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ABSTRACT 35 

mRNA-1273 vaccine efficacy against SARS-CoV-2 Delta wanes over time; however, there are 36 

limited data on the impact of durability of immune responses on protection. We immunized 37 

rhesus macaques at weeks 0 and 4 and assessed immune responses over one year in blood, upper 38 

and lower airways. Serum neutralizing titers to Delta were 280 and 34 reciprocal ID50 at weeks 6 39 

(peak) and 48 (challenge), respectively. Antibody binding titers also decreased in 40 

bronchoalveolar lavage (BAL). Four days after challenge, virus was unculturable in BAL and 41 

subgenomic RNA declined ~3-log10 compared to control animals. In nasal swabs, sgRNA 42 

declined 1-log10 and virus remained culturable. Anamnestic antibody responses (590-fold 43 

increase) but not T cell responses were detected in BAL by day 4 post-challenge. mRNA-1273-44 

mediated protection in the lungs is durable but delayed and potentially dependent on anamnestic 45 

antibody responses. Rapid and sustained protection in upper and lower airways may eventually 46 

require a boost. 47 
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INTRODUCTION 48 

COVID-19 vaccines designed to express the spike (S) protein of SARS-CoV-2, including the 49 

mRNA-based vaccines mRNA-1273 (Baden et al., 2021a) and BNT162b2 (Polack et al., 2020) 50 

and the adenovirus-vectored vaccines Ad26.COV2.S (Sadoff et al., 2021) and AZD1222 51 

(Ramasamy et al., 2021), have shown substantial protection against vaccine-matched virus 52 

strains. mRNA-1273 had an efficacy of 94% in a Phase III clinical trial (Baden et al., 2021a) and 53 

96.3% among US healthcare workers (Pilishvili et al., 2021). mRNA-1273-elicited neutralizing 54 

antibodies were still detectable six months after immunization (Doria-Rose et al., 2021). 55 

However, new SARS-CoV-2 variants have mutations that decrease the sensitivity of vaccine-56 

elicited neutralization and increase viral replication, raising concerns about the durability of 57 

protection provided by mRNA-1273 and other vaccines (Baden et al., 2021b; Bruxvoort et al., 58 

2021; Puranik et al., 2021). 59 

 60 

Delta (henceforth referred to by its Pango lineage, B.1.617.2) is currently the dominant 61 

circulating strain of SARS-CoV-2 and a WHO-designated variant of concern (VOC). This strain 62 

was first identified in India in October 2020 amidst substantial levels of community transmission 63 

(Cherian et al., 2021; Mishra et al., 2021; Mlcochova et al., 2021). B.1.617.2 contains the 64 

mutations L452R, T478K, D614G, and P681R in the receptor-binding domain (RBD) and C-65 

terminus of the S1 binding subdomain. These substitutions contribute to both increased receptor 66 

binding and reduced neutralization by vaccine-elicited and monoclonal antibodies (mAbs) 67 

(Ozono et al., 2021; Planas et al., 2021; Tada et al., 2021; Wang et al., 2021b). In addition, 68 

B.1.617.2 has acquired several unique mutations in the N-terminal domain (NTD) that 69 

substantially decrease antibody binding and neutralization sensitivity including T19R, G142D, 70 
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and a deletion at positions 156-158 accompanied by a G insertion (Liu et al., 2021; Planas et al., 71 

2021). Neutralizing antibody titers from mRNA-1273 and BNT162b2 vaccinee sera to B.1.617.2 72 

are reduced 3-fold compared to the vaccine-matched strain, USA-WA1/2020 (WA1) shortly after 73 

immunization (Edara et al., 2021b). A 7-fold reduction in neutralizing titers for Ad26.CoV2.S 74 

sera in comparison to WA1 or WA1 with a D614G substitution (henceforth referred to as 75 

D614G) has also been described (Barouch et al., 2021; Tada et al., 2021).   76 

 77 

Recent studies in the United Kingdom, United States, and Qatar have shown reduced efficacy of 78 

mRNA-based vaccines against asymptomatic and symptomatic, but not severe, B.1.617.2 79 

infection (Bruxvoort et al., 2021; Chemaitelly et al., 2021; Lopez Bernal et al., 2021; Puranik et 80 

al., 2021; Tang et al., 2021). We and others have found that binding and neutralizing antibody 81 

titers in NHP and humans are key correlates of protection for mRNA and adenovirus-vectored 82 

COVID-19 vaccines (Corbett et al., 2021b; Gilbert et al., 2021; Khoury et al., 2021; Roozendaal 83 

et al., 2021). Antibody titers significantly decrease over a 6-month interval after the initial 84 

immunization series (Canaday et al., 2021; Corbett et al., 2021a; Levin et al., 2021). 85 

Retrospective analysis in Israel found that breakthrough cases in BNT162b2 vaccinees during a 86 

period of substantial B.1.617.2 transmission were statistically correlated with the length of time 87 

elapsed since vaccination, suggesting a role for waning antibody titers in vaccine efficacy 88 

reduction (Goldberg et al., 2021). Similarly, participants in the mRNA-1273 efficacy trial 89 

(COVE) who initially received a placebo prior to vaccination had reduced rates of B.1.617.2 90 

breakthrough infections and severe disease compared to study participants who received mRNA-91 

1273 at an earlier time (Baden et al., 2021b). These observations were consistent with previous 92 

findings from Israel showing that breakthrough infections with Alpha (B.1.1.7) were associated 93 
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with lower BNT162b2-elicited binding and neutralizing antibody titers immediately prior to 94 

infection (Bergwerk et al., 2021). While BNT162b2 efficacy against breakthrough infections 95 

with B.1.617.2 has been estimated as 42% in Minnesota, USA and 53.5% in Qatar, those same 96 

studies reported mRNA-1273 efficacy as 76% and 84.8%, respectively (Puranik et al., 2021; 97 

Tang et al., 2021). Likewise, additional analysis in California, USA indicates a mRNA-1273 98 

vaccine efficacy against B.1.617.2 of 87% (Bruxvoort et al., 2021). While any differences 99 

between mRNA-1273 and BNT162b2 may diminish with increased time since vaccination, this 100 

observation warrants continued investigation. Furthermore, there is no analysis of mRNA-1273-101 

elicited immunity out to one year in the context of protection against mild and severe disease in 102 

the upper and lower airways.  103 

 104 

The nonhuman primate (NHP) model has been extensively used to assess a variety of vaccine 105 

candidates against SARS-CoV-2 (Corbett et al., 2020; Francica et al., 2021; He et al., 2021; 106 

Mercado et al., 2020; van Doremalen et al., 2020) and has been reliable for predicting protective 107 

efficacy with mRNA-1273 in humans (Corbett et al., 2021b; Gilbert et al., 2021). Thus, this 108 

model is an ideal tool for examining the effect of waning antibody titers on long term protection 109 

in the context of a challenge with B.1.617.2. 110 

 111 

Here, we immunized rhesus macaques with 100µg mRNA-1273 at weeks 0 and 4 and then 112 

challenged them with B.1.617.2 approximately one year later. To provide insights into potential 113 

mechanisms of protection, we assessed B.1.617.2-binding antibody titers from the blood and 114 

both the upper and lower airways after both vaccination and challenge. Serum neutralizing titers, 115 

and longevity of virus-specific memory B and T cell responses were also analyzed. 116 
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 117 

RESULTS 118 

mRNA-1273 immunization elicits binding and neutralizing antibodies to B.1.617.2 119 

Indian-origin rhesus macaques (n = 8/group) were immunized with 100µg mRNA-1273 or 120 

mRNA control at weeks 0 and 4 (Fig. S1A). Serum IgG binding titers to prefusion stabilized S 121 

protein (S-2P) of the vaccine-matched WA1 strain were assessed at weeks 6 (peak), 24 122 

(memory) and 48 weeks (memory and time of challenge) after vaccination. Geometric mean 123 

titers (GMT) significantly decreased from 3000 WHO International Standard binding antibody 124 

units (BAU)/mL at week 6 to 260 BAU/mL at week 24. However, the rate of decline was less for 125 

the remainder of the year, reaching 188 BAU/mL at week 48 (Fig. 1A). 7/8 animals in the 126 

mRNA-1273 group had higher binding titers than all control NHP at week 48. Similarly, the 127 

kinetics observed for WA1 RBD-binding titers showed a 130-fold reduction in geometric mean 128 

area under curve (AUC) between weeks 6 and 25, but only an additional 3-fold reduction by 129 

week 48 (Fig. 1B). Compared to WA1 RBD, GMT at week 6 were reduced 5.4-fold to B.1.617.2 130 

RBD (Fig. 1C). Despite the lower binding titers to B.1.617.2, antibodies were clearly functional, 131 

as sera from vaccinated NHP inhibited almost 100% of binding between the SARS-CoV-2 132 

receptor, angiotensin-converting enzyme 2 (ACE2), and S-2P of both variants at week 6 (Fig. 133 

S1B-C). 134 

 135 

We next measured binding titers to Beta (B.1.351) as this variant has the greatest impact on 136 

reducing neutralization by vaccinee and convalescent sera (Geers et al., 2021; Tada et al., 2021; 137 

