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In brief

A study looking at immunity against the

SARS-CoV-2 Delta variant one year after

mRNA vaccination found durable but

delayed anamnestic antibody responses

in the lung but limited protection in the

upper airway and low neutralizing

responses, thus advocating for booster

shots for sustained upper and lower

airway protection.
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SUMMARY
mRNA-1273 vaccine efficacy against SARS-CoV-2 Delta wanes over time; however, there are limited data on
the impact of durability of immune responses on protection. Here, we immunized rhesus macaques and as-
sessed immune responses over 1 year in blood and upper and lower airways. Serum neutralizing titers to
Delta were 280 and 34 reciprocal ID50 at weeks 6 (peak) and 48 (challenge), respectively. Antibody-binding
titers also decreased in bronchoalveolar lavage (BAL). Four days after Delta challenge, the virus was uncul-
turable in BAL, and subgenomic RNA declined by �3-log10 compared with control animals. In nasal swabs,
sgRNA was reduced by 1-log10, and the virus remained culturable. Anamnestic antibodies (590-fold
increased titer) but not T cell responses were detected in BAL by day 4 post-challenge. mRNA-1273-medi-
ated protection in the lungs is durable but delayed and potentially dependent on anamnestic antibody re-
sponses. Rapid and sustained protection in upper and lower airways may eventually require a boost.
INTRODUCTION

COVID-19 vaccines designed to express the spike (S) protein of

SARS-CoV-2, including the mRNA-based vaccines mRNA-1273

(Baden et al., 2021b) and BNT162b2 (Polack et al., 2020) and the

adenovirus-vectored vaccines Ad26.COV2.S (Sadoff et al.,

2021) and AZD1222 (Ramasamy et al., 2021) have shown

remarkable protection against vaccine-matched virus strains.

mRNA-1273 had an efficacy of 94% in a phase III clinical trial
Cell 18
(Baden et al., 2021b) and 96.3%amongUnited States healthcare

workers (Pilishvili et al., 2021). mRNA-1273-elicited neutralizing

antibodies were still detectable 6 months after immunization

(Doria-Rose et al., 2021). However, new SARS-CoV-2 variants

have mutations that decrease the sensitivity of vaccine-elicited

neutralization and increase viral replication, raising concerns

about the durability of protection provided by mRNA-based

and other COVID-19 vaccines (Baden et al., 2021a; Bruxvoort

et al., 2021; Puranik et al., 2021).
5, 113–130, January 6, 2022 ª 2021 Published by Elsevier Inc. 113

mailto:ddouek@mail.nih.gov
mailto:rseder@mail.nih.gov
https://doi.org/10.1016/j.cell.2021.12.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2021.12.002&domain=pdf


ll
Article
Delta (henceforth referred to by its Pango lineage, B.1.617.2) is

a WHO-designated variant of concern (VOC) and is currently the

dominant circulating strain of SARS-CoV-2 worldwide, although

it may soon be outcompeted in prevalence by Omicron

(B.1.1.529). B.1.617.2 was first identified in India in October

2020 amidst substantial levels of community transmission (Cher-

ian et al., 2021; Mishra et al., 2021; Mlcochova et al., 2021). This

strain contains the mutations L452R, T478K, D614G, and P681R

in the receptor-binding domain (RBD) and C terminus of the S1-

binding subdomain. These substitutions contribute to both

increased receptor binding and reduced neutralization by vac-

cine-elicited and monoclonal antibodies (mAbs) (Ozono et al.,

2021; Planas et al., 2021; Tada et al., 2021; Wang et al.,

2021b). In addition, B.1.617.2 has acquired several uniquemuta-

tions in the N-terminal domain (NTD) including T19R and G142D

and a deletion at positions 156–158 accompanied by a G inser-

tion that substantially decrease antibody binding and neutraliza-

tion sensitivity (Liu et al., 2021; Planas et al., 2021). Neutralizing

antibody titers from mRNA-1273 and BNT162b2 vaccinee sera

to B.1.617.2 are reduced 3-fold compared with the vaccine-

matched strain USA-WA1/2020 (WA1) shortly after immunization

(Edara et al., 2021b). A 7-fold reduction in neutralizing titers to

B.1.617.2 for Ad26.CoV2.S sera in comparison with WA1 or

WA1 with a D614G substitution (henceforth referred to as

D614G) has also been reported (Barouch et al., 2021; Tada

et al., 2021).

Recent studies in the United Kingdom, United States, and

Qatar have shown a reduced efficacy of mRNA-based vaccines

against asymptomatic and symptomatic, but not severe,

B.1.617.2 infection (Bruxvoort et al., 2021; Chemaitelly et al.,

2021; Lopez Bernal et al., 2021; Puranik et al., 2021; Tang

et al., 2021). Antibody titers significantly decrease over a

6-month interval after the initial immunization series (Canaday

et al., 2021; Corbett et al., 2021a; Levin et al., 2021), raising

the concern that protection may wane. We and others reported

that binding and neutralizing antibody titers in nonhuman pri-

mates (NHPs) and humans are key correlates of protection for

mRNA and adenovirus-vectored COVID-19 vaccines (Corbett

et al., 2021b; Gilbert et al., 2021; Khoury et al., 2021; Roozendaal

et al., 2021). Retrospective analysis in Israel found that break-

through cases in BNT162b2 vaccinees during a period of sub-

stantial B.1.617.2 transmission were statistically correlated

with the length of time elapsed since vaccination, suggesting a

role for waning antibody titers in vaccine efficacy reduction

(Goldberg et al., 2021). Similarly, participants in the mRNA-

1273 efficacy trial (COVE) who initially received a placebo prior

to vaccination had reduced rates of B.1.617.2 breakthrough in-

fections and severe disease compared with study participants

who received mRNA-1273 at an earlier time (Baden et al.,

2021a). These observations were consistent with previous find-

ings showing that breakthrough infections with Alpha (B.1.1.7)

were associated with lower BNT162b2-elicited binding and

neutralizing antibody titers immediately prior to infection (Berg-

werk et al., 2021). While BNT162b2 efficacy against break-

through infections with B.1.617.2 has been estimated as 42%

in Minnesota, USA and 51.9% in Qatar, those same studies re-

ported mRNA-1273 efficacy as 76% and 73.1%, respectively

(Puranik et al., 2021; Tang et al., 2021). Likewise, additional anal-
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ysis in California, USA indicates a mRNA-1273 vaccine efficacy

against B.1.617.2 of 87% (Bruxvoort et al., 2021). While any dif-

ferences between mRNA-1273 and BNT162b2 may diminish

with increased time since vaccination, this observation warrants

continued investigation. Furthermore, there is no analysis of

mRNA-1273-elicited immunity out to 1 year in the context of pro-

tection against mild and severe disease in the upper and lower

airways.

The NHP model has been used extensively to assess vaccine

candidates against SARS-CoV-2 (Corbett et al., 2020; Francica

et al., 2021; He et al., 2021; Mercado et al., 2020; van Doremalen

et al., 2020) and has been reliable for predicting protective effi-

cacy with mRNA-1273 in humans (Corbett et al., 2021b; Gilbert

et al., 2021). Thus, this model is an ideal tool for examining the

effect of waning antibody titers on long-term protection in the

context of a challenge with B.1.617.2.

Here, we immunized rhesus macaques with 100 mg of a pre-

clinical formulation of mRNA-1273 at weeks 0 and 4 and then

challenged them with B.1.617.2 approximately 1 year later. To

provide insights into potential mechanisms of protection, we as-

sessed B.1.617.2-binding antibody titers from the blood and

both the upper and lower airways after vaccination and chal-

lenge. Serum neutralizing titers and the longevity of virus-spe-

cific memory B and T cell responses were also analyzed.

RESULTS

mRNA-1273 immunization elicits binding and
neutralizing antibodies to B.1.617.2
Indian-origin rhesus macaques (n = 8/group) were immunized

with 100 mg mRNA-1273 or an mRNA control formulated in lipid

nanoparticles at weeks 0 and 4 (Figure S1A). Serum immuno-

globulin G (IgG) binding titers to prefusion stabilized S protein

(S-2P) of the vaccine-matched WA1 strain were assessed at

weeks 6 (peak), 24 (memory), and 48 (memory and time of chal-

lenge) after vaccination. Geometric mean titers (GMTs) signifi-

cantly decreased from �3,000 WHO International Standard

binding antibody units (BAU)/mL at week 6 to �260 BAU/mL at

week 24. However, the rate of decline was less over the next

6 months, reaching�188 BAU/mL at week 48 (Figure 1A). Seven

of the 8 animals in the mRNA-1273 group had higher binding ti-

ters than all control NHPs did at week 48. The kinetics observed

for WA1 RBD-binding titers showed a 130-fold reduction in geo-

metric mean area under curve (AUC) between weeks 6 and 25

from �2 3 1012 AUC to �1.5 3 1010 AUC but only an additional

3-fold reduction by week 48 (Figure 1B). GMTs to B.1.617.2 RBD

at week 6 were �3.7 3 1011 AUC, a reduction of 5.4-fold

compared to WA1 (Figure 1C). Despite the lower binding titers

to B.1.617.2, antibodies retained potent function, as sera from

vaccinated NHPs inhibited almost 100% of binding between

the SARS-CoV-2 receptor, angiotensin-converting enzyme 2

(ACE2), and S-2P of both variants at week 6 (Figures S1B–S1C).

We next measured binding titers to Beta (B.1.351), as this

variant has the greatest impact on reducing neutralization by

vaccinee and convalescent sera (Geers et al., 2021; Tada

et al., 2021; Wang et al., 2021c) and was associated with

reduced vaccine efficacy (Madhi et al., 2021; Shinde et al.,

2021). At week 6, there was an 8-fold reduction in binding titers
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to B.1.351 RBD compared to WA1 RBD (Figure 1D). At week 48,

GMTs to B.1.351 (�1.2 3 109 AUC) were similar to B.1.617.2

(�1.2 3 109 AUC) and were 4-fold less than GMTs to WA1

(�4.6 3 109 AUC).

Serum neutralization of the D614G prototype virus and a panel

of variants were then measured using a live virus assay. mRNA-

1273-vaccinated NHPs had GMTs to D614G of 1,900 at week 6,

which declined to 275 at week 24 and 200 at week 48 (Figure 1E).

