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ABSTRACT – 240 words  

 

Background:  

While Coronavirus disease 2019 (Covid-19) vaccines are highly effective, breakthrough infections are 

occurring. Booster vaccinations have recently received emergency use authorization (EUA) for certain 

populations but are restricted to homologous mRNA vaccines. We evaluated homologous and 

heterologous booster vaccination in persons who had received an EUA Covid-19 vaccine regimen. 

Methods: 

In this phase 1/2 open-label clinical trial conducted at ten U.S. sites, adults who received one of three 

EUA Covid-19 vaccines at least 12 weeks prior to enrollment and had no reported history of SARS-CoV-2 

infection received a booster injection with one of three vaccines (Moderna mRNA-1273 100-μg, Janssen 

Ad26.COV2.S 5×10
10

 virus particles, or Pfizer-BioNTech BNT162b2 30-μg; nine combinations). The 

primary outcomes were safety, reactogenicity, and humoral immunogenicity on study days 15 and 29. 

Results: 

458 individuals were enrolled: 154 received mRNA-1273, 150 received Ad26.CoV2.S, and 154 received 

BNT162b2 booster vaccines. Reactogenicity was similar to that reported for the primary series. Injection 

site pain, malaise, headache, and myalgia occurred in more than half the participants.  Booster vaccines 

increased the neutralizing activity against a D614G pseudovirus (4.2-76-fold) and binding antibody titers 

(4.6-56-fold) for all combinations; homologous boost increased neutralizing antibody titers 4.2-20-fold 

whereas heterologous boost increased titers 6.2-76-fold. Day 15 neutralizing and binding antibody titers 

varied by 28.7-fold and 20.9-fold, respectively, across the nine prime-boost combinations. 

Conclusion: 
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Homologous and heterologous booster vaccinations were well-tolerated and immunogenic in adults 

who completed a primary Covid-19 vaccine regimen at least 12 weeks earlier. 

 

(Funded by National Institute of Allergy and Infectious Diseases; Clinical Trials.gov number, 

NCT04889209) 

Key Words (3-10):  Covid-19, SARS-CoV-2, Booster, Vaccine, mRNA, recombinant adenovirus, antibody  
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INTRODUCTION: (2690 words – 2700 allowable) 

 

The successful development of safe and effective vaccines targeting the Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2) is a remarkable achievement. High vaccine efficacy against clinical 

outcomes, tolerability and safety resulted in Emergency Use Authorization (EUA) by the U.S. Food and 

Drug Administration (FDA) of three Covid-19 vaccines between December 2020 and February 2021.
1-3

 

Widespread roll-out of these vaccines, as well as vaccines from other manufacturers worldwide, has 

resulted in more than 6.4 billion doses of vaccine administered, with 187.2 million U.S. individuals 

(65.3% of the population) being fully vaccinated as of October 8, 2021.
4
  

 Although the vaccines currently approved or available under EUA in the U.S. provide high levels 

of protection against severe illness and death, the increased transmission of the Delta variant resulted in 

increasing numbers of breakthrough infections in fully vaccinated individuals.
5-7

 This coincided with 

evidence of waning of immunity in some vaccinated populations.
6-8

 Booster vaccines may enhance 

waning immunity and expand the breadth of immunity against SARS-CoV-2 variants of concern.  Levels 

of binding and neutralizing antibodies correlate with vaccine efficacy for both mRNA and adenovirus-

vectored vaccines, and likely have utility in predicting efficacy after boosting.
9-12