Wang et al., 2021c), which may have contributed to reduced vaccine efficacy in regions with 138 

substantial circulation of B.1.351 (Madhi et al., 2021; Shinde et al., 2021). There was an 8-fold 139 
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reduction in binding titers to B.1.351 RBD at week 6 as compared to WA1 RBD (Fig. 1D). At 140 

week 48, GMT for both B.1.351 and B.1.617.2 were similar and only 3.9-fold less than for WA1.  141 

 142 

Serum neutralization of D614G and a panel of variants was measured using a live virus assay. 143 

mRNA-1273-vaccinated NHP had GMT to D614G of 1900 at week 6, which declined to 275 at 144 

week 24 and 200 at week 48 (Fig. 1E). The kinetics of a rapid decline in neutralizing antibody 145 

titers during the first 6 months (P=0.0002) followed by a slower decline at approximately 1 year 146 

(P>0.05) was consistent with the trend seen in binding titers (Fig. 1A-D). Compared to D614G, 147 

neutralizing GMT to Gamma (P.1), B.1.351 and B.1.617.2 were reduced 3.3-fold, 4.1-fold and 148 

6.9-fold, respectively, at week 6. Neutralizing titers to B.1.617.2 declined over the following 149 

year, with 3/8 NHP having undetectable responses against B.1.617.2 at week 48 (Fig. S1F). Of 150 

note, neutralizing titers to B.1.351 showed a modest increase from week 24 to 48 (P=0.0323). 151 

This difference between the kinetics of neutralizing titers to B.1.617.2 and B.1.351 suggests a 152 

change in serum epitope dominance and/or increased antibody affinity maturation, both of which 153 

would support recent findings on the continued evolution of antibody responses induced by 154 

mRNA and adenovirus-vectored vaccines (Barouch et al., 2021; Corbett et al., 2021a; Lopez 155 

Ledesma et al., 2021). 156 

 157 

The decrease in serum neutralization capacity over time was confirmed with a lentiviral 158 

pseudovirus assay. At week 6, pseudovirus neutralizing GMT to B.1.617.2 were reduced 6-fold 159 

as compared to D614G (P=0.0093) and detectable in all NHP. At weeks 24 and 48, the GMT 160 

reduction declined to 3.5-fold, and 2/8 vaccinated NHP had undetectable neutralizing titers to 161 

B.1.617.2 (Fig. 1F-G).  162 
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 163 

Finally, to further assess qualitative changes in antibody responses over time, antibody avidity 164 

was measured from sera over 48 weeks (Fig. 1H). The geometric mean avidity index of WA1 S-165 

2P-binding IgG antibodies increased from 0.6 at week 6 to 0.9 at week 24 (P<0.0001). Antibody 166 

avidity remained unchanged from week 24 to week 48 (P>0.05).   167 

 168 

Serum epitope analysis reveals immuno-focusing on epitopes associated with neutralization of 169 

B.1.617.2  170 

To extend the qualitative analysis of antibody neutralization and identify antibodies that could be 171 

contributing to avidity, we performed serum antibody epitope mapping at weeks 6, 24, and 48 172 

after immunization. Using a surface plasmon resonance-based (SPR) competition assay, we 173 

determined the relative proportion (percent competition) of serum antibodies targeting cross-174 

reactive epitopes on both WA1 and B.1.617.2 SARS-CoV-2 S-2P (Table S2).  175 

 176 

Cross-reactive antigenic sites A, B, C, E, F, and G were defined by mAbs B1-182, CB6, A20-177 

29.1, LY-COV555, A19-61.1, and S309 respectively, all targeting the RBD of SARS-CoV-2 S, 178 

with sites A, B, and F being associated with neutralization of SARS-CoV-2 B.1.617.2 (Table S2) 179 

(Corbett et al., 2021a; Wang et al., 2021b). Analysis of relative serum reactivity 48 weeks after 180 

immunization showed significantly higher proportions of serum antibodies targeting antigenic 181 

sites G, B, and F (represented by mAbs S309, CB6, and A19-61.1, respectively) on B.1.617.2 S-182 

2P, as compared to WA1 (G: P=0.004; B: P=0.0009; F: P<0.0001) (Fig 2A). Longitudinal 183 

analysis of the epitope-specific serum antibody responses to WA1 S-2P showed no significant 184 

differences in the relative serum reactivity over time (Fig 2B). This indicates that while quantity 185 
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of serum antibodies targeting WA1 S-2P decreased over time (Fig 1A), the composition of serum 186 

antibodies targeting cross-reactive epitopes remained unchanged.  187 

 188 

In contrast, longitudinal analysis of serum reactivity to cross-reactive epitopes on B.1.617.2 S-2P 189 

showed significantly increased relative reactivity to antigenic sites B and F (represented by 190 

neutralizing mAbs CB6 and A19-61.1) from week 6 to 48 (B: P=0.0026; F: P=0.0031) (Fig 2C). 191 

Structural models show different angles of approach between non-neutralizing (LY-COV555, 192 

S309) and neutralizing (B1-182, CB6, A19-61.1) mAbs in complex with B.1.617.2 S-2P (Fig 193 

2D). Modeling of binding footprints on B.1.617.2 RBD show immuno-focusing occurs on 194 

neutralizing epitopes with areas of binding outside mutations T478K and L452R (CB6 and A19-195 

61.1) (Fig 2E). Additionally, increased reactivity to B.1.617.2 S-2P as compared to WA1 S-2P 196 

(Fig 2A) was only observed to epitopes binding outside RBD mutations (T478K, L452R) (Fig 197 

2E). These data indicate that although serum antibodies targeting B.1.617.2 S-2P decreased over 198 

time (Fig 1C), the proportion of serum antibodies targeting epitopes associated with 199 

neutralization increased, suggesting a maturing of the humoral immune response and immuno-200 

focusing on conserved epitopes associated with neutralization against B.1.617.2. 201 

 202 

Kinetics of B.1.617.2 RBD-binding IgG and IgA antibodies in the upper and lower airway  203 

Antibodies are likely to provide the initial immune mechanism to control viral replication in the 204 

upper and lower airways (Corbett et al., 2021b; Francica et al., 2021; Froberg et al., 2021; 205 

Gilbert et al., 2021; Khoury et al., 2021; Roozendaal et al., 2021). To determine the persistence 206 

of antibody titers in these relevant anatomical sites, we collected bronchoalveolar lavage (BAL) 207 

fluid and nasal washes at weeks 6, 25 and 42. WA1 RBD IgG binding titers in the BAL were 208 
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highest at week 6 and declined by week 42 such that GMT were almost 5000-fold less than at 209 

week 6 (P=0.0007) (Fig. 3A). B.1.617.2 RBD-binding IgG titers were lower in the BAL, with a 210 

6-fold GMT reduction compared to WA1 at week 6 and a 4-fold reduction at week 42 (Fig. 3C 211 

and Fig. S2A). B.1.351 RBD-binding titers were lowest, with a 342-fold and 57-fold reduction 212 

compared to WA1 at weeks 6 and 42, respectively (Fig. S2C). In addition, B.1.617.2 and B.1.351 213 

RBD-binding titers followed a similar trend as WA1 RBD-binding titers with all antibody levels 214 

decreasing by week 42 (B.1.617.2: P=0.0008; B.1.351: P=0.0007). In contrast to the decreased 215 

antibody responses in BAL over time, WA1, B.1.351 and B.1.617.2 RBD-binding titers in the 216 

nasal washes were highest at week 25 and remained stable by week 42 (Week 6 vs Week 42: 217 

P>0.05) (Fig. 3B, D and Fig. S2B, D).  218 

 219 

SARS-CoV-2 RBD-binding IgA titers in nasal washes and BAL were also assessed (Fig. S2E-220 

H). At week 6, GMT in the BAL to WA1 RBD and B.1.617.2 RBD were 9-fold and 26-fold 221 

higher in vaccinated NHP than in controls, respectively. IgA titers were indistinguishable from 222 

controls by week 24 in the BAL. IgA titers in the nasal washes of vaccinated NHP were similar 223 

to those from controls at all timepoints.   224 

 225 

In our previous NHP studies, we have been unable to detect neutralizing antibodies in the upper 226 

or lower airway following mRNA-1273 immunization using either pseudovirus or live virus 227 

assays. Here we used the S-2P-ACE2 binding inhibition assay which provides a highly sensitive 228 

assessment of antibody function to extend the analysis of binding titers in the airways. Consistent 229 

with the findings from the sera (Fig. S1B-C), the highest S-2P-ACE2 binding in BAL was 230 

detected at week 6 and declined by week 42 (WA1: P=0.0043; B.1.617.2: P=0.0168) (Fig. 3E, 231 
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G). By contrast, S-2P-ACE2 binding inhibition in the upper airway was not statistically different 232 

between weeks 6 and 42 (Fig. 3F, H). Together, these results suggest that the kinetics and 233 

durability of antibody responses in the upper respiratory tract (nasal washes) are distinct from 234 

those in the blood or lungs (BAL). 235 

 236 

Kinetics of S-specific memory B cells responses 237 

Sustained antibody production and increased secondary responses following a vaccine boost or 238 

viral challenge are dependent on antigen-specific memory B cell responses (Gaebler et al., 2021; 239 