The kinetics of a rapid decline in neutralizing antibody titers dur-

ing the first 6 months (week 6 versus week 24: p = 0.0002) fol-

lowed by a slower decline at approximately 1 year (week 24

versus week 48: p > 0.05) were consistent with the analysis of

binding titers (Figures 1A–1D). Compared to D614G, neutralizing

GMTs to Gamma (P.1), B.1.351, and B.1.617.2 were reduced

3.3-fold, 4.1-fold, and 6.9-fold, respectively, at week 6. Neutral-

izing titers to B.1.617.2 declined over the following year, with 3 of

the 8 NHPs having undetectable responses against B.1.617.2 at

week 48 (Figure S1F).

Decreased serum neutralization capacity over time was sub-

stantiated with a lentiviral pseudovirus assay. At week 6, pseu-

dovirus-neutralizing GMTs to B.1.617.2 were detectable in all

NHPs but reduced 6-fold as compared to D614G (p = 0.0093).

By week 24, the reduction in GMTs for B.1.617.2 compared to

D614G declined to 3.5-fold, and 2 of the 8 vaccinated NHPs

had undetectable neutralizing titers to B.1.617.2 at both weeks

24 and 48 (Figures 1F and 1G).

In contrast to the data with B.1.617.2, live virus neutralizing

titers to B.1.351 showed a modest increase from week 24 to

48 (p = 0.0323). This observation, together with a difference in

the kinetics of neutralizing titers to B.1.617.2 and B.1.351, sug-

gests a change in serum epitope dominance and/or increased

antibody affinity maturation, consistent with data showing a

continued evolution of antibody responses induced by mRNA

and adenovirus-vectored vaccines in NHPs and humans (Bar-

ouch et al., 2021; Corbett et al., 2021a; Gonzalez Lopez Le-

desma et al., 2021).

Last, antibody avidity was measured from sera over 48 weeks

(Figure 1H). The geometric mean avidity index of WA1 S-2P-

binding IgG antibodies increased from 0.6 at week 6 to 0.9 at
Figure 1. mRNA-1273 elicits SARS-CoV-2 binding and neutralizing ant

(A–D) Sera were collected at weeks 6, 24 or 25, and 48 post-immunization and da

RBD, (C) B.1.617.2 RBD, and (D) B.1.351 RBD. IgG-binding titers in (A) are expres

interquartile rangewith themedian denoted by a horizontal line. 4–8NHPs per grou

4-log10 (B–D) increases in binding titers. Statistical analysis shown for mRNA-12

(E) Sera were collected at weeks 6, 24, and 48 post-immunization. Neutralizing a

B.1.617.2. Circles indicate GMTs, and error bars represent 95% confidence interv

comparison to D614G at each time point. Dotted line indicates assay limit of de

sponses at weeks 24 and 48 in comparison to corresponding variant-specific re

(F and G) Sera were collected at weeks 6, 24, and 48 post-immunization and day

lentiviral pseudovirus assay with either D614G or B.1.617.2 S. 4–8 NHPs per gro

(F) Light red lines and symbols indicate individual NHPs, while dark red lines an

neutralizing titers to B.1.617.2 compared with D614G at each time point. Dotted l

titers to B.1.617.2 in comparison with D614G at each time point.

(G) Circles indicate GMTs, and error bars represent 95%CI. Dotted line indicates a

at weeks 24 and 48 in comparison to corresponding variant-specific responses

(H) Sera were collected at weeks 6, 24, and 48 post-immunization to determine an

95% CI. Statistical analysis shown for avidity at weeks 24 and 48 in comparison

See also Figure S1 and Table S1.
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week 24 (p < 0.0001) and was maintained through week 48

(p > 0.05), suggesting either affinity maturation within the original

antibody pool or immuno-focusing toward antibodies targeting

more potently neutralizing epitopes.

Serum epitope analysis reveals immuno-focusing on
epitopes associated with neutralization of B.1.617.2
To explore the mechanistic basis for differences in serum

neutralization and identify antibodies that could be contributing

to the increased avidity, we performed serum antibody epitope

mapping at weeks 6, 24, and 48 after immunization. Using a sur-

face plasmon resonance (SPR)-based competition assay, we

determined the relative proportion (percentage of competition)

of serum antibodies targeting cross-reactive epitopes on both

WA1 and B.1.617.2 SARS-CoV-2 S-2P (Table S2). In this anal-

ysis, serum binding to the respective S-2P proteins is assessed

in the presence of mAbs with defined binding to specific epi-

topes. These mAbs can compete sterically or allosterically with

serum antibodies recognizing partially overlapping or nearby

epitopes on S-2P.

Cross-reactive antigenic sites A, B, C, E, F, and G were

defined by mAbs B1-182, CB6, A20-29.1, LY-COV555, A19-

61.1, and S309, respectively, all targeting the RBD of SARS-

CoV-2 S, with sites A, B, and F being associated with strong

neutralization of SARS-CoV-2 B.1.617.2 (Table S2) (Corbett

et al., 2021a; Wang et al., 2021b).

Longitudinal analysis of the epitope-specific serum antibody

responses to WA1 S-2P showed no significant differences in

the relative serum reactivity over time (Figure 2A). This indicates

that while the quantity of serum antibodies targeting WA1 S-2P

decreased over time (Figure 1A), the composition of serum anti-

bodies targeting cross-reactive epitopes remained unchanged.

In contrast, longitudinal analysis of serum reactivity to cross-

reactive epitopes on B.1.617.2 S-2P showed significantly

increased relative reactivity to antigenic sites B and F (repre-

sented by neutralizing mAbs CB6 and A19-61.1) from week 6

to 48 (B: p = 0.0026; F: p = 0.0031) (Figure 2B). Structural models

show angles of approach for strongly neutralizing (B1-182, CB6,

A19-61.1) and other mAbs (LY-COV555, S309) evaluated in
ibodies

ys 2, 4, 7, and 14 post-challenge. IgG binding titers to (A) WA1 S-2P, (B) WA1

sed in WHO units. Circles in (A)–(D) indicate individual NHPs. Boxes represent

p. Dotted lines in (A)–(D) are for visualization purposes and denote 1-log10 (A) or

73 cohort only.

ntibody titers assessed from a live virus assay with D614G, P.1, B.1.351, and

al (CI). Values above circles represent fold reduction in GMTs for each variant in

tection. 8 NHPs per group. Statistical analysis shown for variant-specific re-

sponses at preceding time point.

s 2, 4, 7, and 14 post-challenge. Neutralizing antibody titers assessed from a

up.

d symbols indicate GMTs. Values above symbols represent fold reduction in

ine indicates assay limit of detection. Statistical analysis shown for neutralizing

ssay limit of detection. Statistical analysis shown for variant-specific responses

at preceding time point.

ti-WA1 S-2P IgG avidity index. Circles indicate GMTs, and error bars represent

to avidity at preceding time point. 8 NHPs per group.
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Figure 2. B.1.617.2 S-2P-binding serum antibodies recognize epitopes associated with neutralization

(A and B) Longitudinal analysis of relative serum reactivity to cross-reactive RBD epitopes on both WA1 (A) and B.1.617.2 S-2P (B) was evaluated at 6, 24, and 48

weeks post-immunization. Relative serum reactivity was measured as percentage of competition of total measured serum antibody S-2P binding competed by

singlemonoclonal antibody (mAb) targeting cross-reactive RBD epitopes on bothWA1 and B.1.617.2 S-2P. Antigenic sites are defined bymAbs LY-COV555 (site

E), A20-29.1 (site C), S309 (site G), B1-182 (site A), CB6 (site B), and A19-61.1 (site F). 5–8 NHPs per group. Statistical analysis shown for percentage of

competition of binding to indicated epitopes at week 48 in comparison to week 6.

(C) SARS-CoV-2 Smodels with B.1.617.2 mutations indicated in red and deletions in black shown in complex with neutralizing (B1-182, CB6, A19-61.1) and other

(LY-COV555, S309) mAbs.

(D) Footprints of both neutralizing (B1-182, CB6, A19-61.1) and other (LY-COV555, S309) mAbs indicate areas of binding on B.1.617.2 RBD with mutations

highlighted in red.

See also Table S2.
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Figure 3. RBD-binding mucosal antibodies observe distinct kinetic patterns in the upper and lower airways

(A–D) BAL and nasal washes were collected at weeks 6, 25, and 42 post-immunization and days 2, 4, 7, and 14 post-challenge. (A and B) WA1 and (C and D)

B.1.617.2 RBD-binding IgG titers in the lower (A and C) or upper (B and D) airways. Circles in (A)–(D) indicate individual NHPs. Boxes represent interquartile range

with the median denoted by a horizontal line. Dotted lines are for visualization purposes and denote 4-log10 increases in binding titers. 4–8 NHPs per group.

(E–H) BAL and nasal washes were collected at weeks 6, 25, and 42 post-immunization and days 2, 4, 7, and 14 post-challenge. All samples diluted 1:5. SARS-

CoV-2WA1 (E and F) and B.1.617.2 (G and H) S-2P binding to ACE2measured both alone and in the presence of BAL (E and G) or nasal wash (F and H) in order to

(legend continued on next page)
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complex with B.1.617.2 S-2P (Figure 2C). Modeling of binding

footprints on B.1.617.2 RBD shows that immuno-focusing oc-

curs on strongly neutralizing epitopes with areas of binding

outside mutations T478K and L452R (CB6 and A19-61.1) (Fig-

ure 2D). These data indicate that although serum antibodies

targeting B.1.617.2 S-2P decreased over time (Figure 1C), the

proportion of serum antibodies targeting epitopes associated

with neutralization increased, suggesting affinity maturation

and immuno-focusing on conserved epitopes associated with

neutralization against B.1.617.2.