  A homologous booster 

with 30μg BNT162b2 increased neutralizing antibody titers against wild-type virus and the Delta variant 

to more than 5 times as high as after dose 2.
13

 A booster injection of 50 µg of mRNA-1273 increased 

neutralizing antibody titers against wild-type virus and the Delta variant 3.8-fold and 2.1-fold higher, 

respectively, than after the primary series.
14

 Based on evidence of increased neutralizing titers after a 

third dose of vaccine, homologous BNT162b2 booster vaccination received EUA and is currently 

recommended for high-risk populations and select EUA applications for homologous boosting with 

mRNA-1273 and Ad26.CoV2.S are under review by FDA. 
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 Heterologous prime boost strategies may offer immunological advantages to optimize the 

breadth and longevity of protection achieved with currently available vaccines. Administration of an 

mRNA vaccine after the initial ChAdOx1 dose as the second dose of a two-dose regimen was safe and 

had enhanced immunogenicity compared to the two-dose homologous ChAdOx1 vaccine.
15-17

 The use of 

heterologous booster vaccines, if similarly tolerable and immunogenic, could also simplify the logistics of 

administering booster vaccines.  

We conducted a phase 1/2 clinical trial to assess the safety, reactogenicity, and immunogenicity 

of booster vaccination in persons who previously received a Covid-19 vaccine under EUA at least 12 

weeks earlier to rapidly generate data about the safety and immunogenicity of booster doses, including 

heterologous boosting regimens.  We report the initial results of this trial. 

 

METHODS 

 

Trial Design and Participants:   

This phase 1/2 adaptive design, open-label clinical trial was performed in sequential stages at ten clinical 

sites. Eligible participants were healthy adults who had received a Covid-19 vaccine available under EUA 

(Ad26.COV2.S [Janssen], mRNA-1273 [Moderna, Inc], or BNT162b2 [Pfizer/BioNTech]) at least 12 weeks 

earlier and reported no prior history of SARS-CoV-2 infection or monoclonal antibody infusion. We did 

not screen for past or current evidence of SARS-CoV-2 infection to facilitate rapid enrollment into the 

study. Full eligibility criteria are available in the protocol (available at NEJM.org).  

 The trial was reviewed and approved by a central institutional review board and overseen by an 

independent safety monitoring committee. All participants provided written informed consent prior to 

undergoing any study-related activities. 
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Vaccine 

 The study vaccines used were mRNA-1273 100-μg (Stage 1), Ad26.COV2.S 5×10
10

 virus particles 

(Stage 2), and BNT162b2 30-μg (Stage 3),
1-3

 providing 9 different combinations of primary vaccination-

boost (Stage 1, groups 1-3; Stage 2, groups 4-6; Stage 3, groups 7-9). Vaccines were administered as 

directed in their respective EUAs. 

 

Trial Procedures:  

Study participants were enrolled in two age groups, 18-55 years and > 56 years, with 

approximately equal numbers in the two age strata and the three EUA-dosed vaccine groups (N = 

50/group). After informed consent was obtained, participants were screened by medical history, 

targeted physical examination, and urine pregnancy test (if indicated), and eligible persons received the 

study booster vaccine. Participants were observed for 30 minutes after vaccination. Blood was collected 

for immunogenicity assessments at Days 1 (pre-vaccination), 15, and 29. 

Participants used a memory aid to record local and systemic solicited adverse events (AEs) for 7 

days following vaccination. Unsolicited AEs through 28 days following vaccination also were collected.  

Grading of AEs used the FDA’s Toxicity Grading Scale for Healthy Adult and Adolescent Volunteers 

Enrolled in Preventive Vaccine Clinical Trials.
18

 All serious adverse events (SAEs), new onset chronic 

medical conditions (NOCMCs), adverse events of special interest (AESIs), or related medically attended 

adverse events (MAAEs) are collected for the duration of the 12-month study and are reported through 

Study Day 29 in this report.  