Goel et al., 2021a). A number of human studies have shown that mRNA S-2P vaccines and/or 240 

SARS-CoV-2 infection induce S-specific memory B cells that persist over time (Dan et al., 2021; 241 

Goel et al., 2021b; Rodda et al., 2021; Turner et al., 2021; Wang et al., 2021d; Wang et al., 242 

2021e). Here, the frequency of WA1 S- and B.1.617.2 S-specific memory B cells following 243 

mRNA-1273 vaccination in NHP were assessed by flow cytometry using fluorescent probes 244 

(Fig. S3A). At week 6, a median value of 2.5% of all memory B cells were dual-specific for 245 

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 246 

alone (Fig. 4A-D). Although the total percentage of probe-binding memory B cells decreased 247 

through week 42, the high frequency of dual-binding to single-binding cells remained constant, 248 

with a geometric mean proportion of dual-binding cells greater than 85% at all timepoints (Fig. 249 

4E). These data are consistent with recent reports that mRNA-1273 and BNT162b2 elicit S-250 

specific memory B cells that are capable of binding both the vaccine-matched strain and VOC 251 

(Corbett et al., 2021a; Goel et al., 2021b). The memory phenotype of these cells was also 252 

determined over time after vaccination (Fig. S3B). Over the course of one year, S-2P-binding B 253 

cells shifted from 87% having an activated memory phenotype to a more balanced distribution of 254 
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43% activated memory, 32% resting memory, and 15% tissue-like memory cells (Fig. 4F). 255 

Together, these data suggest that mRNA-1273 induces durable, broad cross-strain B cell memory 256 

to SARS-CoV-2. 257 

 258 

mRNA-1273 induces TH1 and TFH responses 259 

Our previous reports showed that mRNA-1273 immunization elicits SARS-CoV-2 S-specific 260 

TH1, CD40L+ TFH, and IL-21+ TFH cells which decrease over a 6-month period in NHP (Corbett 261 

et al., 2021a). Here, S-specific T cell responses were assessed through week 42 in blood and 262 

BAL (Fig. S3C). Consistent with our prior studies, TH1 but not TH2 responses were detected in 263 

the blood at week 6, decreasing by week 25. TH1 levels were low to undetectable by week 42 264 

(Week 6 vs Week 42: P=0.0261) (Fig. 5A-B). mRNA-1273 induced both CD40L+ and IL-21+ 265 

TFH cells at week 6. By week 42, both populations had declined (CD40L+: P=0.0164; IL-21+: 266 

P=0.0166) (Fig. 5D-E). Median CD8+ T cell responses in the blood were low (Fig. 5C), although 267 

we did detect a low frequency of CD8+ T cells in the BAL at week 6 (Fig. 5H).  268 

 269 

Protection Against B.1.617.2 one year after mRNA-1273 Vaccination 270 

For the viral challenge, an isolate of B.1.617.2 was obtained after one passage and the canonical 271 

S mutations associated with B.1.617.2, including T19R, L452R, T478K, D614G, P681R, as well 272 

as the NTD deletion (Fig. S5A) were verified by sequencing. This viral stock was first tested in 273 

hamsters (Fig. S5C) and nonhuman primates (Fig. S5D-E) to confirm its pathogenicity and 274 

define a dose for challenge.  275 

 276 
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mRNA-1273 and mRNA control NHP were challenged 49 weeks after the initial immunization 277 

with 2x105 plaque forming units (PFU) of virus via intratracheal (IT) and intranasal (IN) routes 278 

(Fig. S1A). BAL and nasal swabs (NS) were collected on days 2, 4, 7 and 14 following challenge 279 

and qRT-PCR was used to measure viral replication by assessing sgRNA copies encoding for the 280 

SARS-CoV-2 E and N genes. On day 2, geometric mean sgRNA_E copies in the lower airway of 281 

controls and vaccinated NHP were 1x106 and 9x104 per mL, respectively (P>0.05) (Fig. 6A). 282 

sgRNA_E copies in the lower airway of vaccinated NHP declined rapidly over the following 283 

days, with geometric mean copies of 9x102 on day 4 and 1x102 on day 7. sgRNA_E copies in the 284 

lungs of unvaccinated NHP remained significantly elevated compared to vaccinated NHP, with a 285 

geometric mean of 1x105 on day 7 (mRNA-1273 vs control: P<0.0001). These results differed 286 

from our earlier findings that NHP vaccinated with 100µg mRNA-1273 and then challenged only 287 

4-8 weeks later largely controlled WA1 or B.1.351 replication in the lower airway by day 2 288 

(Corbett et al., 2020; Corbett et al., 2021c). 289 

  290 

In contrast to the lower airway, we observed less reduction in viral replication in the upper 291 

airway following mRNA-1273 immunization (Fig. 6B). On day 2, geometric mean copies of 292 

sgRNA_E were 2x106 and 6x104 per NS of controls and vaccinated NHP, respectively 293 

(P=0.0038). On days 4 and 7, copies declined to 2x103 and 1x103 for the mRNA-1273 group and 294 

4x105 and 5x104 in the control group (Day 4: P=0.006; Day 7: P>0.05). By day 7, 6/8 and 4/8 295 

vaccinated NHP had undetectable sgRNA_E levels in the lower airway and upper airway, 296 

respectively. All control NHP still had detectable sgRNA_E copies at that time point. We 297 

observed similar trends with sgRNA_N (Fig. 6C-D), but with higher geometric mean copy 298 

numbers in agreement with our prior publications (Corbett et al., 2021b; Corbett et al., 2021c). 299 
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We euthanized 4/8 NHP in each cohort on day 7 for assessment of lung pathology but continued 300 

to monitor the remaining animals for an additional week. On day 14, 1/4 and 2/4 control NHP 301 

had detectable sgRNA_N in the lower and upper airway, respectively. In contrast, 0/4 and 1/4 302 

vaccinated NHP had detectable sgRNA_N in the same compartments. It is noteworthy that the 303 

only animal in the mRNA-1273 cohort with detectable sgRNA_N at day 14 had undetectable 304 

pseudovirus neutralizing antibody titers to both D614G and B.1.617.2 at week 48 (Fig. 1F). 305 

 306 

To provide an additional assessment of protection, we measured tissue culture infectious dose 307 

(TCID50) in samples taken from the lungs and nose on days 2 and 4 (Fig. 6E-F). By day 4, only 308 

1/8 animals in the mRNA-1273 group had detectable virus in the lower airway compared to 7/8 309 

in the control mRNA group (P=0.0048). In the upper airway, 4/8 vaccinated animals had 310 

detectable virus, while all control animals had detectable virus (P=0.0154).  311 

 312 

We previously established binding and neutralizing antibody titers in the sera as an immune 313 

correlate of protection from WA1 and B.1.351 replication in NHP, when both challenges were 314 

given 4-8 weeks after boost (Corbett et al., 2021b; Corbett et al., 2021c). Here, when B.1.617.2 315 

challenge was approximately one year after mRNA-1273 vaccination, we looked to see whether 316 

these associations held between viral replication and serum WA1 S-2P binding titers (WHO 317 

units), B.1.617.2 RBD-binding IgG titers, D614G lentiviral pseudovirus neutralizing titers, and 318 

B.1.617.2 lentiviral pseudovirus neutralizing titers at peak (week 6) and immediately prior to 319 

challenge (week 48) (Fig. S6 and Table S3). Unlike in the challenges that were conducted soon 320 

after vaccination, none of these measurements correlated with viral replication in the lower 321 

airway. However, neutralizing titers at week 48 were significantly inversely correlated with viral 322 
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replication in the upper airway at day 2 after challenge (D614G: P=0.0149; B.1.617.2: 323 

P=0.0446) but not on any subsequent days (Fig. S6G-H).  324 

 325 

B.1.617.2 challenge elicits an anamnestic antibody response in the lower airway 326 

Analysis of immune responses after challenge provides data on the kinetics of anamnestic 327 

responses which may reveal potential mechanisms of protection. First, IgG binding titers and 328 

neutralizing antibody titers were assessed in sera at days 2, 4, 7 and 14 following challenge. We 329 

observed a clear primary response by day 14 in control NHP, with increased binding to WA1, 330 

B.1.351, and B.1.617.2 RBDs (Fig. 1B-D). B.1.617.2 GMT increased 37000-fold relative to 331 

week 48 and was higher than WA1 GMT at day 14. In contrast, B.1.617.2 GMT in the mRNA-332 

1273 group increased only 490-fold at day 14 relative to week 48 and was equivalent to WA1 333 

GMT at that time. In addition, WA1 S-2P binding GMT in control NHP increased 39-fold from 334 

0.9 BAU/mL to 35 BAU/mL between week 48 after immunization and day 14 after challenge. 335 

The corresponding increase in vaccinated NHP was smaller, rising 5-fold from 189 to 1030 336 