Kinetics of B.1.617.2 RBD-binding IgG and IgA
antibodies in the upper and lower airway
Antibodies are likely to provide the initial immune mechanism to

control viral replication in the upper and lower airways (Corbett

et al., 2021b; Francica et al., 2021; Fröberg et al., 2021; Gilbert

et al., 2021; Khoury et al., 2021; Roozendaal et al., 2021). To

determine the persistence of antibody titers in these relevant

anatomical sites, we collected bronchoalveolar lavage (BAL)

fluid and nasal washes at weeks 6, 25, and 42. WA1 RBD IgG

binding titers in the BAL were highest at week 6, with GMTs of

�5.2 3 109 AUC, and declined almost 5,000-fold to �1.1 3

106 AUC by week 42 (p = 0.0007) (Figure 3A). B.1.617.2 RBD-

binding IgG titers were lower in the BAL, with GMTs of �8.7 3

108 AUC at week 6 and �2.9 3 105 AUC at week 42, reductions

of 6-fold and 4-fold compared to WA1 at the same time points

(Figures 3C and S2A). B.1.351 RBD-binding titers were lowest,

with GMTs of �1.5 3 107 AUC at week 6 and �1.9 3 104 AUC

at week 42 (Figure S2C). In addition, B.1.617.2 and B.1.351

RBD-binding titers followed a similar trend as WA1 RBD-binding

titers with all antibody levels decreasing by week 42 (B.1.617.2:

p = 0.0008; B.1.351: p = 0.0007). In contrast to the decreased

antibody responses in BAL over time, WA1, B.1.351, and

B.1.617.2 RBD-binding titers in the nasal washes were highest

at week 25 and remained stable by week 42 (week 6 versus

week 42: p > 0.05) (Figures 3B, 3D, S2B, and S2D).

SARS-CoV-2 RBD-binding IgA titers in nasal washes and BAL

were also assessed (Figures S2E–S2H). At week 6, GMTs in the

BAL of vaccinated NHPs to WA1 RBD and B.1.617.2 RBD were

�176 and 259 AUC, respectively. At the same time, GMTs in

controls were <20 AUC. IgA titers were indistinguishable from

controls by week 24 in the BAL. IgA titers in the nasal washes

of vaccinated NHPs were similar to those from controls at all

time points.

In our previous NHP studies, we have been unable to detect

neutralizing antibodies in the upper or lower airway following

mRNA-1273 immunization using either pseudovirus or live virus

assays. Here, we used the S-2P-ACE2 binding inhibition assay

which provides a highly sensitive assessment of antibody func-

tion to extend the analysis of binding titers in the airways.

Consistent with the findings from the sera (Figures S1B and

S1C), the highest S-2P-ACE2 binding in BAL was detected at
calculate the percentage of inhibition. Circles denote individual NHPs. Boxes rep

lines set to 0% inhibition. 4–8 NHPs per group.

Statistical analysis in (A)–(H) shown for mRNA-1273 cohort only.

See also Figure S2 and Table S1.
week 6 and declined by week 42 (WA1: p = 0.0043; B.1.617.2:

p = 0.0168) (Figures 3E and 3G). By contrast, S-2P-ACE2 binding

inhibition in the upper airway was not statistically different

between weeks 6 and 42 (Figures 3F and 3H). Together, these

results suggest that the kinetics and durability of antibody re-

sponses in the upper respiratory tract (nasal washes) are distinct

from those in the blood or lungs (BAL).

Kinetics of S-specific memory B cells responses
Sustained antibody production and increased secondary re-

sponses following a vaccine boost or a viral challenge are

dependent on antigen-specific memory B cell responses (Gae-

bler et al., 2021; Goel et al., 2021a). A number of human studies

have shown that mRNA S-2P vaccines and/or SARS-CoV-2

infection induce S-specific memory B cells that persist over

time (Dan et al., 2021; Goel et al., 2021b; Rodda et al., 2021;

Turner et al., 2021; Wang et al., 2021d, 2021e). Here, the fre-

quency of WA1 S- and B.1.617.2 S-specific memory B cells

following mRNA-1273 vaccination in NHPs was assessed by

flow cytometry using fluorescent probes (Figure S3A). At week

6, a median value of 2.5% of all memory B cells were dual-spe-

cific for WA-1 and B.1.617.2 in comparison to 0.14% for WA-1

and 0.09% for B.1.617.2 S-specific alone (Figures 4A–4D).

Although the total percentage of probe-binding memory B cells

decreased through week 42, the high frequency of dual-binding

to single-binding cells remained constant, with a geometric

mean proportion of dual-binding cells greater than 85% at all

time points (Figure 4E). These data are consistent with recent re-

ports that mRNA-1273 and BNT162b2 elicit S-specific memory

B cells that are capable of binding both the vaccine-matched

strain and VOC (Corbett et al., 2021a; Goel et al., 2021b). The

memory phenotype of these cells was also determined over

time after vaccination (Figure S3B). Over the course of 1 year,

S-2P-binding B cells shifted from 87%having an activatedmem-

ory phenotype to a more balanced distribution of 43% activated

memory, 32% resting memory, and 15% tissue-like memory

cells (Figure 4F). Together, these data suggest that mRNA-

1273 induces durable, broad cross-strain B cell memory to

SARS-CoV-2.

mRNA-1273 induces TH1 and TFH responses
Our previous reports showed that mRNA-1273 immunization

elicits SARS-CoV-2 S-specific T helper type 1 (TH1), CD40L
+ T

follicular helper (TFH), and IL-21+ TFH cells, which decrease

over a 6-month period in NHPs (Corbett et al., 2021a). Here, S-

specific T cell responses were assessed through week 42 in

blood and BAL (Figure S3C). Consistent with our prior studies,

TH1 but not T helper type 2 (TH2) responses were detected in

the blood at week 6, decreasing by week 25. TH1 levels were

low to undetectable by week 42 (week 6 versus week 42: p =

0.0261) (Figures 5A and 5B). mRNA-1273 induced both

CD40L+ and IL-21+ TFH cells at week 6. By week 42, both
resent interquartile range with the median denoted by a horizontal line. Dotted
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Figure 4. mRNA-1273 elicits memory B cells that bind both WA1 and B.1.617.2

(A) Representative flow cytometry plots showing WA1 S-2P-specific, B.1.617.2 S-2P-specific, and dual-binding memory B cells at weeks 6, 25, and 42 post-

immunization and day 28 post-challenge. Top row, mRNA-1273 group. Bottom row, mRNA control group.

(B–D) Percentage of all memory B cells that are specific forWA1 S-2P (B), B.1.617.2 S-2P (C), or both (D) at weeks 6, 25, and 42 post-immunization and days 7 and

28 post-challenge. Circles in (B)–(D) indicate individual NHPs. Boxes represent interquartile range with the median denoted by a horizontal line. 4–7 NHPs per

group. Break in y axis indicates a change in scale without a break in the range depicted.

(legend continued on next page)
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populations had declined (CD40L+: p = 0.0164; IL-21+: p =

0.0166) (Figures 5D and 5E). Median CD8+ T cell responses in

the blood were low (Figure 5C), although we did detect a low fre-

quency of CD8+ T cells in the BAL at week 6 (Figure 5H).

Protection against B.1.617.2 1 year after mRNA-1273
vaccination
We evaluated the durability of vaccine protection against

B.1.617.2 containing the canonical S mutations T19R, L452R,

T478K, D614G, and P681R, as well as the NTD deletion (Fig-

ure S5A), which were verified by sequencing. Pathogenicity of

this viral stockwas confirmed in hamsters (Figure S5C), and titra-

tion in NHPs (Figures S5D and S5E) was performed to define the

experimental challenge dose.

mRNA-1273 and mRNA control NHPs were challenged

49 weeks after the initial immunization with 23 105 plaque form-

ing units (PFU) of virus via intratracheal (IT) and intranasal (IN)

routes (Figure S1A). BAL and nasal swabs (NS) were collected

on days 2, 4, 7, and 14 following challenge, and qRT-PCR was

used to measure viral replication by assessing subgenomic

RNA (sgRNA) copies encoding for the SARS-CoV-2 E and N

genes. On day 2, geometric mean sgRNA_E copies in the lower

airway of controls and vaccinated NHPs were 1 3 106 and 9 3

104 per mL, respectively (p > 0.05) (Figure 6A). sgRNA_E copies

in the lower airway of vaccinated NHPs declined rapidly over the

following days, with geometric mean copies of 9 3 102 on day 4

and 1 3 102 on day 7. sgRNA_E copies in the lungs of unvacci-

nated NHPs remained significantly elevated compared to vacci-

nated NHPs, with a geometric mean of 13 105 on day 7 (mRNA-

1273 versus control: p < 0.0001). These results differed from our

earlier findings that NHPs vaccinated with 100 mg mRNA-1273

and then challenged only 4–8 weeks later largely controlled

WA1 or B.1.351 replication in the lower airway by day 2 (Corbett

et al., 2020, 2021c).

In contrast to the lower airway, there was a more modest

reduction in viral replication in the upper airway following

mRNA-1273 immunization (Figure 6B). On day 2, geometric

mean copies of sgRNA_E were 2 3 106 and 6 3 104 per NS of

controls and vaccinated NHPs, respectively (p = 0.0038). On

days 4 and 7, copies declined to 2 3 103 and 1 3 103 for the

mRNA-1273 group and 43 105 and 53 104 for the control group

(day 4: p = 0.006; day 7: p > 0.05). By day 7, 6 of the 8 and 4 of the

8 vaccinated NHPs had undetectable sgRNA_E levels in the

lower airway and upper airway, respectively. All control NHPs

still had detectable sgRNA_E copies at that time point. We

observed similar trends with sgRNA_N (Figures 6C and 6D) but

with higher geometric mean copy numbers, in agreement with

our prior publications (Corbett et al., 2021b, 2021c). We eutha-

nized 4 of the 8 NHPs in each cohort on day 7 for an assessment

of lung pathology but continued to monitor the remaining ani-
(E) Pie charts indicating the proportion of SARS-CoV-2 S-specific memory B cells

(dark gray) at weeks 6, 25, and 42 post-immunization and day 28 post-challenge. V

any SARS-CoV-2 S-2P probe at each time point. 4–7 NHPs per group. Top row,

(F) Pie charts indicating the proportion of SARS-CoV-2 S-specific B cells with a p

memory (dark gray), or activated memory (black) cells at weeks 6, 25, and 42 p

mRNA-1273 group. Bottom row, mRNA control group.