 

Immunogenicity:   
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Immunogenicity was assessed on Day 1 prior to booster vaccination and at Days 15 and 29 (unavailable 

for all groups) after boost. Serum binding antibody (bAb) levels against S-2P were evaluated with the 

MSD® 384-well Custom Serology Assay Electrochemiluminescence Immunoassay (4-plex ECLIA) version 2 

(in validation) and using the 10-plex ECLIA for emerging SARS-CoV-2 variant spike proteins.
19

 SARS-CoV-2 

neutralization titers expressed as the serum inhibitory dilution required to achieve 50% and 80% 

neutralization (ID50 and ID80, respectively) were determined by group, age group and timepoint, using 

pseudotyped lentiviruses presenting SARS-CoV-2 spike variants D614G, and for groups 1 to 3, B.1.617.2 

(Delta) and B.1.351 (Beta), as described previously.
20

 For the Beta variant, only a random subset of 

samples (20 per EUA vaccine, distributed equally between age groups and sites) was analyzed.  

Neutralizing activity was expressed in International Units (IU50/mL and IU80/mL) for the D614G 

neutralization assay. 

 

 
Statistical Analysis: 

Safety analyses included all participants who received the booster vaccines. Immunogenicity analyses 

included only those who had at least one post-boost serum sample available for testing. No statistical 

comparisons between groups were planned and the analyses of safety and immunogenicity endpoints 

are only descriptive. The selected sample sizes of 50 per group and 25 per age stratum, allow for 99.5% 

and 92.8% probability of observing at least one an AE with a true event rate of 10%, respectively. 

Confidence intervals were not adjusted for multiplicity. The statistical analysis plan for this study is 

available at NEJM.org.  

 

 

RESULTS 
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Trial population 

Four hundred fifty-eight participants were enrolled: 154, 150 and 154 in each of the three stages 

(Fig. S1).  The demographic characteristics were similar across stages (Table 1). The interval between 

priming EUA vaccination and booster vaccination was shortest among those who were boosted with 

mRNA-1273, reflecting the temporal progression of enrollment across the sequential study stages (Table 

1). Two participants (one each in groups 4 and 6 of Stage 2) had serologic evidence (nucleocapsid 

protein antibody) of prior SARS-CoV-2 infection and were included in the analyses. No more than 6% of 

samples were unavailable for analysis per group. One participant in group 5 (Stage 2) developed Covid-

19 two days prior to Study Day 29 and is included in the analysis. 

 

Vaccine Safety 

Two SAEs, unrelated to study vaccination, were reported.  One (acute renal failure due to 

rhabdomyolysis from a fall) was reported 30 days after mRNA-1273 vaccination, and the other (acute 

cholecystitis) occurred 24 days after Ad26.COV2.S vaccination.  No pre-specified study-halting rules were 

met, and no new onset chronic medical conditions occurred through study day 29.  One related AESI 

(severe vomiting that led to a medically attended visit the day after vaccination) occurred in group 5 

(Ad26.COV2.S boost). The number (and percentage) of participants reporting unsolicited AEs, of any 

severity grade, that were deemed related to the study product was 24/154 (15.6%) in mRNA-1273 

recipients, 18/150 (12.0%) in Ad26.COV2.S recipients and 22/154 (14.3%) in BNT162b2 recipients Table 

S1-S3). Most participants reporting related AEs ranked the AE as Grade 2 severity at most.  There were 

four related Grade 3 AEs: one participant in the mRNA-1273 group (vomiting) and three in the 

Ad26.COV2.S group (one each of vomiting, fatigue/abnormal feeling, insomnia).  
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Injection site AEs were common, with local pain or tenderness being reported in 75-86%, 71-84%, and 

72-92% of mRNA-1273, Ad26COV2.S and BNT162b2 recipients, respectively (Fig. 1, Tables S4-S6).  Most 

injection site reactions were graded as mild, and only two (one mRNA-1273 and one Ad26COV2.S) 

reported as severe. Malaise, myalgias, and headaches were also commonly reported (Fig. 1, Table S7-

S9).  The proportion of participants reporting severe systemic solicited events/symptoms (out of the 

total 458 enrolled in all three stages) are as follows: malaise and/or fatigue in 2.0-4.5%, myalgia in 0-

3.3%, headache in 0.7-3.3%, nausea in 0-2.7%, chills in 0-3.3%, arthralgia in 0.6-2.0% and fever in 0.7-

2.7%. Local and systemic reactions were most likely to occur in the 1-3 days after booster vaccination, 

and there were no clear patterns of reaction frequency for solicited or unsolicited AEs by primary EUA 

vaccine received or age group (Tables S1-S9).  