BAU/mL (Fig. 1A).  337 

 338 

Pseudovirus neutralizing responses were also measured to D614G and B.1.617.2 at days 2, 4, 7 339 

and 14. The hierarchy of neutralizing antibody titers elicited by the vaccine remained stable until 340 

day 14, when titers to B.1.617.2 approached those of D614G (P>0.05) (Fig. 1F). These findings 341 

show that while serum antibody responses did not increase at a faster rate in vaccinated NHP 342 

than in controls, they were boosted by infection. 343 

 344 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.23.465542doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.23.465542


We next measured mucosal antibody levels in the upper and lower airway. RBD-binding IgG 345 

titers in the upper airways of vaccinated animals showed a modest decline (Fig. 3D and Fig. 346 

S2B) despite virus persistence in the nose (Fig. 6B, D, F), which may reflect clearance of viral 347 

protein-bound antibodies. We detected a strikingly different trend in the lower airway, however. 348 

B.1.617.2-binding GMT in the control group increased slowly relative to week 42 over the post-349 

challenge observational period, rising 18-fold and 213-fold on days 4 and 7 respectively. The 350 

antibody binding response to B.1.617.2 in vaccinated NHP was more rapid, rising 590-fold on 351 

day 4 before falling to 157-fold on day 7 compared to week 42 (Fig. 3C). Antibody titers to all 3 352 

variants were significantly greater 4 days after challenge than 42 weeks after immunization in the 353 

mRNA-1273 vaccinated group (WA1: P=0.0248; B.1.617.2: P=0.0081; B.1.351: P=0.0038) 354 

(Fig. 3A, C and Fig S2). Last, we did not detect differential IgA responses or ACE2 binding 355 

inhibition between vaccinated animals or controls in either the lower or upper airway (Fig. 3E-H 356 

and Fig S2). These data show that the mRNA-1273-vaccinated NHP made an anamnestic IgG 357 

response in the lower airways. 358 

 359 

Although the total IgG concentration in the lungs of both vaccinated and unvaccinated NHP 360 

increased following challenge, this increase was greater in the control cohort. On days 2, 4, 7 and 361 

14 after challenge, geometric mean IgG concentrations were 1.5- to 3-fold lower in the 362 

vaccinated cohort than in the control group (Fig. S7A). This rapid response after challenge is 363 

consistent with our prior experience of a protein SARS-CoV-2 vaccine in which we observed a 364 

rapid increase in both total IgG and measles morbillivirus (MeV) titers in primates that had also 365 

been vaccinated against MeV (Francica et al., 2021). In the present study, although binding titers 366 

were similar between both cohorts prior to challenge, responses to MeV increased more rapidly 367 
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in the control group. On day 4, GMT to MeV in the lower airway were 3.3-fold greater in the 368 

control animals than in the mRNA-1273 group (Fig. S7B). 369 

 370 

An anamnestic S-specific B cell response in the lower airways would likely be the underlying 371 

mechanism for an increase in local antibody titers. While we were unable to collect a sufficient 372 

number of B cells in BAL to analyze after B.1.617.2 challenge, we were nevertheless able to 373 

interrogate these cells in blood. Memory B cells which bound both WA1 S-2P and B.1.617.2 S-374 

2P dominated the S-specific immune response of vaccinated NHP. While the total frequency of 375 

all S-binding memory B cells increased, the proportion of these dual-specific cells remained 376 

between 85-90% (Fig. 4E). In contrast, B.1.617.2 challenge in control NHP elicited a higher 377 

frequency of memory B cells specific only for B.1.617.2 S, with a geometric mean frequency of 378 

57% at day 28 (Fig 4E). 72% of S-binding B cells in control NHP had a phenotype consistent 379 

with activated memory B cells, in contrast to the vaccinated cohort in which 49% of cells had an 380 

activated memory phenotype and 38% of cells had a resting memory phenotype (Fig. 4F). 381 

 382 

T cell responses in blood and BAL following vaccination and B.1.617.2 challenge 383 

After showing a potential role for memory B cell responses in controlling virus replication in 384 

lower airways, we also measured T cell responses to SARS-CoV-2 S in the blood and BAL 385 

following challenge. By day 7, TH1 responses were elevated as compared to week 42 in both 386 

compartments (Serum: P=0.0199; BAL: P=0.0097). However, the range of S-specific TH1 CD4+ 387 

T cell frequencies in the BAL of control and vaccinated NHP overlapped (Fig. 5A, F). While we 388 

observed increased IL-21+ TFH responses by day 7 (P=0.0061) (Fig. 5E), we did not detect any 389 

TH2 responses following challenge in vaccinated or control animals (P>0.05) (Fig. 5B, G). In 390 
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contrast to the minimal vaccine-elicited CD8+ T cells prior to challenge, both control and 391 

vaccinated NHP mounted CD8+ T cell responses following challenge (Fig. 5C, H). Finally, TH1 392 

and CD8+ responses in the lungs to SARS-CoV-2 N, which was not encoded by mRNA-1273, 393 

were only present in control NHP (Fig. S4). Together, these data demonstrate that vaccination 394 

with mRNA-1273 not only elicited B and T cellular responses to SARS-CoV-2 S following 395 

challenge but also protected NHP from encountering sufficient levels of SARS-CoV-2 N to 396 

mount a primary response to that antigen.  397 

 398 

mRNA-1273 protects the lower airway from severe inflammation 399 

Because sufficient virus was present in the lower airway of vaccinated NHP to elicit both a local 400 

anamnestic antibody response and increased S-specific B and T cell populations, we assessed if 401 

mRNA-1273 vaccination protected the lungs from gross pathologic changes. Lung samples from 402 

4/8 NHP in each group were evaluated for pathology and detection of viral antigen (VAg) 7 days 403 

after B.1.617.2 challenge. SARS-CoV-2 VAg (red arrowheads) was detected in the lungs of 4/4 404 

control animals (Fig. 7B, C) and was not detected in any of the animals in the vaccinated cohort 405 

(Fig. 7A, C). Inflammation ranged from minimal to moderate across lung samples from animals 406 

that received mRNA-1273 and from minimal to severe in control NHP (Fig. 7C). The 407 

inflammatory changes in the lungs of vaccinated NHP were characterized by a mixture of 408 

macrophages and polymorphonuclear cells present within some alveolar spaces and mild to 409 

moderate expansion of alveolar capillaries with mild Type II pneumocyte hyperplasia (Fig. 7A). 410 

Changes in control NHP were more consistent with lymphocytes, histiocytes and fewer 411 

polymorphonuclear cells associated with more prominent and expanded alveolar capillaries, 412 

collections of cells with alveolar air spaces, occasional areas of perivascular and peribronchiolar 413 
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inflammation, and Type II pneumocyte hyperplasia (Fig. 7B). The protection observed in the 414 

lungs suggest that although binding and neutralizing antibody titers had declined one year after 415 

vaccination (Fig. 1), leaving the lower airway susceptible to virus replication in the first two days 416 

after challenge (Fig. 6), a local anamnestic response to antigen previously encountered in the 417 

vaccine proved sufficient to prevent severe disease.  418 

 419 

DISCUSSION 420 

mRNA-1273 vaccine efficacy against both symptomatic and asymptomatic infection with 421 

B.1.617.2 is reduced compared to ancestral strains, a result of both variant-specific mutations 422 

which confer diminished sensitivity to neutralization and waning antibody titers over time 423 

following vaccination (Baden et al., 2021b; Bruxvoort et al., 2021; Choi et al., 2021; Puranik et 424 

al., 2021; Tada et al., 2021). Here, we studied protection against B.1.617.2 infection by mRNA-425 

1273 almost one year after vaccination in NHP. Our principal findings were: (1) protection in the 426 

lower airway was complete by day 4 but delayed compared to prior NHP studies in which viral 427 

challenges were done much closer to the time of vaccination; (2) anamnestic antibody responses 428 

were detected in BAL at day 4 in vaccinated animals; (3) and binding and neutralizing antibody 429 

titers in blood and BAL decreased over 48 weeks.  430 

 431 

Prior studies by us and others in NHP (Corbett et al., 2021a) and humans (Doria-Rose et al., 432 

2021; Goel et al., 2021b) show reduction of neutralizing antibodies in sera over 6 months 433 

following mRNA vaccination. Here, antibody binding and neutralizing titers also decline in the 434 

sera over one year, and we extend these data by showing similar findings in BAL suggesting that 435 

antibody measurements in serum may be a surrogate for such responses in the lung. By contrast, 436 
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antibodies remain relatively stable from week 24-48 in the upper airway. The IgG stability in the 437 

nasal tract is notable considering the source of this immunoglobulin class is primarily 438 

transudation from the blood (Renegar et al., 2004). These data are consistent with a prior study 439 

showing that subcutaneous vaccines elicit antibodies that are detectable in the nose for at least 6 440 

months (Clements and Murphy, 1986). The differential kinetics for the stability of IgG responses 441 

in the upper respiratory and lower respiratory tract suggest unique mechanisms of clearance 442 

within these different anatomical sites. 443 

 444 

The limited reduction in viral replication in the lower airway 2 days after challenge in this 445 

present study stands in contrast to prior studies in which mRNA-1273-vaccinated NHP were 446 

challenged 4-8 weeks after vaccination and lower airway viral replication was largely controlled 447 

by day 2 (Corbett et al., 2020; Corbett et al., 2021c). The decline of antibody titers in the lungs 448 

over one year, which are replete with epithelial target cells, may explain the different kinetics in 449 

virus control. Importantly, vaccinated NHP had a striking anamnestic antibody response in the 450 

lower airways, with a 590-fold increase in B.1.617.2 GMT by day 4 after challenge compared to 451 

the pre-challenge timepoint, and there was no detectable sgRNA_E in 6/8 vaccinated NHP by 452 

day 7. This suggests that protection in the lower airway is durable but somewhat delayed and 453 

may be dependent on a recall antibody response. It is also notable that while we were able to 454 

detect binding and some functional antibodies in the blood and mucosa through the S-2P-ACE2 455 

inhibition assay at time of challenge, neutralizing titers to B.1.617.2 were low to undetectable. 456 