See also Figure S3 and Table S1.
mals for an additional week. On day 14, 1 of the 4 and 2 of the

4 control NHPs had detectable sgRNA_N in the lower and upper

airways, respectively. In contrast, 0 of the 4 and 1 of the 4 vacci-

nated NHPs had detectable sgRNA_N in the same compart-

ments. It is noteworthy that the only animal in the mRNA-1273

cohort with detectable sgRNA_N at day 14 had undetectable

pseudovirus-neutralizing antibody titers to both D614G and

B.1.617.2 at week 48 (Figure 1F).

To provide an additional assessment of protection, we

measured the tissue culture infectious dose (TCID50) in samples

taken from the lungs and nose on days 2 and 4 (Figures 6E and

6F). By day 4, only 1 of the 8 animals in the mRNA-1273 group

had detectable virus in the lower airway compared to 7 of the 8

in the control mRNA group (p = 0.0048). In the upper airway, 4

of the 8 vaccinated animals had detectable virus, while all control

animals had detectable virus (p = 0.0154).

We previously established binding and neutralizing antibody

titers in the sera as immune correlates of protection from WA1

and B.1.351 replication in NHPs, when both challenges were

given 4–8 weeks after boost (Corbett et al., 2021b, 2021c).

Here, when B.1.617.2 challenge was approximately 1 year after

mRNA-1273 vaccination, we looked to see whether these asso-

ciations held between viral replication and serum WA1 S-2P-

binding titers (WHO units), B.1.617.2 RBD-binding IgG titers,

D614G lentiviral pseudovirus-neutralizing titers, and B.1.617.2

lentiviral pseudovirus-neutralizing titers at peak (week 6) and

immediately prior to challenge (week 48) (Figure S6; Table S3).

Unlike in the challenges that were conducted soon after vaccina-

tion, none of these measurements correlated with viral replica-

tion in the lower airway. However, neutralizing titers at week 48

were significantly inversely correlated with viral replication in

the upper airway at day 2 after challenge (D614G: p = 0.0149;

B.1.617.2: p = 0.0446) but not on any subsequent days (Figures

S6G and S6H).

B.1.617.2 challenge elicits an anamnestic antibody
response in the lower airway
Analysis of immune responses after challenge provides data on

the kinetics of anamnestic responses, which may reveal poten-

tial mechanisms of protection. First, IgG binding titers and

neutralizing antibody titers were assessed in sera at days 2, 4,

7, and 14 following challenge. We observed a clear primary

response by day 14 in control NHPs, with increased binding to

WA1, B.1.351, and B.1.617.2 RBDs (Figures 1B–1D). By day

14 after challenge, B.1.617.2 GMTs had increased 37,000-fold

relative to week 48 after immunization, from �870 to �3.2 3

107 AUC, and were higher than WA1 GMTs. In contrast,

B.1.617.2 GMTs in the mRNA-1273 group had increased only

475-fold during that time span, from �1.2 3 109 AUC to

�5.7 3 1011 AUC, and were equivalent to WA1 GMTs at day
that bind to WA1 S-2P alone (light gray), B.1.617.2 S-2P alone (black), or both

alues inside pie charts represent the percentage of all memory B cells that bind

mRNA-1273 group. Bottom row, mRNA control group.

henotype consistent with naive (white), tissue-like memory (light gray), resting

ost-immunization and day 28 post-challenge. 4–7 NHPs per group. Top row,
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14. In addition, WA1 S-2P-binding GMTs in control NHPs

increased 39-fold from �0.9 BAU/mL to �35 BAU/mL between

week 48 after immunization and day 14 after challenge, while

GMTs in vaccinated NHPs rose 5-fold from �189 to �1,030

BAU/mL (Figure 1A).

Pseudovirus-neutralizing responses were also measured to

D614G and B.1.617.2 at days 2, 4, 7, and 14. The hierarchy of

neutralizing antibody titers elicitedby the vaccine remained stable

until day 14, when titers to B.1.617.2 approached those of D614G

(p > 0.05) (Figure 1F). These findings show that while serum anti-

body responses did not increase at a faster rate in vaccinated

NHPs than in controls, they were boosted by infection.

We next measured mucosal antibody levels in the upper and

lower airways. RBD-binding IgG titers in the upper airways of

vaccinated animals showed a modest decline (Figures 3D and

S2B) despite virus persistence in the nose (Figures 6B, 6D, and

6F), which may reflect clearance of viral protein-bound anti-

bodies. We detected a strikingly different trend in the lower

airway, however. B.1.617.2-binding GMTs in the control group

increased slowly over the post-challenge observational period,

rising 18-fold to �230 AUC and 213-fold to �2,750 AUC on

days 4 and 7, respectively, from pre-challenge GMTs of 12.9

AUC at week 42. The antibody binding response to B.1.617.2

in vaccinated NHPs was more rapid, rising 590-fold to �1.7 3

108 AUC on day 4 before falling to 155-fold (�4.5 3 107 AUC)

on day 7 compared with week 42 after immunization (�2.9 3

105 AUC) (Figure 3C). Antibody titers to all 3 variants were signif-

icantly greater 4 days after challenge than 42 weeks after immu-

nization in the mRNA-1273 vaccinated group (WA1: p = 0.0248;

B.1.617.2: p = 0.0081; B.1.351: p = 0.0038) (Figures 3A, 3C, and

S2). Last, we did not detect differential IgA responses or ACE2

binding inhibition between vaccinated animals or controls in

either the lower or upper airway (Figures 3E–3H and S2). These

data show that the mRNA-1273-vaccinated NHPs made an

anamnestic IgG response in the lower airways.

Although the total IgG concentration in the lungs of both vacci-

nated and unvaccinated NHPs increased following challenge,

this increase was greater in the control cohort. Geometric

mean IgG concentrations in the vaccinated animals rose from

8.3 mg/mL at week 42 after immunization to 11.2 and

24.2 mg/mL on days 2 and 4 after challenge, respectively. Simul-

taneously, IgG concentrations in the controls rose from a base-

line of 11 mg/mL to 16.2 and 73.9 mg/mL on days 2 and 4, respec-

tively (Figure S7A). This rapid response after challenge is

consistent with our prior experience with a protein SARS-
Figure 5. B.1.617.2 challenge induces an anamnestic T cell response i

(A–E) Peripheral blood mononuclear cells (PBMCs) collected at weeks 0, 6, 25, a

stimulated with SARS-CoV-2 S1 and S2 peptide pools and then measured by in

(A andB) Percentage ofmemory CD4+ T cells with (A) TH1markers (interleukin [IL]-

13) following stimulation.

(C) Percentage of CD8+ T cells expressing IL-2, TNF, or IFNg.

(D and E) Percentage of TFH cells that express (D) CD40L or (E) IL-21.

(F–H) BAL fluid was collected at weeks 6, 25, and 42 post-immunization and days

and S2 peptide pools and responses measured by ICS using TH1 (F), TH2 (G), and

peptides.

Circles in (A)–(H) indicate individual NHPs. Boxes represent interquartile range w

percentages may be negative due to background subtraction. 4–8 NHPs per gro

See also Figures S3 and S4.
CoV-2 vaccine in which we observed a rapid increase in both to-

tal IgG andmeasles morbillivirus (MeV) titers in primates that had

also been vaccinated against MeV (Francica et al., 2021). In the

present study, although binding titers were similar between both

cohorts prior to challenge, responses to MeV increased more

rapidly in the control group. GMTs to MeV in the lower airway

of vaccinated NHPs increased from 14 units/mL (U/mL) at

week 42 after immunization to 20 U/mL on day 4 after challenge,

while GMTs in control NHPs increased from 12 to 67 U/mL at the

same time points (Figure S7B).

An anamnestic S-specific B cell response in the lower airways

would likely be the underlying mechanism for an increase in local

antibody titers. While we were unable to collect a sufficient num-

ber of B cells in BAL to analyze after B.1.617.2 challenge, we

were nevertheless able to interrogate these cells in blood. Mem-

ory B cells, which bound both WA1 S-2P and B.1.617.2 S-2P,

dominated the S-specific immune response of vaccinated

NHPs. While the total frequency of all S-binding memory B cells

increased, the proportion of these dual-specific cells remained

between 85%–90% (Figure 4E). In contrast, B.1.617.2 challenge

in control NHPs elicited a higher frequency of memory B cells

specific only for B.1.617.2 S, with a geometric mean frequency

of 57% at day 28 (Figure 4E). At that time, 72% of S-binding B

cells in control NHPs had a phenotype consistent with activated

memory B cells, in contrast to the vaccinated cohort in which

49% of cells had an activated memory phenotype and 38% of

cells had a resting memory phenotype (Figure 4F).

T cell responses in blood and BAL following vaccination
and B.1.617.2 challenge
After showing a potential role for memory B cell responses in

controlling virus replication in the lower airways, we also

measured T cell responses to SARS-CoV-2 S in the blood and

BAL following challenge. By day 7, TH1 responses were elevated

as compared with week 42 in both compartments (serum: p =

0.0199; BAL: p = 0.0097). However, the range of S-specific

TH1 CD4+ T cell frequencies in the BAL of control and vaccinated

NHPs overlapped (Figures 5A and 5F). While we observed

increased IL-21+ TFH responses in vaccinated NHPs by day 7

(p = 0.0061) (Figure 5E), we did not detect any TH2 responses

following challenge in vaccinated or control animals (p > 0.05)

(Figures 5B and 5G). In contrast to the minimal vaccine-elicited

CD8+ T cells prior to challenge, both control and vaccinated

NHPs mounted CD8+ T cell responses following challenge (Fig-

ures 5C and 5H). Finally, TH1 and CD8+ responses in the lungs to
n the periphery of vaccinated NHPs

nd 42 post-immunization and days 2, 4, 7, and 14 post-challenge. Cells were

tracellular cytokine staining (ICS).

2, tumor necrosis factor [TNF], or interferon [IFN]g) or (B) TH2markers (IL-4 or IL-

2, 4, 7, and 14 post-challenge. Lymphocytes in the BALwere stimulatedwith S1

CD8 (H) markers. Samples from weeks 6 and 25 were only stimulated with S1

ith the median denoted by a horizontal line. Dotted lines set at 0%. Reported

up. Statistical analysis shown for mRNA-1273 cohort only.