 

Immunogenicity 

SARS-CoV-2 Binding Antibody Responses 

All participants but one (Ad26.COV2.S) had demonstrable bAb prior to vaccine administration (Table 2, 

Fig. 2). Baseline bAb to the WA-1 strain was 3-15-fold lower in those who received single-dose 

Ad26.COV2.S compared to the EUA-dosed mRNA vaccines (Table 2, Tables S10-S27). All groups 

demonstrated an increase in bAb following boost. A 2-fold or greater rise in bAb was noted in 98-100% 

of Ad26.COV2.S recipients, 96-100% of mRNA-1273 recipients and 98-100% of BNT162b2 recipients 

following mRNA booster dosing. The geometric mean fold rises in bAb titers ranged from 4.6-56 at Day 

15, and were greatest for those who received BNT162b2 and mRNA-1273 boost after an Ad26.COV2.S 

primary vaccination (33- and 56-fold respectively). The Ad26.COV2.S boost increased bAb titers in all 
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EUA dosed recipients but the Ad26.CoV.2-primed recipients achieved a level 7-10-fold lower compared 

to those who received an mRNA vaccine priming regimen.  Antibody titers to the Delta variant were also 

evaluated in the 10-plex ECLIA (Tables S28-S33). At baseline, bAb levels to the Delta variant were 34%-

45% lower compared with binding of the Wa-1 strain in the same assay. Following boost, all participants 

had detectable bAb to the Delta variant and the level was only 15-36% lower compared with the Wa-1 

strain. Sera from the older and younger age groups had similar bAb levels. Serologic responses to Wa-1 

and Beta strains for 4-plex ECLIA (arbitrary units/mL)  (Tables S10-S21, S34-39), and WA-1 and Delta on 

the 10-plex ECLIA are reported in the Supplementary Appendix (Tables S22-S27, S34-S39). 

 

SARS-CoV-2 Neutralizing Antibody Responses 

All sera from participants who had received mRNA-1273 as an EUA vaccine had pre-booster neutralizing 

activity to the D614G strain at study enrollment, while sera from 24 (15.8%) individuals who had 

received Ad26.COV2.S and five (3.3%) who had received BNT162b2 had no detectable D614G 

neutralizing activity.  Serum neutralization (IU50/mL) levels prior to booster vaccination were 

approximately three-and ten-fold lower for BNT162b2 and Ad26.COV2.S recipients, respectively, 

compared to recipients of mRNA-1273, irrespective of interval between EUA vaccination or booster 

vaccination administered (Table 2, Tables S40-S45).  The Study Day 15 post-boost neutralization titers 

ranged from 676.1-901.8 IU50/ml for participants boosted with mRNA-1273, 31.2-382.2 IU50/ml for 

those boosted with Ad26.COV2.S, and 341.3-677.9 IU50/mL for those boosted with BNT162b2. The 

geometric mean fold rises in neutralization titers were greatest for Ad26.COV2.S EUA vaccine recipients, 

followed by BNT162b2 and mRNA-1273 recipients. In general, Day 15 titers post-boost were highest in 

mRNA-1273-primed participants, followed by BNT162b2 and Ad26.COV2.S, irrespective of the booster 
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vaccine administered.  Persons who received an mRNA-based booster vaccination had a four-fold 

increase in their neutralization response more frequently than those who were boosted with 

Ad26.COV.S. Similar findings were observed when IU80/mL neutralization levels were assessed (Tables 

S46-S51). 