Thus, vaccine-elicited protection in the lower airway could be mediated by neutralizing 457 

antibodies below our limit of detection or through Fc-mediated functions, which has been shown 458 

to be important for protection by mAb treatment (Winkler et al., 2021). It is also noteworthy that 459 
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although the quantity of antibodies had decreased one year after vaccination, the quality was 460 

improved as evidenced by the increase in avidity and the shift in epitope dominance of B.1.617.2 461 

S-binding antibodies towards sites associated with neutralization. In the nose, the 1-log10 462 

reduction in sgRNA_N copy numbers on days 4 and 7 was consistent with what we have 463 

observed after our prior B.1.351 challenge with the same dose and regimen of mRNA-1273 464 

(Corbett et al., 2021c) and shows that there is a higher threshold of antibody required for 465 

protection in the upper airway compared to the lower airway (Corbett et al., 2021b). These data 466 

are also consistent with studies in human vaccinees showing that there can be a significantly 467 

higher level of protection against severe disease than mild or asymptomatic infection (Baden et 468 

al., 2021b; Bruxvoort et al., 2021; Puranik et al., 2021; Tang et al., 2021).  469 

 470 

Rapid control of virus replication in both upper and lower airways has potential implications for 471 

transmission. Smaller aerosols (<20 microns) enriched with virus are generated mainly in the 472 

lower airways and their inhalation may lead to transmission (Wang et al., 2021a). Therefore, in 473 

the context of limited virus control in the upper airway and slower kinetics of control in the 474 

lower airway, a boost to increase antibody titers may eventually be warranted.  475 

 476 

Antibodies elicited by mRNA-1273 are capable of binding multiple VOC in NHP and humans 477 

(Corbett et al., 2021a; Goel et al., 2021b; Wang et al., 2021e). We extend these findings here to 478 

show that the majority of antigen-specific B cells bind both WA1 and B.1.617.2 proteins. It is 479 

noteworthy that in NHP there is a more substantial contraction of the S-specific memory B cell 480 

compartment following vaccination than reported for humans (Goel et al., 2021b). Species-481 

specific differences and the high percentage of memory B cells that bound SARS-CoV-2 S in our 482 
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NHP immediately after vaccination may account for these observations. Memory B cell 483 

expansion after challenge likely provides a mechanism for the anamnestic antibody response 484 

detected in BAL. Although we detected this expansion in blood, it probably reflects a similar 485 

local response in lung lymphoid tissue (Poon et al., 2021). Importantly, the extent of anamnestic 486 

B cell activation may be dependent on the viral challenge dose and consequent virus replication.  487 

The increase in total IgG and measles-binding titers following challenge provide further evidence 488 

of a rapid polyclonal B cell response in the lung, likely driven by Toll-like receptor 7 (TLR7) 489 

activation by SARS-CoV-2, a single-stranded RNA virus (Bortolotti et al., 2021; Hornung et al., 490 

2002). Indeed, transient innate stimulation of B cells in the lung may be critical for the initial 491 

adaptive immune response to respiratory pathogens and appears to precede T cell expansion.  492 

 493 

There are multiple potential roles for T cells following vaccination by mRNA. This vaccine 494 

platform has been shown by us and others in NHP and humans to induce TH1, TFH and a low 495 

frequency of CD8+ T cells. TFH cells are important for inducing and sustaining antibody 496 

responses (Corbett et al., 2021b; Lederer et al., 2020; Painter et al., 2021; Pardi et al., 2018). 497 

Here we show that S-specific T cells decreased over the course of one year but were still 498 

detectable in a subset of vaccinated NHP at the time of challenge. A second potential role for T 499 

cells would be mediating control of viral replication in the lower airway to limit severe disease. 500 

Notably, we did not see increased TH1 or CD8+ T cell responses in the BAL of vaccinated NHP 501 

compared to controls following challenge. Interestingly, we detected CD8+ T cells in the blood 502 

before detection in the lungs post-challenge, which requires further investigation. Formal 503 

demonstration for whether T cells have a role in protection in the lungs would require depletion 504 

at the time of challenge. 505 
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 506 

A potential limitation relates to the extent of viral replication following B.1.617.2 challenge. The 507 

challenge stock used here was passaged once and fully matched the canonical B.1.617.2 S 508 

sequences obtained from humans. However, we did not observe greater sgRNA copy numbers in 509 

the upper airway than in previous challenges with B.1.351 or WA1 (Corbett et al., 2021b; 510 

Corbett et al., 2021c). Clinical reports have described substantially higher viral titers in the upper 511 

respiratory tract from B.1.617.2 infections compared to ancestral strains (Ong et al., 2021; 512 

Williams et al., 2021). It is possible that the NHP model does not precisely recapitulate human 513 

infection.  514 

 515 

We and others have previously shown that antibodies are a correlate of protection (Corbett et al., 516 

2021b; Gilbert et al., 2021). These studies are based on a short interval between vaccination and 517 

virus exposure or challenge. Here, we did not find a clear immune correlate of protection 518 

between binding or neutralizing antibody responses in the blood at the peak of the response or 519 

the time of challenge one year later. Additional analysis from human clinical trials with much 520 

larger numbers of vaccinated individuals than the 8 NHP in this study will be important for 521 

determining whether serum antibody titers remain as a correlate of protection in the long term. 522 

Indeed, the data presented here raise the possibility that the correlate of protection may lie in the 523 

ability of tissue-resident memory B cells to expand after infection. 524 

 525 

In summary, mRNA-1273 provided durable protection against B.1.617.2 challenge in the lower 526 

airways likely through anamnestic induction of antibody responses in the lung. An important 527 

consideration is that control of virus was both limited in the nose and briefly delayed in the 528 
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lungs, which together may provide the virus with greater opportunity for transmission, 529 

particularly if variants emerge that may be more transmissible, more virulent or more resistant to 530 

neutralization.  531 

 532 

METHOD DETAILS 533 

Cells and Viruses 534 

VeroE6 cells were obtained from ATCC (clone E6, ATCC, #CRL-1586) and cultured in 535 

complete DMEM medium consisting of 1x DMEM (VWR, #45000-304), 10% FBS, 25mM 536 

HEPES Buffer (Corning Cellgro), 2mM L-glutamine, 1mM sodium pyruvate, 1x Non-essential 537 

Amino Acids, and 1x antibiotics. VeroE6-TMPRSS2 cells were generated at Vaccine Research 538 

Center, NIH, Bethesda, MD. Isolation and sequencing of EHC-083E (D614G SARS-CoV-2), 539 

B.1.351 and B.1.617.2 for live virus neutralization assays were previously described (Edara et 540 

al., 2021a; Edara et al., 2021b; Vanderheiden et al., 2021). Viruses were propagated in Vero-541 

TMPRSS2 cells to generate viral stocks. Viral titers were determined by focus-forming assay on 542 

VeroE6-TMPRSS2 cells. Viral stocks were stored at -80°C until use.  543 

 544 

Sequencing of Virus Stock 545 

We used NEBNext Ultra II RNA Prep reagents (New England Biolabs) to prepare Illumina-546 

ready libraries, which were sequenced on a NextSeq 2000 (Illumina) as described previously 547 

(Corbett et al., 2021c). Demultiplexed sequence reads were analyzed in the CLC Genomics 548 

Workbench v.21.0.3 by (1) trimming for quality, length, and adaptor sequence, (2) mapping to 549 

the Wuhan-Hu-1 SARS-CoV-2 reference (GenBank accession number: NC_045512), (3) 550 

improving the mapping by local realignment in areas containing insertions and deletions 551 
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(indels), and (4) generating both a sample consensus sequence and a list of variants. Default 552 

settings were used for all tools. 553 

 554 

Rhesus Macaque Model, Immunizations, and Delta Challenge 555 

All experiments conducted according to NIH regulations and standards on the humane care and 556 

use of laboratory animals as well as the Animal Care and Use Committees of the NIH Vaccine 557 

Research Center and Bioqual, Inc. (Rockville, Maryland). 4- to 14-year-old Indian-origin rhesus 558 

macaques were housed at Bioqual, Inc. NHP were stratified based on age, weight, and gender 559 

into 2 cohorts (8 NHP per group). One group received 100µg mRNA-1273 at weeks 0 and 4, 560 

while the other group received 100µg of an mRNA control at weeks 0 and 4, as described 561 

previously (Corbett et al., 2021a). mRNA-1273 and mRNA controls were prepared in 1mL PBS. 562 