Cell 185, 113–130, January 6, 2022 123



A B

C D

E F

Figure 6. B.1.617.2 replication is reduced in

the upper and lower airways of mRNA-1273-

immunized NHPs

(A–D) BAL and nasal swabs (NS) were collected 2, 4,

7, and 14 days after challenge with 2 3 105 PFU

B.1.617.2. Copy numbers of sgRNA_E (A and B) and

sgRNA_N (C and D) in the BAL (A and C) or nose (B

and D). 4–8 NHPs per group.

(E and F) Viral titers per mL of BAL (E) or per NS (F)

collected 2 and 4 days after challenge. 8 NHPs per

group.

Circles in (A)–(F) indicate individual NHPs. Boxes

represent interquartile range with the median de-

noted by a horizontal line. Dotted lines indicate

assay limit of detection. Statistical analysis shown

for mRNA-1273 cohort in comparison to control

NHPs at indicated time points.

See also Figures S5, S6, and S7 and Table S3.
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SARS-CoV-2 N, which was not encoded by mRNA-1273, were

only present in control NHPs (Figure S4). Together, these data

demonstrate that vaccination with mRNA-1273 not only elicited

B and T cellular responses to SARS-CoV-2 S following challenge

but also protected NHPs from encountering sufficient levels of

SARS-CoV-2 N to mount a primary response to that antigen.

mRNA-1273 protects the lower airway from severe
inflammation
Because sufficient virus was present in the lower airways of

vaccinated NHPs to elicit both a local anamnestic antibody

response and increased S-specific B and T cell populations,

we assessed if mRNA-1273 vaccination protected the lungs

from gross pathologic changes. Lung samples from 4 of the 8
124 Cell 185, 113–130, January 6, 2022
NHPs in each groupwere evaluated for pa-

thology and detection of viral antigen (VAg)

7 days after B.1.617.2 challenge. SARS-

CoV-2 VAg (red arrowheads) was detected

in the lungs of 4 of the 4 control animals

(Figures 7B and 7C) and was not detected

in any of the animals in the vaccinated

cohort (Figures 7A and 7C). Inflammation

ranged from minimal to moderate across

lung samples from animals that received

mRNA-1273 and from minimal to severe

in control NHPs (Figure 7C). The inflamma-

tory changes in the lungs of vaccinated

NHPs were characterized by a mixture of

macrophages and polymorphonuclear

cells present within some alveolar spaces

and mild to moderate expansion of alve-

olar capillaries with mild type II pneumo-

cyte hyperplasia (Figure 7A). Changes

in control NHPs were more consistent

with lymphocytes, histiocytes, and fewer

polymorphonuclear cells associated with

more prominent and expanded alveolar

capillaries, collections of cells with alveolar

air spaces, occasional areas of perivascu-
lar and peribronchiolar inflammation, and type II pneumocyte hy-

perplasia (Figure 7B). The protection observed in the lungs sug-

gests that although binding and neutralizing antibody titers had

declined 1 year after vaccination (Figure 1), leaving the lower

airway susceptible to virus replication in the first 2 days after

challenge (Figure 6), a local anamnestic response to antigen pre-

viously encountered in the vaccine proved sufficient to prevent

severe disease.

DISCUSSION

mRNA-1273 vaccine efficacy against both symptomatic and

asymptomatic infections with B.1.617.2 is reduced compared

to ancestral strains, a result of both variant-specific mutations
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Figure 7. mRNA-1273 provides durable protection in the lower airway from B.1.617.2

(A and B) Representative images of lung samples 7 days after B.1.617.2 challenge from 4 NHPs that received mRNA-1273 (A) or mRNA control (B). Top row,

detection of SARS-CoV-2 antigen by immunohistochemistry with a polyclonal anti-N antibody. Antigen-positive foci are marked by red arrows. Bottom row,

hematoxylin and eosin (H&E) staining illustrating the extent of inflammation and cellular infiltrates. Images at 103magnification with black bars for scale (100 mm).

(legend continued on next page)
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that confer diminished sensitivity to neutralization and waning

antibody titers over time following vaccination (Baden et al.,

2021a; Bruxvoort et al., 2021; Choi et al., 2021; Puranik et al.,

2021; Tada et al., 2021). Here, we studied protection against

B.1.617.2 infection by mRNA-1273 almost 1 year after vaccina-

tion in NHPs. Our principal findings were: (1) protection in the

lower airway was complete by day 4 but delayed compared to

prior NHP studies in which viral challenges were done much

closer to the time of vaccination; (2) anamnestic antibody re-

sponses were detected in BAL at day 4 in vaccinated animals;

and (3) binding and neutralizing antibody titers in blood and

BAL decreased over 48 weeks.

Prior studies by us and others in NHPs (Corbett et al., 2021a)

and humans (Doria-Rose et al., 2021; Goel et al., 2021b) show a

reduction of neutralizing antibodies in sera over 6 months

following mRNA vaccination. Here, antibody binding and

neutralizing titers also decline in the sera over 1 year, and we

extend these data by showing similar findings in BAL, suggesting

that antibody measurements in serum may be a surrogate for

such responses in the lung. By contrast, antibodies remain rela-

tively stable from week 24–48 in the upper airway. The IgG sta-

bility in the nasal tract is notable considering the source of this

immunoglobulin class is primarily transudation from the blood

(Renegar et al., 2004). These data are consistent with a prior

study showing that subcutaneous vaccines elicit antibodies

that are detectable in the nose for at least 6 months (Clements

and Murphy, 1986). The differential kinetics for the stability of

IgG responses in the upper respiratory and lower respiratory

tracts suggest unique mechanisms of turnover within these

different anatomical sites.

The limited reduction in viral replication in the lower airway

2 days after challenge in this present study stands in contrast

to prior studies in which mRNA-1273-vaccinated NHPs were

challenged 4–8 weeks after vaccination and lower airway viral

replication was largely controlled by day 2 (Corbett et al., 2020,

2021c). The decline of antibody titers in the lungs over 1 year,

which are replete with epithelial target cells, may explain the

different kinetics in virus control. Importantly, vaccinated NHPs

had a striking anamnestic antibody response in the lower air-

ways, with a 590-fold increase in B.1.617.2 GMTs by day 4 after

challenge compared with the pre-challenge time point, and there

was no detectable sgRNA_E in 6 of the 8 vaccinated NHPs by

day 7. This suggests that protection in the lower airway is durable

but somewhat delayed and may be dependent on a recall anti-

body response. It is also notable that while we were able to

detect binding and some functional antibodies in the blood

and mucosa through the S-2P-ACE2 inhibition assay at the

time of challenge, neutralizing titers to B.1.617.2 were low to un-

detectable. Thus, vaccine-elicited protection in the lower airway

could be mediated by neutralizing antibodies below our limit of

detection or through fragment crystallizable (Fc)-mediated func-

tions, which have been shown to be important for protection with
(C) SARS-CoV-2 antigen and inflammation scores in the left cranial (Lc) lobe, right m

challenge. Antigen scoring legend: –, no antigen detected; +/�, rare to occasi

numerous foci. Inflammation scoring legend: –, minimal to absent inflammation

moderate to severe inflammation; +++, severe inflammation. Horizontal rows co
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both neutralizing and non-neutralizing mAbs (Li et al., 2021; Win-

kler et al., 2021). It is also noteworthy that although the quantity

of antibodies had decreased 1 year after vaccination, the quality

was improved, as evidenced by the increase in avidity and the

shift in epitope dominance of B.1.617.2 S-binding antibodies to-

ward sites associated with neutralization. In the nose, the 1-log10
reduction in sgRNA_N copy numbers on days 4 and 7 was

consistent with what we have observed after our prior B.1.351

challenge with the same dose and regimen of mRNA-1273 (Cor-

bett et al., 2021c) and shows that there is a higher threshold of

antibodies required for protection in the upper airway compared

to the lower airway (Corbett et al., 2021b). These data are also

consistent with studies in human vaccinees showing that there

can be a significantly higher level of protection against severe

disease than mild or asymptomatic infections (Baden et al.,

2021a; Bruxvoort et al., 2021; Puranik et al., 2021; Tang

et al., 2021).

Rapid control of virus replication in both upper and lower air-

ways has potential implications for transmission. Smaller aero-

sols (<20 mm) enriched with virus are generated mainly in the

lower airways, and their inhalation may lead to transmission

(Wang et al., 2021a). Therefore, in the context of limited virus

control in the upper airway and slower kinetics of control in the

lower airway, a boost to increase antibody titers may eventually

be warranted.

Antibodies elicited bymRNA-1273 are capable of bindingmul-

tiple VOC in NHPs and humans (Corbett et al., 2021a; Goel et al.,

2021b; Wang et al., 2021e). We extend these findings here to

show that the majority of antigen-specific B cells bind both

WA1 and B.1.617.2 proteins. It is noteworthy that in NHPs, there

is a more substantial contraction of the S-specific memory B cell

compartment following vaccination than reported for humans

(Goel et al., 2021b). Species-specific differences and the high

percentage of memory B cells that bound SARS-CoV-2 S in

our NHPs immediately after vaccination may account for these

observations. Memory B cell expansion after challenge likely

provides a mechanism for the anamnestic antibody response

detected in BAL. Although we detected this expansion in blood,

it probably reflects a similar local response in lung lymphoid tis-

sue (Poon et al., 2021). Importantly, the extent of anamnestic B

cell activation may be dependent on the viral challenge dose

and consequent virus replication.

The increase in total IgG and measles-binding titers following

challenge provides further evidence of a rapid polyclonal B cell

response in the lung, likely driven by Toll-like receptor 7 (TLR7)

activation by SARS-CoV-2, a single-stranded RNA virus (Borto-

lotti et al., 2021; Hornung et al., 2002). Indeed, transient innate

stimulation of B cells in the lung may be critical for the initial

adaptive immune response to respiratory pathogens and ap-

pears to precede T cell expansion.

