciences #561285 — Lot #0307134 (1:40)

. IgA Dy405, goat pAb, Jackson ImmunoResearch #109-475-011 — Lot #150866 (1:40)
. CD20 BV570, clone 2H7, Biolegend #302332 — Lot #B301458 (1:40)

.CD27 BV650, clone 0323, Biolegend #302828 — Lot #B350350 (1:20)

.CD14 BV78S5, clone M5E2, Biolegend #301840 — Lot #B327948 (1:80)

. CD16 BUV496, clone 3G8, BD Biosciences #564653 — Lot #0155949 (1:40)
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Validation

9. CD4 BUV737, clone SK3, BD Biosciences #564305 — Lot #0282762 (1:40)

10. CD19 APC, clone J3-119, Beckman Coulter #IM2470U — Lot #200093 (1:20)

11. 1gG Ax700, clone G18-145, BD Biosciences #561296 — Lot #0135021 (1:20)

12. CD3 APC-Cy7, clone SP34.2, BD Biosciences #557757 — Lot #1152687 (1:40)

13. CD38 PE, clone OKT10, Caprico Biotech #100826 — Lot #3AE4 (1:640)

14. CD21 PE-Cy5, clone B-ly4, BD Biosciences #551064 — Lot #0072939 (1:20)

15. CXCRS5 PE-Cy7, clone MUSUBEE, Thermo Fisher #25-9185-42 — Lot #2442267 (1:40)

We used the following antibody for live virus neutralization:
1. SARS-CoV-2 spike protein human IgG1 mAb Alexa R 647, clone CR3022, Cell Signaling #37475 — Lot #5 (1:5000)

We used the following antibody for secretory IgA analysis:
1. Anti-monkey secretory component, goat pAb, Nordic MUbio #GAMon/SC — Lot #6746 (1 ug/mL)

Validation for ICS assay is described previously {Donaldson, M.M., Kao SF, Foulds KE. OMIP-052: An 18-Color Panel for Measuring Th1,
Th2, Th17, and Tfh Responses in Rhesus Macaques. Cytometry A 95, 261-263 (2019)}. All antibodies are advertised to work against
human except CXCRS (clone MUSUBEE) which is raised against Rhesus Macaques.

All antibodies for B- and T-cell assays are titrated, per lot, on PBMC from rhesus macaques for optimal staining condition and then in
the context of the full panel for optimization.

Antibody used for measurement of virus for live virus neutralization was previously described in the following publications as listed
on the manufacturer's website:

1. Suzuki, Y. et al. Design and lyophilization of lipid nanoparticles for mRNA vaccine and its robust immune response in mice and
nonhuman primates. Mol. Ther. Nucleic Acids 30, 226-240 (2022).

2. Barber, K.W., Shrock, E. & Elledge, S.J. CasPlay provides a gRNA-barcoded CRISPR-based display platform for antibody repertoire
profiling. Cell Rep. Methods 2, 100318 (2022).

Regarding the antibody used for assessment of secretory IgA, manufacturer website states that "purified free secretory component
isolated from pooled rhesus monkey milk is used for immunization... Precipitation reactions have been observed with free and bound
secretory component in serum of other old-world Monkeys, including Cercopithecus, Cynomolgus and Baboon. The antiserum may
also react with other species as has been observed for Chimpanzee... Tested in immunoelectrophoresis, double radial
immunodiffusion and ELISA against a panel of appropriate secretions and purified Ig isotypes. The antiserum reacts with both bound
secretory component (secretory IgA) and with the free SC present in monkey secretions. In immunoelectrophoresis against monkey
milk, using a high electroendosmosis agar plate, free SC is precipitated in the alph-2 region. The antiserum does not react with other
molecular forms of IgA, or with any other secretory or plasma protein."

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

For propagation of XBB.1.16 challenge stock and live virus neutralization assays, VeroE6-TMPRSS2 cells were used. Vero-
ACE2/TMPRSS2 cells were used for TCID50 assays. Both cell lines were obtained from the Vaccine Research Center, NIH. Vero
cells are assumed to have been isolated from a female African green monkey and are the standard cell line used for SARS-
CoV-2 virus culture and neutralization assays.

293T-human ACE?2 cells (obtained from Drs. Michael Farzan and Huihui Mu at UF Scripps Institute) were used for pseudovirus
neutralization assays. Cell lines used for ChAd production include T-REx™-293 Cell Line (Invitrogen, R710-07) for rescue of
ChAd-SARS-CoV-2-BA.5-S genome and HEK-293 cells (ATCC, CRL-1573) for scaling up of ChAd vectors. These related cell lines
all derive from HEK-293 cells, which were produced when an embryonic kidney cell culture (female) was transformed by
sheared adenovirus 5 DNA.