Vaccinations were given intramuscularly (IM) in the right quadriceps. 49 weeks after prime, 563 

NHP were challenge with 2x105 PFU of SARS-CoV-2 B.1.617.2. 1.5x105 PFU was resuspended 564 

in 3mL PBS and administered intratracheally, while 0.5x105 PFU was resuspended in 1mL PBS 565 

and administered intranasally, with half of the volume in each nostril.  566 

 567 

Serum and Mucosal Antibody Titers 568 

Determination of antibody responses in the blood and mucosa were performed as previously 569 

described for measurement of mucosal antibody responses (Corbett et al., 2020). Briefly, heat 570 

inactivated plasma was serially diluted 1:4. BAL fluid and nasal washes were concentrated 10-571 

fold with Amicon Ultra centrifugal filter device (Millipore Sigma) and then serially diluted 1:5. 572 

Total IgG and IgA antigen-specific antibodies to variant SARS-CoV-2 RBD-derived antigens 573 

were determined by enzyme-linked immunosorbent assay (ELISA) using MULTI-ARRAY 384-574 
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well streptavidin-coated plates (Meso Scale Discovery, MSD). Plates were coated with variant-575 

specific biotinylated antigens (see Table S1) at a concentration of 0.18μg/mL. MSD plate reader 576 

(Sector Imager 600) used for measurement of chemiluminescence. WHO international units were 577 

calculated using the MSD Reference Standard 1 against the WHO International Standard 578 

(NIBSC code: 20/136). 579 

 580 

Total IgG antibody titers in the BAL were quantitated by using the Human/NHP IgG Kit (MSD) 581 

and antibody titers to measles were quantitated by using the Monkey Anti-Measles IgG ELISA 582 

Kit (Alpha Diagnostics International) according to the manufacturer’s instructions.   583 

 584 

S-2P-ACE2 Binding Inhibition 585 

Heat inactivated plasma was diluted 1:40. BAL fluid and nasal washes were concentrated 10-fold 586 

with Amicon Ultra centrifugal filter devices (Millipore Sigma) and then diluted 1:5. ACE2 587 

binding inhibition assay was performed with V-Plex SARS-CoV-2 Panel 13 (ACE2) Kit (MSD) 588 

per manufacturer’s instructions.    589 

 590 

Focus Reduction Neutralization Assay 591 

FRNT assays were performed as previously described (Vanderheiden et al., 2020). Briefly, 592 

samples were diluted at 3-fold in 8 serial dilutions using DMEM (VWR, #45000-304) in 593 

duplicates with an initial dilution of 1:10 in a total volume of 60µl. Serially diluted samples were 594 

incubated with an equal volume of SARS-CoV-2 (100-200 foci per well) at 37oC for 1 hour in a 595 

round-bottomed 96-well culture plate. The antibody-virus mixture was then added to Vero cells 596 

and incubated at 37oC for 1 hour. Post-incubation, the antibody-virus mixture was removed and 597 
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100µl of prewarmed 0.85% methylcellulose (Sigma-Aldrich, #M0512-250G) overlay was added 598 

to each well. Plates were incubated at 37oC for 24 hours. After 24 hours, methylcellulose overlay 599 

was removed, and cells were washed three times with PBS. Cells were then fixed with 2% 600 

paraformaldehyde in PBS (Electron Microscopy Sciences) for 30 minutes. Following fixation, 601 

plates were washed twice with PBS and 100µl of permeabilization buffer (0.1% BSA [VWR, 602 

#0332], Saponin [Sigma, 47036-250G-F] in PBS), was added to the fixed Vero cells for 20 603 

minutes. Cells were incubated with an anti-SARS-CoV S primary antibody directly conjugated 604 

to biotin (CR3022-biotin) for 1 hour at room temperature. Next, the cells were washed three 605 

times in PBS and avidin-HRP was added for 1 hour at room temperature followed by three 606 

washes in PBS. Foci were visualized using TrueBlue HRP substrate (KPL, # 5510-0050) and 607 

imaged on an ELISPOT reader (CTL). 608 

 609 

Antibody neutralization was quantified by counting the number of foci for each sample using the 610 

Viridot program (Katzelnick et al., 2018). The neutralization titers were calculated as follows: 1 - 611 

(ratio of the mean number of foci in the presence of sera and foci at the highest dilution of 612 

respective sera sample). Each specimen was tested in duplicate. The FRNT50 titers were 613 

interpolated using a 4-parameter nonlinear regression in GraphPad Prism 8.4.3. Samples that do 614 

not neutralize at the limit of detection at 50% are plotted at 15, which was used for geometric 615 

mean calculations.  616 

 617 

Lentiviral Pseudovirus Neutralization 618 

Pseudotyped lentiviral reporter viruses were produced as previously described (Wu et al., 2021). 619 

Briefly, HEK293T/17 cells (ATCC CRL-11268) were transfected with the following: plasmids 620 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 24, 2021. ; https://doi.org/10.1101/2021.10.23.465542doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.23.465542


encoding S proteins from Wuhan-Hu-1 strain (GenBank no. MN908947.3) with a p.Asp614Gly 621 

mutation, a luciferase reporter, lentivirus backbone, and the human transmembrane protease 622 

serine 2 (TMPRSS2) genes. For pseudovirus encoding the S from B.1.351 and B.1.617.2, the 623 

plasmid was altered via site-directed mutagenesis to match the S sequence to the corresponding 624 

variant sequence as previously described (Corbett et al., 2021a). Plasma and/or sera, in duplicate, 625 

were tested for neutralizing activity against the pseudoviruses by quantification of luciferase 626 

activity in relative light units (RLU). The percentage of neutralization was normalized, with 627 

luciferase activity in uninfected cells defined as 100% neutralization and luciferase activity in 628 

cells infected with pseudovirus alone as 0% neutralization. IC50 titers were calculated using a 629 

log(agonist) versus normalized-response (variable slope) nonlinear regression model in Prism 630 

v9.0.2 (GraphPad). For samples that did not neutralize at the limit of detection at 50%, a value of 631 

20 was plotted and used for geometric mean calculations. 632 

 633 

Serum Antibody Avidity 634 

Avidity was measured as described previously (Francica et al., 2021) in an adapted ELISA assay. 635 

Briefly, ELISA against S-2P was performed in the absence or presence of sodium thiocyanate 636 

(NaSCN), and the avidity index (AI) was calculated by determining the ratio of IgG binding to 637 

S-2P in the absence or presence of NaSCN. The reported AI is the average of two independent 638 

experiments, each containing duplicate samples. 639 

 640 

Epitope Mapping 641 

Serum epitope mapping competition assays were performed using the Biacore 8K+ surface 642 

plasmon resonance system (Cytiva) as previously described (Corbett et al., 2021a). Briefly, anti-643 
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histidine antibody was immobilized on Series S Sensor Chip CM5 (Cytiva) through primary 644 

amine coupling using a His capture kit (Cytiva), allowing His-tagged SARS-CoV-2 S protein 645 

containing 2 proline stabilization mutations (S-2P) to be captured on active sensor surface. 646 

 647 

Competitor human IgG mAbs used for these analyses include: RBD-specific mAbs B1-182, 648 

CB6, A20-29.1, LY-COV555, A19-61.1, and S309. Negative control antibody or competitor 649 

monoclonal antibody (mAb) was injected over both active and reference surfaces. Then, NHP 650 

sera (diluted 1:100) was flowed over both active and reference sensor surfaces. Active and 651 

reference sensor surfaces were regenerated between each analysis cycle. 652 

 653 

Beginning at the serum association phase, sensorgrams were aligned to Y (Response Units) = 0, 654 

using Biacore 8K Insights Evaluation Software (Cytiva). Relative “analyte binding late” report 655 

points (RU) were collected and used to calculate relative percent competition (% C) using the 656 

following formula: % C = [1 – (100 * ( (RU in presence of competitor mAb) / (RU in presence of 657 

negative control mAb) ) )]. Results are reported as percent competition. Assays were performed 658 

in duplicate, with average data point represented on corresponding graphs. 659 

 660 

B Cell Probe Binding 661 

Previously isolated and cryopreserved PBMC were centrifuged into warm RPMI/10% FBS and 662 

resuspended in wash buffer (4% heat inactivated newborn calf serum/0.02% NaN3/ phenol-free 663 

RPMI). PBMC were transferred to 96-wells, washed twice in 1X PBS, and incubated with Aqua 664 

Blue live/dead cell stain (Thermo Fisher Scientific) at room temperature for 20 minutes. 665 

Following washing, cells were incubated with primary antibodies for 20 minutes at room 666 
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temperature. The following antibodies were used (monoclonal unless indicated): IgD FITC (goat 667 

polyclonal, Southern Biotech), IgM PerCP-Cy5.5 (clone G20-127, BD Biosciences), IgA Dylight 668 

405 (goat polyclonal, Jackson Immunoresearch Inc), CD20 BV570 (clone 2H7, Biolegend), 669 

CD27 BV650 (clone O323, Biolegend), CD14 BV785 (clone M5E2, Biolegend), CD16 BUV496 670 

(clone 3G8, BD Biosciences), IgG Alexa 700 (clone G18-145, BD Biosciences), CD3 APC-Cy7 671 