 At the time of this report, neutralization responses against the Delta and Beta variants were only 

available in those boosted with mRNA-1273.  Overall, pre-booster serum neutralization levels were 

lower for the Delta and Beta variants than those measured against the D614G variant. All but four 

participants (two Ad26.COV2.S, two mRNA-1273) and two (one Ad26.COV2.S, one mRNA-1273) persons 

had four-fold or greater increases in ID50 titers to the Delta and Beta variants, respectively following the 

booster vaccination; similar findings were observed when ID80 neutralization levels were assessed 

(Tables S64-S71). 

 

DISCUSSION 

We report interim findings from this clinical trial examining the safety, tolerability and 

immunogenicity of SARS-CoV-2 booster vaccination in healthy adults who had previously received a full 

EUA Covid-19 vaccine series. All booster vaccines were immunogenic in subjects irrespective of the 

primary EUA regimen. The fold increases from baseline in both binding and neutralizing antibody titers 

were similar or greater after heterologous boosts compared to homologous boosts. Reactogenicity was 

similar to that described in prior evaluations of Ad26.COV2.S, mRNA-1273 and BNT162b2 vaccines
1-3

 and 

did not differ between heterologous and homologous boosts. No safety concerns were identified. 

Serum binding and neutralizing antibody activity correlates with protection from Covid-19 

following mRNA and adenovirus-vectored vaccination.
9,11

  However, these correlates of protection were 
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calculated based on data collected prior to widespread Delta variant circulation, although a recent 

analysis found that neutralizing antibody levels also correlate with protection from variants of concern, 

including Delta.
12

 A substantial increase in neutralizing antibody titers was observed in all study 

participants following booster vaccination irrespective of booster and primary vaccine series.  

All groups, with the exception of the homologous Ad26.COV2.S prime-boost group, achieved 

post-boost neutralizing geometric mean IU50/mL levels of >100, which in a previous study correlated 

with 90.7% vaccine efficacy.
9 

 This cutoff, however, predicts efficacy for preventing symptomatic disease 

(Covid-19). These data strongly suggest that homologous and heterologous booster vaccine will increase 

protective efficacy against symptomatic SARS-CoV-2 infection. Predicting vaccine efficacy against severe 

SARS-CoV-2 infection and death is significantly more challenging, and binding and neutralizing 

antibodies alone may not reflect measures of protection against these more important outcomes.
12

 

The geometric mean neutralizing level of 901.8 IU50/mL after homologous boost of the mRNA-

1273 EUA vaccine recipients was substantially higher than that achieved (GMT 247 IU50/mL) 

approximately four weeks after completion of the primary two-dose mRNA-1273 vaccine series among 

persons who did not develop Covid-19,
9
 indicating a robust anamnestic response following booster 

vaccination. Similar responses have been reported after homologous boosting with mRNA-1273, 

BNT162b2, and Ad26.COV2.S vaccines.
13,21,22 

Neutralizing activity against the Delta and Beta variants also 

increased substantially following booster vaccination among those evaluated in Stage 1.  Many of these 

study participants did not have detectable neutralizing activity to these variants prior to boost, but all 

had detectable responses following booster vaccination.  The neutralizing activity post-boost against the 

Delta variant was about 3-fold lower compared to D614G, and this decrement was similar regardless of 

primary vaccine series. This is similar to the lower neutralization values for Delta compared to D614G 
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seen after primary vaccination with mRNA-1273.
19

 Despite the lower titer against Delta, mRNA-1273 has 

been shown to be protective against hospitalization and death from infection from the Delta variant.
23 

These data suggest that boosting with the original mRNA-1273 vaccine could maintain continued 

protection against variants of concern and comports with previous reports.
13,14,21

  Data for the 

neutralization titers against Delta and Beta after Stage 2 and 3 boosts will soon be available. 

Our study has limitations.  It was not designed to directly compare responses between different 

booster regimens.  The sample size is insufficient for inter-group comparisons, and the demographics of 

those studied are not representative of the US population.  Volunteers were not randomized into 

groups, nor stratified with respect to population characteristics or interval from last vaccination. 