There are multiple potential roles for T cells following vaccina-

tion by mRNA. This vaccine platform has been shown by us and
iddle (Rmid) lobe, and right caudal (Rc) lobe of the lungs 7 days after B.1.617.2

onal foci; +, occasional to multiple foci; ++, multiple to numerous foci; +++,

; +/�, minimal to mild inflammation; +, mild to moderate inflammation; ++,

rrespond to individual NHPs depicted above (A and B).



ll
Article
others in NHPs and humans to induce TH1 and TFH and a low fre-

quency of CD8+ T cells. TFH cells are important for inducing and

sustaining antibody responses (Corbett et al., 2021b; Lederer

et al., 2020; Painter et al., 2021; Pardi et al., 2018). Here, we

show that S-specific T cells decreased over the course of 1

year but were still detectable in a subset of vaccinated NHPs

at the time of challenge. A second potential role for T cells would

be mediating the control of viral replication in the lower airway to

limit severe disease. Notably, we did not see increased TH1 or

CD8+ T cell responses in the BAL of vaccinated NHPs compared

with controls following challenge. Interestingly, we detected

CD8+ T cells in the blood before their detection in the lungs

post-challenge, which requires further investigation. A formal

demonstration for whether T cells have a role in protection in

the lungs would require depletion at the time of challenge.

We and others have previously shown that antibodies are a

correlate of protection (Corbett et al., 2021b; Gilbert et al.,

2021). These studies are based on a short interval between

vaccination and virus exposure or challenge. Here, we did not

find a clear immune correlate of protection between binding or

neutralizing antibody responses in the blood at the peak of the

response or the time of challenge 1 year later. Additional analysis

from human clinical trials with much larger numbers of vacci-

nated individuals than the 8 NHPs in this study will be important

for determining whether serum antibody titers remain as a corre-

late of protection in the long term. Indeed, the data presented

here raise the possibility that the correlate of protection may

be due to the ability of tissue-resident memory B cells to expand

after infection.

In summary, mRNA-1273 provided durable protection against

B.1.617.2 challenge in the lower airway likely through anam-

nestic induction of antibody responses in the lung. An important

consideration is that control of the virus was briefly delayed in the

lungs and limited in the nose, which together may provide the vi-

rus with a greater opportunity for transmission, particularly if var-

iants emerge that may be more transmissible, virulent, or resis-

tant to neutralization such as B.1.1.529 (Basile et al., 2021;

Hoffmann et al., 2021). These concerns highlight the importance

of boosting for sustaining high-level protection against severe

disease and limiting mild infections and transmission.

Limitations of the study
A potential limitation relates to the extent of viral replication

following B.1.617.2 challenge. The challenge stock used here

was passaged once and fully matched the canonical

B.1.617.2 S sequences obtained from humans. However, we

did not observe greater sgRNA copy numbers in the upper

airway than in previous challenges with B.1.351 or WA1 (Corbett

et al., 2021b, 2021c). Clinical reports have described substan-

tially higher viral titers in the upper respiratory tract from

B.1.617.2 infections compared with ancestral strains (Ong

et al., 2021; Williams et al., 2021). It is possible that the NHP

model does not precisely recapitulate human infection.
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software/prism/

Biacore Insight Evaluation Software Cytiva Cat#29310602

FlowJo v10.7.2, v10.8.0 Becton Dickinson https://www.flowjo.com

R v4.0.2 The R Foundation https://www.r-project.org

Other

Amicon Ultra-15 centrifugal filter unit (50,000 MWCO) Millipore Sigma Cat#UFC905096

Streptavidin multi array 384 well plate Meso Scale Diagnostics Cat#L21SA-1
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, Robert A. Seder (rseder@

mail.nih.gov).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Rhesus macaque model and immunizations
All experiments conducted according to National Institutes of Health (NIH) regulations and standards on the humane care and use of

laboratory animals as well as the Animal Care and Use Committees of the NIH Vaccine Research Center and Bioqual, Inc. (Rockville,

Maryland). 4- to 14-year-old Indian-origin rhesusmacaques were housed at Bioqual, Inc. NHPs were stratified based on age, weight,

and gender into 2 cohorts (8 NHPs per group). One group received 100 mg of a pre-clinical formulation of mRNA-1273 at weeks 0 and

4, while the other group received 100 mg of an mRNA control at weeks 0 and 4, as described previously (Corbett et al., 2021a). Both

products were formulated in lipid nanoparticles and prepared in 1 mL PBS. Vaccinations were given intramuscularly (IM) in the right

quadriceps.

Titration of Delta stock in Syrian hamsters
All experiments conducted according to NIH regulations and standards on the humane care and use of laboratory animals as well as

the Animal Care and Use Committees of the NIH Vaccine Research Center and Bioqual, Inc. (Rockville, Maryland). 6-week-old male

Syrian hamsters (Envigo) were housed at Bioqual, Inc. Hamsters were stratified based on weight into 3 cohorts of 4 hamsters each.

Hamsters were infected with B.1.617.2 challenge doses of 105, 104, and 103 PFU diluted in 100 mL PBS and split between both nos-

trils. Weight changes and clinical observations were collected daily.

Titration of Delta stock in nonhuman primates
All experiments conducted according to NIH regulations and standards on the humane care and use of laboratory animals as well as

the Animal Care and Use Committees of the NIH Vaccine Research Center and Bioqual, Inc. (Rockville, Maryland). 4-year-old male

Indian-origin rhesusmacaques were housed at Bioqual, Inc. NHPswere stratified based onweight into 2 cohorts (3 NHPs per group).

Groups received 1x105 or 1x106 PFU of SARS-CoV-2 B.1.617.2. 75% of the challenge dose was resuspended in 3mL PBS and

administered intratracheally, while the remaining virus was resuspended in 1mL PBS and administered intranasally, with half of

the volume in each nostril. BAL fluid and nasal swabswere collected on days 2, 5, and 7 following challenge for sgRNA quantification.

METHOD DETAILS

Cells and viruses
VeroE6 cells were obtained from ATCC (clone E6, ATCC, #CRL-1586) and cultured in complete DMEM medium consisting of 1x

DMEM (VWR, #45000-304), 10% FBS, 25mM HEPES Buffer (Corning Cellgro), 2mM L-glutamine, 1mM sodium pyruvate, 1x non-

essential Amino Acids, and 1x antibiotics. VeroE6-TMPRSS2 cells were generated at Vaccine Research Center, NIH, Bethesda,

MD. The following reagent was obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate hCoV-19/

Japan/TY7-503/2021 (Brazil P.1), NR-54982, contributed by National Institute of Infectious Diseases. Isolation and sequencing of

EHC-083E (D614G SARS-CoV-2), B.1.351, and B.1.617.2 for live virus neutralization assays were previously described (Edara

et al., 2021a, 2021b; Vanderheiden et al., 2021). Viruses were propagated in Vero-TMPRSS2 cells to generate viral stocks. Viral titers

were determined by focus-forming assay on VeroE6-TMPRSS2 cells. Viral stocks were stored at �80�C until use.

Sequencing of B.1.617.2 virus stock
We used NEBNext Ultra II RNA Prep reagents and multiplex oligos (New England Biolabs) to prepare Illumina-ready libraries, which

were sequenced on a NextSeq 2000 (Illumina) as described previously (Corbett et al., 2021c). Demultiplexed sequence reads were

analyzed in the CLC Genomics Workbench v.21.0.3 by (1) trimming for quality, length, and adaptor sequence, (2) mapping to the

Wuhan-Hu-1 SARS-CoV-2 reference (GenBank: MN908947.3), (3) improving the mapping by local realignment in areas containing

insertions and deletions (indels), and (4) generating both a sample consensus sequence and a list of variants. Default settings

were used for all tools.

Delta challenge
NHPs were challenged 49 weeks after prime with 2x105 PFU of SARS-CoV-2 B.1.617.2. 1.5x105 PFU was resuspended in 3 mL PBS

and administered intratracheally, while 0.5x105 PFU was resuspended in 1 mL PBS and administered intranasally, with half of the

volume in each nostril.
e4 Cell 185, 113–130.e1–e7, January 6, 2022



ll
Article
Serum and mucosal antibody titers
Determination of antibody responses in the blood andmucosa were performed as previously described for measurement of mucosal

antibody responses (Corbett et al., 2020). Briefly, heat inactivated plasma was serially diluted 1:4. BAL fluid and nasal washes were

concentrated 10-fold with Amicon Ultra centrifugal filter devices (Millipore Sigma) and then serially diluted 1:5. Total IgG and IgA an-

tigen-specific antibodies to variant SARS-CoV-2 RBD-derived antigens were determined by enzyme-linked immunosorbent assay

(ELISA) using MULTI-ARRAY 384-well streptavidin-coated plates (Meso Scale Discovery, MSD). Plates were blocked with Blocker

A kit (MSD) for 30 minutes at room temperature (RT) and washed. Plates were then coated with variant-specific biotinylated antigens

(see Table S1) at a concentration of 0.18 mg/mL in 1%BSA/PBS for 1 hour at RT. After washing plates, serial dilutions of BAL fluid and

nasal washes in 1% BSA and 0.05% Tween-20 (1x PBS) were added for 1 hour at RT. Plates were then washed 5 times and either

1 mg/mL anti-human IgG sulfo-tag or 2 mg/mL anti-human/NHP IgA sulfo-tag (MSD) in 1% BSA and 0.05% Tween-20 (1x PBS) were

added for 1 hour. We then washed plates 5 times, added 1x Read Buffer T (MSD), and measured chemiluminescence using MSD

plate reader (Sector Imager 600). WHO international units were calculated using the MSD Reference Standard 1 against the WHO

International Standard (NIBSC code: 20/136) from the V-Plex SARS-CoV-2 384 Panel 2 (IgG) kit (MSD).

Total IgG antibody titers in the BAL were quantitated by using the Human/NHP IgG Kit (MSD), and antibody titers to measles were

quantitated by using the Monkey Anti-Measles IgG ELISA Kit (Alpha Diagnostic International) according to the manufacturer’s

instructions.

S-2P-ACE2 binding inhibition
Heat inactivated plasma was diluted 1:40. BAL fluid and nasal washes were concentrated 10-fold with Amicon Ultra centrifugal filter

devices (Millipore Sigma) and then diluted 1:5. ACE2 binding inhibition assay was performed with V-Plex SARS-CoV-2 Panel 13

(ACE2) Kit (MSD) per manufacturer’s instructions.