(clone SP34.2, BD Biosciences), CD38 PE (clone OKT10, Caprico Biotechnologies), CD21 PE-672 

Cy5 (clone B-ly4, BD Biosciences), and CXCR5 PE-Cy7 (clone MU5UBEE, Thermo Fisher 673 

Scientific). Cells were washed twice in wash buffer and then incubated with streptavidin-BV605 674 

(BD Biosciences) labeled B.1.617.2 S-2P and streptavidin-BUV661 (BD Biosciences) labeled 675 

WA1 S-2P for 30 minutes at 4°C (protected from light). Cells were washed twice in wash buffer 676 

and residual RBC were lysed using BD FACS Lysing Solution (BD Biosciences) at room 677 

temperature for 10 minutes. Following two final washes, cells were fixed in 0.5% formaldehyde 678 

(Tousimis Research Corp). All antibodies titrated to determine the optimal concentration. 679 

Samples were acquired on an BD FACSymphony cytometer and analyzed using FlowJo version 680 

10.7.2 (BD, Ashland, OR). 681 

 682 

Intracellular Cytokine Staining 683 

Cryopreserved PBMC and BAL cells were thawed and rested overnight in a 37°C/5% CO2 684 

incubator. The next morning, cells were stimulated with SARS-CoV-2 S protein (S1 and S2, 685 

matched to vaccine insert) and N peptide pools (JPT Peptides) at a final concentration of 2 μg/ml 686 

in the presence of 3mM monensin for 6 hours. The S1, S2 and N peptide pools are comprised of 687 

158, 157 and 102 individual peptides, respectively, as 15mers overlapping by 11 aa in 100% 688 

DMSO. Negative controls received an equal concentration of DMSO instead of peptides (final 689 
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concentration of 0.5%). Intracellular cytokine staining was performed as described (Donaldson et 690 

al., 2019). The following monoclonal antibodies were used: CD3 APC-Cy7 (clone SP34.2, BD 691 

Biosciences), CD4 PE-Cy5.5 (clone S3.5, Invitrogen), CD8 BV570 (clone RPA-T8, BioLegend), 692 

CD45RA PE-Cy5 (clone 5H9, BD Biosciences), CCR7 BV650 (clone G043H7, BioLegend), 693 

CXCR5 PE (clone MU5UBEE, Thermo Fisher), CXCR3 BV711 (clone 1C6/CXCR3, BD 694 

Biosciences), PD-1 BUV737 (clone EH12.1, BD Biosciences), ICOS Pe-Cy7 (clone C398.4A, 695 

BioLegend), CD69 ECD (cloneTP1.55.3, Beckman Coulter), IFN-g Ax700 (clone B27, 696 

BioLegend), IL-2 BV750 (clone MQ1-17H12, BD Biosciences), IL-4 BB700 (clone MP4-25D2, 697 

BD Biosciences), TNF-FITC (clone Mab11, BD Biosciences), IL-13 BV421 (clone JES10-5A2, 698 

BD Biosciences), IL-17 BV605 (clone BL168, BioLegend), IL-21 Ax647 (clone 3A3-N2.1, BD 699 

Biosciences), and CD154 BV785 (clone 24-31, BioLegend). Aqua live/dead fixable dead cell 700 

stain kit (Thermo Fisher Scientific) was used to exclude dead cells. All antibodies were 701 

previously titrated to determine the optimal concentration. Samples were acquired on a BD 702 

FACSymphony flow cytometer and analyzed using FlowJo version 10.8.0 (Treestar, Inc., 703 

Ashland, OR). 704 

 705 

BAL samples from weeks 6 and 25 were stimulated with S1 peptide pools only. One BAL 706 

sample from a vaccinated NHP on Day 2 post-challenge had extensive background staining for 707 

CD8 markers and was excluded from analysis of both S and N responses. 708 

 709 

Titration of Delta Stock in Syrian Hamsters 710 

All experiments conducted according to NIH regulations and standards on the humane care and 711 

use of laboratory animals as well as the Animal Care and Use Committees of the NIH Vaccine 712 
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Research Center and Bioqual, Inc. (Rockville, Maryland). 6-week-old male Syrian hamsters 713 

(Envigo) were housed at Bioqual, Inc. Hamsters were stratified based on weight into 3 cohorts of 714 

4 hamsters each. Hamsters were infected with B.1.617.2 challenge doses of 105, 104, and 103 715 

PFU diluted in 100µL PBS and split between both nostrils. Weight changes and clinical 716 

observations were collected daily.  717 

 718 

Titration of Delta Stock in Nonhuman Primates 719 

All experiments conducted according to NIH regulations and standards on the humane care and 720 

use of laboratory animals as well as the Animal Care and Use Committees of the NIH Vaccine 721 

Research Center and Bioqual, Inc. (Rockville, Maryland). 4-year-old male Indian-origin rhesus 722 

macaques were housed at Bioqual, Inc. NHP were stratified based on weight into 2 cohorts (3 723 

NHP per group). Groups received 1x105 or 1x106 PFU of SARS-CoV-2 B.1.617.2. 75% of the 724 

challenge dose was resuspended in 3mL PBS and administered intratracheally, while the 725 

remaining virus was resuspended in 1mL PBS and administered intranasally, with half of the 726 

volume in each nostril. BAL fluid and nasal swabs were collected on days 2, 5 and 7 following 727 

challenge for sgRNA quantification. 728 

 729 

Subgenomic RNA Quantification 730 

sgRNA was isolated and quantified as previously described (Corbett et al., 2021c). Briefly, total 731 

RNA was extracted from BAL fluid and nasal swabs using RNAzol BD column kit (Molecular 732 

Research Center). PCR reactions were conducted with TaqMan Fast Virus 1-Step Master Mix 733 

(Applied Biosystems), forward primer in the 5’ leader region, and the following gene-specific 734 

probes and reverse primers. 735 
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 736 

sgLeadSARSCoV2_F: 5’-CGATCTCTTGTAGATCTGTTCTC-3’ 737 

 738 

E gene 739 

E_Sarbeco_P: 5’-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1-3’ 740 

E_Sarbeco_R: 5’-ATATTGCAGCAGTACGCACACA-3’ 741 

 742 

N gene 743 

wtN_P: 5’-FAM-TAACCAGAATGGAGAACGCAGTGGG-BHQ1-3’ 744 

wtN_R: 5’-GGTGAACCAAGACGCAGTAT-3’ 745 

 746 

Amplifications were performed with a QuantStudio 6 Pro Real-Time PCR System (Applied 747 

Biosystems). The assay lower limit of detection was 50 copies per reaction. 748 

 749 

TCID50 Assay 750 

Vero-TMPRSS2 cells (obtained from Adrian Creanga, Vaccine Research Center-NIAID) were 751 

plated at 25,000 cells/well in DMEM with 10% FBS and gentamicin, and the cultures were 752 

incubated at 37°C, 5.0% CO2. Media was aspirated and replaced with 180μL of DMEM with 2% 753 

FBS and gentamicin. 10-fold serial dilutions of samples starting from 20μL of material were 754 

added to the cells in quadruplicate and incubated at 37°C for 4 days. Positive (virus stock of 755 

known infectious titer) and negative (medium only) controls were included in each assay. The 756 

plates were incubated at 37°C, 5.0% CO2 for 4 days. Cell monolayers were visually inspected for 757 

cytopathic effect (CPE). The TCID50 was calculated using the Read-Muench formula. 758 
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 759 

Histopathology and Immunohistochemistry 760 

Histopathology and immunohistochemistry (IHC) were performed as described previously 761 

(Corbett et al., 2020). Briefly, H&E staining and IHC were conducted and analyzed by a board-762 

certified veterinary pathologist with an Olympus BX51 light microscope. A rabbit polyclonal 763 

anti-SARS-CoV-2 antibody (GeneTex, GTX135357) at a dilution of 1:2000 was used for IHC. 764 

Photomicrographs were taken on an Olympus DP73 camera. 765 

 766 

Statistical Analysis 767 

NS denotes that the indicated comparison was not significant, with P>0.05. We did not perform 768 

statistical analysis at any timepoint in which we had samples from fewer than 5 NHP. 769 

 770 

Comparisons between groups, or between timepoints within a group, are based on unpaired and 771 

paired t-tests, respectively. All analysis for serum epitope mapping was performed using 772 

unpaired, two-tailed t-test. Binding, neutralizing and viral assays are log-transformed as 773 

appropriate and reported with geometric means and corresponding confidence intervals where 774 

indicated. Correlations are based on Spearman’s nonparametric rho, and the associated 775 

asymptotic p-values. There are no adjustments for multiple comparisons, so all p-values and 776 

significance testing should be interpreted as suggestive rather than conclusive. All analyses are 777 

conducted using R version 4.0.2 and GraphPad Prism version 8.2.0 unless otherwise specified. 778 

 779 

RESOURCES AVAILABILITY 780 

Lead contact 781 
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Further information and requests for resources should be directed to and will be fulfilled by the 782 

lead contacts, Daniel C. Douek (ddouek@mail.nih.gov) and Robert A. Seder 783 

(rseder@mail.nih.gov). 784 

 785 

Materials availability 786 

This study did not generate new unique reagents. 787 

 788 

Data and code availability 789 

All data is in the main text or supplementary figures. 790 
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Figure 1 mRNA-1273 elicits SARS-CoV-2 binding and neutralizing antibodies 

(A-D) Sera were collected at weeks 6, 24 or 25, and 48 post-immunization, and days 2, 4, 7 and 

14 post-challenge. IgG binding titers to (A) WA1 S-2P, (B) WA1 RBD, (C) B.1.617.2 RBD, and 

(D) B.1.351 RBD. IgG binding titers in (A) are expressed in WHO units. Circles in (A-D) 

indicate individual NHP. Boxes represent interquartile range with the median denoted by a 

horizontal line. 4-8 NHP per group. Dotted lines in (A-D) are for visualization purposes and 

denote 1-log10 (A) or 4-log10 (B-D) increases in binding titers. Statistical analysis shown for 

mRNA-1273 cohort only. 