Similarly, the sample size and interim follow-up period were not sufficient to identify rare or late 

adverse events following booster vaccination, and the interval between completion of the primary series 

and the booster vaccination evaluated is shorter than the 6 months authorized for BNT162b2.  The 

immunogenicity data are limited to immune responses through Study Day 29, and only serologic 

responses are reported.  The different homologous and heterologous vaccination regimens may vary in 

terms of cellular and humoral immune responses as well as longevity of the response.   

In summary, this preliminary report demonstrates that boosting with any of the three vaccines 

currently licensed or authorized for emergency use in the US will stimulate an anamnestic response in 

persons who previously received of the primary series of any of these vaccines. Homologous boosts 

provided a wide range of immunogenicity responses, with heterologous boosts providing comparable or 

higher titers. Reactogenicity and adverse events were similar across booster groups. These data suggest 

that if a vaccine is approved or authorized as a booster, an immune response will be generated 

regardless of the primary Covid-19 vaccination regimen. 
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Disclosure:  The results presented here are interim data from an ongoing study and the database is not 

locked. Data have not been subjected to source verification or standard quality check procedures that 

would ordinarily occur at database lock. All sites are monitored by independent contractors. 
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Figure 1 | Reactogenicity   

Injection site and systemic reactions reported within 7 days after administration of the Ad26.COV2.S, 

mRNA-1273, and BNT162b2 boosts are depicted by primary EUA immunization regimen. Local and 

systemic reactions following boost were graded as mild (does not interfere with activity), moderate 

(interferes with activity) or severe (prevents daily activity).  

 

Figure 2 | Binding Antibody and Neutralizing Antibody Titers 

 

SARS-CoV-2 IgG binding antibody titers (A-C) and pseudovirus neutralization IU50/mL titers (D-F) at 

Study Day 1 (baseline), Study Day 15 (post-boost), and Study Day 29 (subset analysis; day 29 data not 

available for all groups). Binding antibody responses to wildtype (S-2P-WA-1 control), as measured by 4-

plex ECLIA, and neutralizing antibody (NAb) levels to D614G, grouped by primary EUA immunization 

regimen (Ad26.COV2.S, mRNA-1273 and BNT162b2) and booster dosing are depicted.  Titers were 

bridged to international standards and reported as Binding Antibody Units/mL and International Units 

(IU) 50% inhibitory dose/mL (IU50/mL). Individual values are shown as grey circles.  Box plots represent 

median (horizontal line within the box) and 25
th

 and 75
th

 percentiles (lower and upper borders of the 

box), and the whiskers drawn to the value nearest to, but within, 1.5 times the interquartile range below 

and above the 25
th

 and 75
th

 percentile, respectively. The red dots represent participants possessing 

detectable antibody to the SARS-CoV-2 nucleocapsid protein at enrollment, indicative of a prior SARS-

CoV-2 infection.  
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Table 1. Characteristics of the Participants at Enrollment  

Group 1 2 3 4 5 6 7 8 9 

Primary 

EUA Immunization  

Vaccine  

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

Pfizer/BioNTech  

  
BNT162b2  

  
30-mcg  

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

  

Pfizer/BioNTech  

  
BNT162b2  

  
30-mcg  

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

  

Pfizer/BioNTech  
BNT162b2  

  
30-mcg  

Booster  Moderna mRNA-1273 100-mcg  Janssen Ad26.COV2-S 5x10
10

 vp Pfizer/BioNTech BNT162b2 30-mcg  

Total Number  53  51  50  50 49 51 53 51 50 

Sex – no. (%)              

Female  26 (49.1)  32 (62.7)  29 (58.0) 27 (46.0) 16 (32.7) 23 (45.1) 29 (54.7) 26 (51.0) 23 (46.0) 

        Male  27 (50.9)  19 (37.3)  21 (42.0)  23 (54.0) 33 (67.3) 28 (54.9) 24 (45.3) 25 (49.0) 27 (54.0) 