Vero cell lines were authenticated by characterization of TMPRSS2 via use of an anti-TMPRSS2 flow antibody and validation of
positive ACE2 transduction via staining with SARS-CoV-2 RBD probe, which binds ACE2-expressing cells. ACE2 expression was
also validated in the 293T-human ACE2 cell line by staining with anti-human ACE2 antibody.

T-REx™-293 and HEK-293 cells were not authenticated.

Mycoplasma contamination The cell lines used for virus neutralization, both pseudovirus and live virus, were found to be negative for mycoplasma

contamination.

Commonly misidentified lines No commonly misidentified cell lines used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

For this study, we enrolled two- to six-year-old male Indian-origin rhesus macaques (Macaca mulatta).

This study did not involve wild animals.
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Reporting on sex

Field-collected samples

Ethics oversight

All primates were male. We only analyzed male primates as disease severity is more pronounced in male populations (for both
humans and animal models) and thus would provide a higher threshold for determination of any protective effect arising from
mucosal ChAd-SARS-CoV-2-S.

No samples were collected from the field.

All experiments were conducted according to National Institutes of Health (NIH) standards on the humane care and use of laboratory
animals, and all procedures approved by and conducted in accordance with regulations of the Animal Care and Use Committees of
the NIH Vaccine Research Center (VRC) and BIOQUAL, Inc. (Rockville, Maryland). Animals were housed and cared for in accordance
with local, state, federal and institute policies in facilities accredited by the American Association for Accreditation of Laboratory
Animal Care (AAALAC), under standards established in the Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals. Animals were housed in ABSL-2 conditions for the immunization phase of the study. Up to a week prior to (for acclimation)
and during the challenge phase of the study, animals were housed in ABSL-3 conditions, per Bioqual facility standard operating
procedures.

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

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

This study did not involve plants.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-authentication-procedures for-each seed stock ised-or novel- genotype generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

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.

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

Methodology

Sample preparation

All tissue are rhesus macaque in origin. BAL cells were obtained by PBS lavage under anesthesia. Cells were quantified using
Nexcelom Cellaca cell counter, cryopreserved in 90% FBS, 10% DMSO, using a controlled rate freezer (Thermo Fisher

Scientific).

Instrument BD FACSymphony X-50 (LSR Fortessa), Model Number N/A — Special Order Research Product. REF 660964

Software We used BD FACS Diva version 9.3.1 for acquisition. We performed analysis and data export in BD FlowJo 10 (version 10.9.0).
Microsoft Excel version 16.87 was used for data sorting and background subtraction while Graphpad Prism 9 was used for
graphical figures. Boolean visualization was generated using Spice 6 (Vaccine Research Center, Bethesda, MD) and Prism 9.

Cell population abundance No sorting was performed, but for PBMC T-cell assays, 35% viability threshold was applied for exclusion criteria. For BAL T cell

Gating strategy

assay, samples with less than 5,000 live CD3 were excluded. No exclusion criteria was specified for B cell assay.

Boundaries between positive and negative staining cell populations were defined based on stained negative control samples.
Specifically, positive populations were defined by stimulated (using spike or nucleoprotein peptides) vs. unstimulated (DMSO)
conditions (for T-cell assay) or pre-exposure vs. post-challenge conditions (for B-cell assay). Details on gating strategy are
listed below.

For B cell assay: Cells were gated as singlets and live cells on forward and side scatter and a live/dead aqua blue stain. Cells
were further gated based on lack of expression of CD3, CD4, CD14 and CD16. B cells were then defined based on expression
of CD20 and CD19 whereas memory B cells were gated based on lack of IgD or IgM expression. Finally variant S-2P probe
pairs were used to define binding specificity.

For ICS: Cells were gated as singlets and live cells on forward and side scatter and a live/dead aqua blue stain. CD3+ events
were gated as CD4+ or CD8+ T cells. Total memory CD8+ T cells were selected based on expression of CCR7 and CD45RA.
Finally, SARS-CoV-2 S-specific memory CD8+ T cells were gated according to co-expression of CD69 and IL-2, TNF or IFNg. The
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CD4+ events were defined as total memory or central memory according to expression of CCR7 and CD45RA. CD4+ cells with
a TH1 phenotype were defined as memory cells that coexpressed CD69 and IL-2, TNF or IFNg. For PBMC only, CD4+ cells with
a TH2 phenotype were defined as memory cells that co-expressed CD69 and IL-4 or IL-13, whereas TFH cells were defined as
central memory CD4+ T cells that expressed CXCR5, ICOS and PD-1. TFH cells were further characterized as IL-21+, CD69+ or

CD40L+, CD69+.

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