Focus reduction neutralization assay
Focus reduction neutralization test (FRNT) assays were performed as previously described (Vanderheiden et al., 2020). Briefly, sam-

ples were diluted 3-fold in 8 serial dilutions using DMEM (VWR, #45000-304) in duplicates with an initial dilution of 1:10 in a total vol-

ume of 60 ml. Serially diluted samples were incubated with an equal volume of SARS-CoV-2 (100-200 foci per well) at 37�C for 1 hour

in a round-bottomed 96-well culture plate. The antibody-virus mixture was then added to Vero cells and incubated at 37�C for 1 hour.

Post-incubation, the antibody-virus mixture was removed and 100 ml of prewarmed 0.85%methylcellulose (Sigma-Aldrich, #M0512-

250G) overlay was added to each well. Plates were incubated at 37�C for 24 hours. After 24 hours, methylcellulose overlay was

removed, and cells werewashed three timeswith PBS. Cells were then fixedwith 2%paraformaldehyde in PBS (ElectronMicroscopy

Sciences) for 30 minutes. Following fixation, plates were washed twice with PBS and 100 ml of permeabilization buffer (0.1% BSA

[VWR, #0332], Saponin [Sigma, 47036-250G-F] in PBS) was added to the fixed Vero cells for 20 minutes. Cells were incubated

with an anti-SARS-CoV-2 S primary antibody directly conjugated to biotin (CR3022-biotin) for 1 hour at room temperature. Next,

the cells were washed three times in PBS and avidin - horseradish peroxidase (HRP) was added for 1 hour at room temperature fol-

lowed by three washes in PBS. Foci were visualized using TrueBlue HRP substrate (KPL, # 5510-0050) and imaged on an ELISPOT

reader (CTL).

Antibody neutralization was quantified by counting the number of foci for each sample using the Viridot program (Katzelnick et al.,

2018). The neutralization titers were calculated as follows: 1 - (ratio of the mean number of foci in the presence of sera and foci at the

highest dilution of respective sera sample). Each specimen was tested in duplicate. The FRNT50 titers were interpolated using a

4-parameter nonlinear regression in GraphPad Prism 8.4.3. Samples that did not neutralize at the limit of detection at 50% were

plotted at 15, which was used for geometric mean calculations.

Lentiviral pseudovirus neutralization
Pseudotyped lentiviral reporter viruses were produced as previously described (Wu et al., 2021). Briefly, HEK293T/17 cells (ATCC

CRL-11268) were transfected using FuGENE 6 transfection reagent (Promega) with the following: plasmids encoding S proteins

from Wuhan-Hu-1 strain (GenBank: MN908947.3) with a p.Asp614Gly mutation, a luciferase reporter, lentivirus backbone, and

the human transmembrane protease serine 2 (TMPRSS2) genes. For pseudoviruses encoding the S from B.1.351 and B.1.617.2,

the plasmid was altered via site-directed mutagenesis to match the S sequence to the corresponding variant sequence as previously

described (Corbett et al., 2021a). Plasma and/or sera, in duplicate, were tested for neutralizing activity against the pseudoviruses via

mixing serial dilutions of sample with previously titrated amount of pseudovirus. After incubating for 1 hour at 37�C, 5% CO2, we

added 7.5x103 HEK293T-ACE2 cells (Michael Farzan and Huihui Mu, Scripps Research) to each well. After 72-hour incubation,

cell were lysed, and luciferase signal wasmeasured. Neutralizing activity was calculated by quantification of luciferase activity in rela-

tive light units (RLU). The percentage of neutralization was normalized, with luciferase activity in uninfected cells defined as 100%

neutralization and luciferase activity in cells infected with pseudovirus alone as 0% neutralization. ID50 titers were calculated using

a log(agonist) versus normalized-response (variable slope) nonlinear regression model in Prism v9.0.2 (GraphPad). For samples that

did not neutralize at the limit of detection at 50%, a value of 20 was plotted and used for geometric mean calculations.
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Serum antibody avidity
Avidity was measured as described previously (Francica et al., 2021) in an adapted ELISA assay. Briefly, ELISA against S-2P was

performed in the absence or presence of sodium thiocyanate (NaSCN) and developed with HRP-conjugated goat anti-monkey

IgG (H+L) secondary antibody (Invitrogen) and SureBlue 3,30,5,50-tetramethylbenzidine (TMB) microwell peroxidase substrate

(1-Component; SeraCare) and quenched with 1 NH2SO4. The avidity index (AI) was calculated by determining the ratio of IgG binding

to S-2P in the absence or presence of NaSCN. The reported AI is the average of two independent experiments, each containing dupli-

cate samples.

Epitope mapping
Serum epitope mapping competition assays were performed using the Biacore 8K+ surface plasmon resonance system (Cytiva) as

previously described (Corbett et al., 2021a). Briefly, anti-histidine antibody was immobilized on Series S Sensor Chip CM5 (Cytiva)

through primary amine coupling using Amine Coupling andHis Capture kits (Cytiva), allowing His-tagged SARS-CoV-2 S protein con-

taining 2 proline stabilization mutations (S-2P) to be captured on active sensor surface.

Competitor human IgGmAbs used for these analyses include: RBD-specificmAbsB1-182, CB6, A20-29.1, LY-COV555, A19-61.1,

and S309. Negative control antibody or competitor monoclonal antibody (mAb) was injected over both active and reference surfaces.

Then, NHP sera (diluted 1:100) was flowed over both active and reference sensor surfaces. Active and reference sensor surfaces

were regenerated between each analysis cycle.

Beginning at the serum association phase, sensorgrams were aligned to Y (Response Units) = 0, using Biacore 8K Insights Eval-

uation Software (Cytiva). Relative ‘‘analyte binding late’’ report points (RU) were collected and used to calculate relative percent

competition (% C) using the following formula: % C = [1 – (100 * ((RU in presence of competitor mAb) / (RU in presence of negative

control mAb)))]. Results are reported as percent competition. Assays were performed in duplicate, with average data point repre-

sented on corresponding graphs.

B cell probe binding
Previously isolated and cryopreserved PBMCs were centrifuged into warm RPMI/10% FBS and resuspended in wash buffer (4%

heat inactivated newborn calf serum/0.02% NaN3/ phenol-free RPMI). PBMCs were transferred to 96-wells, washed twice in 1X

PBS, and incubated with Aqua Blue live/dead cell stain (Thermo Fisher Scientific) at room temperature for 20 minutes. Following

washing, cells were incubated with primary antibodies for 20 minutes at room temperature. The following antibodies were used

(monoclonal unless indicated): IgD FITC (goat polyclonal, Southern Biotech), IgM PerCP-Cy5.5 (clone G20-127, BD Biosciences),

IgA Dylight 405 (goat polyclonal, Jackson Immunoresearch Inc), CD20 BV570 (clone 2H7, Biolegend), CD27 BV650 (clone O323, Bio-

legend), CD14 BV785 (clone M5E2, Biolegend), CD16 BUV496 (clone 3G8, BD Biosciences), IgG Alexa 700 (clone G18-145, BD Bio-

sciences), CD3 APC-Cy7 (clone SP34-2, BD Biosciences), CD38 PE (clone OKT10, Caprico Biotechnologies), CD21 PE-Cy5 (clone

B-ly4, BDBiosciences), andCXCR5PE-Cy7 (cloneMU5UBEE, Thermo Fisher Scientific). Cells were washed twice inwash buffer and

then incubatedwith streptavidin-BV605 (BDBiosciences) labeled B.1.617.2 S-2P and streptavidin-BUV661 (BDBiosciences) labeled

WA1 S-2P for 30minutes at 4�C (protected from light). Cells were washed twice in wash buffer and residual red blood cells were lysed

using BD FACS Lysing Solution (BD Biosciences) at room temperature for 10 minutes. Following two final washes, cells were fixed in

0.5% formaldehyde (Tousimis Research Corp). All antibodies titrated to determine the optimal concentration. Samples were ac-

quired on an BD FACSymphony cytometer and analyzed using FlowJo version 10.7.2 (BD, Ashland, OR).

Intracellular cytokine staining
Cryopreserved PBMCs and BAL cells were thawed and rested overnight in a 37�C/5% CO2 incubator. The next morning, cells were

stimulated with SARS-CoV-2 S protein (S1 and S2, matched to vaccine insert) and N peptide pools (JPT Peptides) at a final concen-

tration of 2 mg/ml in the presence of 3 mMmonensin for 6 hours. The S1, S2, and N peptide pools are comprised of 158, 157, and 102

individual peptides, respectively, as 15mers overlapping by 11 aa in 100%DMSO. Negative controls received an equal concentration

of DMSO instead of peptides (final concentration of 0.5%). ICS was performed as described (Donaldson et al., 2019). The following

monoclonal antibodies were used: CD3 APC-Cy7 (clone SP34-2, BD Biosciences), CD4 PE-Cy5.5 (clone S3.5, Invitrogen), CD8

BV570 (clone RPA-T8, BioLegend), CD45RA PE-Cy5 (clone 5H9, BD Biosciences), CCR7 BV650 (clone G043H7, BioLegend),

CXCR5 PE (clone MU5UBEE, Thermo Fisher), CXCR3 BV711 (clone 1C6/CXCR3, BD Biosciences), PD-1 BUV737 (clone EH12.1,

BD Biosciences), ICOS Pe-Cy7 (clone C398.4A, BioLegend), CD69 ECD (cloneTP1.55.3, Beckman Coulter), IFN-g Ax700 (clone

B27, BioLegend), IL-2 BV750 (cloneMQ1-17H12, BD Biosciences), IL-4 BB700 (cloneMP4-25D2, BDBiosciences), TNF-FITC (clone

Mab11, BD Biosciences), IL-13 BV421 (clone JES10-5A2, BD Biosciences), IL-17 BV605 (clone BL168, BioLegend), IL-21 Ax647

(clone 3A3-N2.1, BD Biosciences), and CD154 BV785 (clone 24-31, BioLegend). Aqua live/dead fixable dead cell stain kit (Thermo

Fisher Scientific) was used to exclude dead cells. All antibodies were previously titrated to determine the optimal concentration. Sam-

ples were acquired on a BD FACSymphony flow cytometer and analyzed using FlowJo version 10.8.0 (BD, Ashland, OR).