Age – years              

Mean (s.d.)  56.8 (14.5)  53.1 (16.2)  54.8 (17.4)  50.1 (13.9) 49.9 (16.8) 50.3 (15.4) 47.7 (14.5) 54.3 (16.8) 50.4 (17.9) 

        Range  24-81  24-76  22-85  24-77 20-75 20-76 22-74 23-75 19-80 

Race – no. (%)              

        Asian  4 (7.5)  5 (9.8)  4 (8.0)  3 (6.0) 5 (10.2) 6 (11.8) 1 (1.9) 2 (3.9) 1 (2.0) 

Hawaiian  

 or   Pacific  

 Islander  

0 (0.0)  0 (0.0)  0 (0.0)  0 (0.0)  0 (0.0)  0 (0.0)  1 (1.9) 0 (0.0) 0 (0.0) 

Black/African  

 American  

1 (1.9)  2 (3.9)  3 (6.0)  0 (0.0)  0 (0.0)  2(3.9)  0 (0.0) 2 (3.9) 1 (2.0) 

White  46 (86.8)  41 (80.4)  43 (86.0)  44 (88.0) 43 (87.8) 40 (78.4) 50(94.3) 47 (92.2) 43 (86.0) 

Multi-racial  1 (1.9)  3 (5.9)  0 (0.0)  3 (6.0) 1 (2.0) 2 (3.9) 1 (1.9) 0 (0.0)  4 (8.0) 

        Other  1 (1.9%)  0 (0.0)  0 (0.0)  0 (0.0)  0 (0.0)  1 (2.0%)  0 (0.0)  0 (0.0)   1 (2.0%)   

Ethnicity – no (%)              

    Non-Hispanic  49 (92.5)  46 (90.2)  47 (94.0)  47 (94.0) 49 (100.0) 48 (94.1) 51 (96.2) 49 (96.1) 45 (90.0) 

    Hispanic/Latino  4 (7.5)  4 (7.8)  3 (6.0)  2 (4.0) 0 (0.0) 3 (5.9) 2 (3.8) 2 (3.9) 5 (10.0) 

    Unknown/Not 

reported 

0 (0.0) 1 (2.0) 0 (0.0) 1 (2.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Boost Interval  

 weeks  

            

Mean (s.d.)  13.7 (1.0) 16.4 (1.9) 16.8 (2.2) 17.7 (2.0) 19.3 (4.2) 20.6 (5.8) 19.9 (2.5) 22.9 (4.6) 24.1 (5.2) 

        Range  12.0-15.9 12.4-20.0 12.0-20.9  13.9-21.0 12.6-26.0 12.3-41.3 10.9-23.0 12.6-28.7 14.3-31.9 

 . 
C

C
-B

Y
-N

C
-N

D
 4.0 International license

It is m
ade available under a 

 is the author/funder, w
ho has granted m

edR
xiv a license to display the preprint in perpetuity. 

(w
h

ich
 w

as n
o

t certified
 b

y p
eer review

)
T

he copyright holder for this preprint 
this version posted O

ctober 13, 2021. 
; 

https://doi.org/10.1101/2021.10.10.21264827
doi: 

m
edR

xiv preprint 

https://doi.org/10.1101/2021.10.10.21264827
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
 

  
 

 

 

Table 2.  SARS-CoV-2 IgG Binding and Neutralizing Antibody Assays IgG serum antibody responses to wildtype (S-2P-WA-1) and IU50 

neutralizing antibody titers to pseudovirus D614G and bridged to international standards and reported as Binding Antibody Units/mL 

via a 4-plex ECLIA assay and international units ID50/mL (IU50/mL), respectively. Results are reported by Primary immunization EUA 

Vaccine, Booster vaccine and Timepoint.  