 

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

assessed from a live virus assay with D614G, P.1, B.1.351, and B.1.617.2. Circles indicate GMT, 

and error bars represent 95% CI. Values above circles represent fold reduction in GMT for each 

variant in comparison to D614G at each timepoint. Dotted line indicates assay limit of detection. 

8 NHP per group. Statistical analysis shown for variant-specific responses at week 24 and 48 in 

comparison to corresponding variant-specific responses at preceding timepoint. 

 

(F-G) Sera were collected at weeks 6, 24 and 48 post-immunization, and days 2, 4, 7 and 14 

post-challenge. Neutralizing antibody titers assessed from a lentiviral pseudovirus assay with 

either D614G or B.1.617.2 S. (F) Light red lines and symbols indicate individual NHP while 

dark red lines and symbols indicate GMT. Values above symbols represent fold reduction in 

neutralizing titers to B.1.617.2 compared to D614G at each timepoint. Dotted line indicates assay 

limit of detection. Statistical analysis shown for neutralizing titers to B.1.617.2 in comparison to 

D614G at each timepoint. (G) Circles indicate GMT, and error bars represent 95% CI. Dotted 
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line indicates assay limit of detection. Statistical analysis shown for variant-specific responses at 

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

timepoint. 4-8 NHP per group. 

(H) Sera were collected at weeks 6, 24 and 48 post-immunization to determine anti-WA1 S-2P 

IgG avidity index. Circles indicate GMT, and error bars represent 95% CI. Statistical analysis 

shown for avidity at week 24 and 48 in comparison to avidity at preceding timepoint. 8 NHP per 

group.

See also Table S1 for list of mutations in MULTI-ARRAY ELISA and Figure S1 for live virus 

neutralizing responses from individual NHP and experimental schematic. 
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Figure 2 B.1.617.2 S-2P-binding serum antibodies recognize epitopes associated with 

neutralization  

(A) Relative serum reactivity was measured as percent competition of total measured serum 

antibody S-2P binding competed by single monoclonal antibody (mAb) targeting cross-reactive 

RBD epitopes on both WA1 and B.1.617.2 S-2P at Week 48 post-immunization. Antigenic sites 

are defined by mAbs 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 NHP per group. Statistical analysis shown for percent 

competition of binding to indicated epitopes on WA1 S-2P in comparison to B.1.617.2 S-2P. 

(B-C) Longitudinal analysis of relative serum reactivity to cross-reactive RBD epitopes on both 

WA1 (B) and B.1.617.2 S-2P (C) was evaluated at 6, 24 and 48 weeks post-immunization. 5-8 

NHP per group. Statistical analysis shown for percent competition of binding to indicated 

epitopes at week 48 in comparison to week 6.  

(D) SARS-CoV-2 S models with B.1.617.2 mutations indicated in red and deletions in black 

shown in complex with non-neutralizing (LY-COV555, S309) and neutralizing (B1-182, CB6, 

A19-61.1) mAbs.  

(E) Footprints of both non-neutralizing (LY-COV555, S309) and neutralizing (B1-182, CB6, 

A19-61.1) mAbs indicate areas of binding on B.1.617.2 receptor binding domain (RBD) with 

mutations highlighted in red. 

See also Table S2 for Barnes classifications of mAbs. 
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Figure 3 RBD-binding mucosal antibodies observe distinct kinetic patterns in the upper 

and lower airway 

(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-B) WA1 and (C-D) B.1.617.2 RBD-binding IgG titers in the 

lower (A, C) or upper airway (B, D). Circles in (A-D) indicate individual NHP. 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 NHP 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-2 WA1 (E-F) and B.1.617.2 

(G-H) S-2P binding to ACE2 measured both alone and in the presence of BAL (E, G) or nasal 

wash (F, H) in order to calculate % inhibition. Circles denote individual NHP. Boxes represent 

interquartile range with the median denoted by a horizontal line. Dotted lines set to 0% 

inhibition. 4-8 NHP per group. 

 

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

See also Figure S2 for IgA responses and kinetics of B.1.617.2 RBD-binding IgG titers for 

individual NHP.  
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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 for WA1 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 NHP. Boxes represent interquartile range with the median denoted 

by a horizontal line. 4-7 NHP per group. Break in Y-axis indicates a change in scale without a 

break in the range depicted. 

 

(E) Pie charts indicating the proportion of SARS-CoV-2 S-specific memory B cells that bind to 

WA1 S-2P alone (light gray), B.1.617.2 S-2P alone (black), or both (dark gray) at weeks 6, 25 

and 42 post-immunization, and day 28 post-challenge. Values inside pie charts represent the 

percentage of all memory B cells that bind any SARS-CoV-2 S-2P probe at each timepoint. 4-7 

NHP per group. Top row. mRNA-1273 group. Bottom row. mRNA control group. 

 

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

consistent with naïve (white), tissue-like memory (light gray), resting memory (dark gray), or 

activated memory (black) cells at weeks 6, 25 and 42 post-immunization, and day 28 post-

challenge. 4-7 NHP per group. Top row. mRNA-1273 group. Bottom row. mRNA control group. 

 

See also Figure S3 for gating strategy. 
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Figure 5
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Figure 5 B.1.617.2 challenge induces an anamnestic T cell response in the periphery of 

vaccinated NHP 

(A-E) PBMC collected at weeks 0, 6, 25 and 42 post-immunization, and days 2, 4, 7 and 14 post-

challenge. Cells were stimulated with SARS-CoV-2 S1 and S2 peptide pools and then measured 

by intracellular staining. (A-B) Percentage of memory CD4+ T cells with (A) TH1 markers (IL-2, 

TNF or IFNγ) or (B) TH2 markers (IL-4 or IL-13) following stimulation. (C) Percentage of CD8+ 

T cells expressing IL-2, TNF or IFNγ. (D-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 2, 4, 7 and 14 

post-challenge. Lymphocytes in the BAL were stimulated with S1 and S2 peptide pools and 

responses measured by intracellular cytokine staining using TH1 (F), TH2 (G), and CD8 markers 

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

 

Circles in (A-H) indicate individual NHP. 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 NHP per group. Statistical analysis shown for mRNA-1273 

cohort only. See also Figure S3 for gating strategy and Figure S4 for T cell responses to N 

peptides in the lower airway. 
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Figure 6 B.1.617.2 replication is reduced in the upper and lower airway of mRNA-1273-

immunized NHP 

(A-D) BAL and NS were collected 2, 4, 7 and 14 days after challenge with 2x105 PFU 

B.1.617.2. Copy numbers of sgRNA_E (A-B) and sgRNA_N (C-D) in the BAL (A, C) or nose 

(B, D). 4-8 NHP per group. 

 

(E-F) Viral titers per mL of BAL (E) or per NS (F) collected 2 and 4 days after challenge. 8 NHP 

per group. 

 

Circles in (A-F) indicate individual NHP. Boxes represent interquartile range with the median 

denoted by a horizontal line. Dotted lines indicate assay limit of detection. Statistical analysis 

shown for mRNA-1273 cohort in comparison to control NHP at indicated timepoints.  

 

See also Figure S5 for B.1.617.2 challenge stock characterization, Figure S6 and Table S3 for 

correlates analysis, and Figure S7 for non-specific immune responses following challenge. 
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Figure 7 mRNA-1273 provides durable protection in the lower airway from B.1.617.2 

(A-B) Representative images of lung samples 7 days after B.1.617.2 challenge from 4 NHP 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 staining (H&E) illustrating the extent of 

inflammation and cellular infiltrates. Images at 10x magnification with black bars for scale 

(100µm). 

 

(C) SARS-CoV-2 antigen and inflammation scores in the left cranial lobe (Lc), right middle lobe 

(Rmid), and right caudal lobe (Rc) of the lungs 7 days after B.1.617.2 challenge. Antigen scoring 

legend: - no antigen detected; +/- rare to occasional foci; + occasional to multiple foci; ++ 

multiple to numerous foci; +++ numerous foci. Inflammation scoring legend: - minimal to absent 

inflammation; +/- minimal to mild inflammation; + mild to moderate inflammation; ++ moderate 

to severe inflammation; +++ severe inflammation. Horizontal rows correspond to individual 

NHP depicted above (A-B).  
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