BAL samples from weeks 6 and 25 were stimulated with S1 peptide pools only. One BAL sample from a vaccinated NHP on Day 2

post-challenge had extensive background staining for CD8 markers and was excluded from analysis of both S and N responses.
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Subgenomic RNA quantification
sgRNA was isolated and quantified as previously described (Corbett et al., 2021c). Briefly, total RNA was extracted from BAL fluid

and nasal swabs using RNAzol BD column kit (Molecular Research Center). PCR reactions were conducted with TaqMan Fast Virus

1-Step Master Mix (Applied Biosystems), forward primer in the 50 leader region, and gene-specific probes and reverse primers as

follows:

sgLeadSARSCoV2_F: 50-CGATCTCTTGTAGATCTGTTCTC-30

E gene

E_Sarbeco_P: 50-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1-30

E_Sarbeco_R: 50-ATATTGCAGCAGTACGCACACA-30

N gene

wtN_P: 50-FAM-TAACCAGAATGGAGAACGCAGTGGG-BHQ1-30

wtN_R: 50-GGTGAACCAAGACGCAGTAT-30

Amplifications were performed with a QuantStudio 6 Pro Real-Time PCR System (Applied Biosystems). The assay lower limit of

detection was 50 copies per reaction.

TCID50 assay
Vero-TMPRSS2 cells (obtained fromAdrian Creanga, Vaccine ResearchCenter-NIAID) were plated at 25,000 cells/well in DMEMwith

10% FBS and gentamicin, and the cultures were incubated at 37�C, 5.0% CO2. Media was aspirated and replaced with 180 mL of

DMEM with 2% FBS and gentamicin. 10-fold serial dilutions of samples starting from 20 mL of material were added to the cells in

quadruplicate and incubated at 37�C for 4 days. Positive (virus stock of known infectious titer) and negative (medium only) controls

were included in each assay. The plates were incubated at 37�C, 5.0% CO2 for 4 days. Cell monolayers were visually inspected for

cytopathic effect (CPE). The TCID50 was calculated using the Read-Muench formula.

Histopathology and immunohistochemistry
Histopathology and immunohistochemistry (IHC) were performed as described previously (Corbett et al., 2020). Briefly, H&E staining

and IHC were conducted and analyzed by a board-certified veterinary pathologist with an Olympus BX51 light microscope. Pathol-

ogist was blinded to vaccination status of NHP. A rabbit polyclonal anti-SARS-CoV-2 antibody (GeneTex, GTX135357) at a dilution of

1:2000 was used for IHC. Photomicrographs were taken on an Olympus DP73 camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons between groups, or between time points within a group, are based on unpaired and paired t-tests, respectively. All

analysis for serum epitope mapping was performed using unpaired, two-tailed t-test. Binding, neutralizing, and viral assays are

log-transformed as appropriate and reported with geometric means and corresponding CIs where indicated. Correlations are based

on Spearman’s nonparametric rho, and the associated asymptotic p values. There are no adjustments for multiple comparisons, so

all p values and significance testing should be interpreted as suggestive rather than conclusive. All analyses are conducted using R

version 4.0.2 and GraphPad Prism version 8.2.0 unless otherwise specified.

P values are shown within figures, and the sample n is listed in corresponding figure legends. NS denotes that the indicated com-

parisonwas not significant, with p > 0.05.Wedid not perform statistical analysis at any time point in whichwe had samples from fewer

than 5 NHPs.
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Supplemental figures

Figure S1. Serum antibody kinetics after mRNA-1273 immunization, related to Figure 1

(A) Experimental timeline showing immunization schedule and B.1.617.2 challenge. 8 NHPs vaccinated with mRNA-1273, and 8 NHPs given mRNA control.

(B-C) Sera were collected at weeks 6, 24, and 48 post-immunization and diluted 1:40. SARS-CoV-2 WA1 (B) and B.1.617.2 (C) S-2P binding to ACE2 measured

both alone and in the presence of sera to calculate% inhibition. Circles denote individual NHPs. Boxes represent interquartile rangewith themedian denoted by a

horizontal line. Dotted lines set to 0% inhibition. 8 NHP per group. Statistical analysis shown for mRNA-1273 cohort only.

(D-G) Sera were collected at weeks 6, 24, and 48 post-immunization. Reciprocal 50% inhibitory dilution (ID50) titers calculated for neutralization of live virus

D614G (D), P.1 (E), B.1.617.2 (F) and B.1.351 (G). Color-coded squares and lines indicate individual NHPs. Red circles and thick lines indicate geometric means.

Dotted lines indicate assay limit of detection. 8 NHPs per group.
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Figure S2. Kinetics of RBD-binding IgG and IgA responses in the upper and lower airways, related to Figure 3

(A-D) BAL and nasal washeswere collected at weeks 6, 25, and 42 post-immunization, and days 2, 4, 7, and 14 post-challenge. B.1.617.2 (A-B) and B.1.351 (C-D)

RBD-binding IgG titers in the lower (A, C) or upper airway (B, D). Circles indicate individual NHPs. 4-8 NHPs per group. (A-B) Color-coded lines indicate temporal

changes in B.1.617.2 RBD-binding titers for individual NHPs. All animals received mRNA-1273. (C-D) Boxes represent interquartile range with the median de-

noted by a horizontal line. Dotted lines are for visualization purposes and denote 4-log10 increases in binding titers.

(E-H) BAL and nasal washes were collected at weeks 6, 24, and 42 post-immunization, and days 2, 4, 7, and 14 post-challenge. (E-F) WA1 and (G-H) B.1.617.2

RBD-binding IgA titers in the lower (E, G) or upper airway (F, H). Circles in (E-H) indicate individual NHPs. Boxes represent interquartile range with the median

denoted by a horizontal line. Dotted lines are for visualization purposes and denote 2-log10 increases in binding titers. 4-8 NHPs per group.

Statistical analysis in (C-H) shown for mRNA-1273 cohort only.
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Figure S3. B and T cell gating strategy, related to Figures 4 and 5

(A) Representative flow cytometry plots showing gating strategy for B cells in Figure 4. Cells were gated as singlets and live cells on forward and side scatter and a

live/dead aqua blue stain. CD3- cells were then gated on absence of CD14 and CD16 expression and positive CD20 expression. Memory B cells were selected

based on lack of IgD or IgM. Finally, WA1 S-2P and B.1.617.2 S-2P probes were used to determine binding specificity.

(B) Representative flow cytometry plots showing gating strategy for B cell phenotypes in Figure 4F. CD20+ B cells were gated as described above. WA1 S-2P and

B.1.617.2 S-2P probes were used to determine binding specificity. Probe-binding cells were further characterized as having a phenotype consistent with naive

(N), tissue-like memory (TL), activated memory (AM), or resting memory (RM) cells according to expression of CD27 and CD21.

(C) Representative flow cytometry plots showing gating strategy for T cells in Figures 5 and S4. 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 CD4+ events

were defined as naive, total memory, or central memory according to expression of CCR7 and CD45RA. CD4+ cells with a TH1 phenotype were defined as

memory cells that co-expressed CD69 and IL-2, TNF, or IFNg. CD4+ cells with a TH2 phenotype were defined as memory cells that co-expressed CD69 and IL-4

or IL-13. 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+.
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Figure S4. Vaccinated NHPs do not mount a primary T cell response to SARS-CoV-2 N peptides following challenge, related to Figure 5

(A-C) BAL fluid was collected at weeks 6, 25, and 42 post-immunization, and days 2, 4, 7, and 14 post-challenge. Lymphocytes in the BAL were stimulated with N

peptide pools and responses measured by ICS. (A-B) Percentage of memory CD4+ T cells with (A) TH1 markers (IL-2, TNF, or IFNg) or (B) TH2 markers (IL-4 or IL-

13) following stimulation. (C) Percentage of CD8+ T cells expressing IL-2, TNF, or IFNg. Circles in (A-C) indicate individual NHPs. Boxes represent interquartile

range with the median denoted by a horizontal line. Dotted lines set at 0%. Reported percentages may be negative due to background subtraction. 4-8 NHPs per

group. See also Figure S3 for gating strategy.

ll
Article



Figure S5. B.1.617.2 challenge stock characterization, related to Figure 6

(A-B) Alignment of B.1.617.2 stock to Wuhan-Hu-1 reference sequence. (A) S gene only. (B) Whole genome. Variant positions depicted in purple. Multiple

mutations at the 30 end of genome shown in table for visualization purposes. *Non-canonical frameshift in ORF7a produced by 172 nucleotide deletion. Deletion

matched original isolate.

(C) B.1.617.2 stock titration in golden Syrian hamsters at 3 doses spanning 2-logs PFU. Arithmetic mean body weight across indicated days in comparison to

starting weight shown. Error bars indicate standard error of the mean. 4 hamsters per group.

(D-E) B.1.617.2 stock titration in rhesusmacaques at dose of 1x105 or 1x106 PFU. Copies sgRNA_E permLBAL (D) or per NS (E). Circles indicate individual NHPs.

Median value denoted by horizontal line. Dotted lines indicate assay limit of detection. 3 NHPs per group.
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(legend on next page)
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Figure S6. Serum antibody titers are not a correlate for protection 1 year after vaccination, related to Figure 6

(A-H) Correlations between sgRNA_N copies per mL of BAL or per NS at days 2, 4, and 7 post-challenge and indicated binding or neutralizing titers. Antibody

responses include serum binding titers to WA1 S-2P in WHO units (A, E), serum binding titers to B.1.617.2 RBD (B, F), serum lentiviral pseudovirus-neutralizing

titers to D614G (C, G), or serum lentiviral pseudovirus-neutralizing titers to B.1.617.2 (D, H) at week 6 (A-D) or week 48 (E-H) post-immunization. R denotes

Spearman correlation coefficient. Dotted line indicates qRT-PCR limit of detection. 8 NHPs per group. Correlates analysis limited to vaccinated NHPs.
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Figure S7. B.1.617.2 challenge induces a broad antiviral immune response, related to Figure 6

(A-B) BAL fluid was collected at week 42 post-immunization, and days 2, 4, 7, and 14 post-challenge. (A) Total IgG. (B) Measlesmorbillivirus-binding titers. Circles

in (A-B) indicate individual NHPs. Boxes represent interquartile rangewith themedian denoted by a horizontal line. 4-8 NHPs per group. Statistical analysis shown

for values at week 42 in comparison to day 4 post-challenge for both control NHPs (lower line) and mRNA-1273 cohort (upper line).
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