Table 2. SARS-CoV-2 IgG Binding and Neutralizing Antibody Assays   

 Group 1 2 3 4 5 6 7 8 9 

Primary EUA 

Immunization 

 

Vaccine 

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

Pfizer/BioNTech  

  
BNT162b2  

  
30-mcg  

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

  

Pfizer/BioNTech  

  
BNT162b2  

  
30-mcg  

  

Janssen  

  
Ad26.COV2-S  

  
5x1010 vp  

  

Moderna  

  
mRNA-1273  

  
100-mcg  

  

Pfizer/BioNTech  

  
BNT162b2  

  
30-mcg  

 Booster  Moderna mRNA-1273 100-mcg  Janssen Ad26.COV2-S 5x10
10

 vp Pfizer/BioNTech BNT162b2 30-mcg  

   IgG Serum Binding Antibody (Binding Antibody Units/mL) 

   Wildtype (S-2P-WA-1) 
  

      

   N at Study Day 15 51 50 50 50 49 50 50 48 48 

   Day 1 GMT* (95% CI)† 
 

    

 

57.1 

  
(44.6-73.2)  

859.2 

  
(668.3-1104.6) 

356.6 

  
(262.5-484.5)  

71.3 

  
(47.9-106.2)  

638.8 

  
(513.7-794.2)  

320.6 

  
(250.7-410.1)  

75.1 

  
(54.8-102.8)  

534.4 

  
(444.8-642.0)  

223.5 

  
(177.4-281.7)  

   Day 15 GMT (95% CI) 

 

 

3203.1 

  
(2499.5-

4104.9)  

6799.8 

  
(5771.8-

8010.9)  

6155.0 

  
(4895.4-7738.7) 

326.0 

  
(235.8-450.7)  

3029.4 

  
(2433.2-

3771.7)  

1904.7 

  
(1497.8-2422.2)  

2549.5 

  
(2038.1-

3189.3)  

5195.6 

  
(4433.1-6089.3) 

3409.1 

  
(2760.6-4209.8) 

   Day 29 GMT (95% CI) 

 

    

2803.1 

  
(2263.3-

3471.7)  

5917.4 

  
(5070.4-

6905.9)  

5170.2 

  
(4156.9-6430.6) 

368.6 

  
(290.8-467.4)  

4560.1 

  
(3544.2-

5867.2)  

2599.6 

  
(2085.9-3239.9)  

 

In process 
 

In process 
 

In process 

   Percentage with two- 

  

100.0%  96.0%  98.0%  86.0%  83.7%  92.0%  98.0%  100.0%  100.0%  
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   fold rise at Day 15 (95%  

 

   CI) 

 

  
(93.2-100.0%) 

  
(86.3-99.5%)  

  
(89.4-99.9%)  

  
(73.3-94.2%)  

  
(70.3-92.7%)  

  
(80.8-97.8%)  

  
(89.4-99.9%)  

  
(92.6-100.0%)  

  
(92.6-100.0%)  

   Geometric mean  

  

   fold rise (95% CI) 

56.1 

  
(40.7-77.2)  

7.9 

  
(6.2-10.1)  

17.3 

  
(13.3-22.4)  

4.6 

  
(3.7-5.7)  

4.7 

  
(3.6-6.2)  

6.2 

  
(4.7-8.1)  

32.8 

  
(24.6-43.8)  

9.7 

  
(8.0-11.8)  

14.9 

  
(11.8-18.9)  

  Neutralizing Antibody Titer (International Unit (IU)/mL) 

   D614G ‡             

   Day 1 GMT (95% CI) 
   

 

8.9 

  
(6.2-12.8)  

88.7 

  
(67.7-115.9)  

24.8 

  
(18.0-34.2)  

7.6 

  
(4.9-11.8)  

61.7 

  
(45.0-84.6)  

18.6 

  
(13.4-25.7)  

9.4 

  
(6.4-13.6)  

57.6 

  
(45.0-73.7)  

21.4 

  
(15.3-30.0)  

   Day 15 GMT (95% CI) 

 

676.1 

  
(517.5-883.3) 

901.8 

  
(727.5-1117.8) 

785.8 

  
(596.4-1035.2)  

31.42 

  
(22.3-44.3)  

382.1 

  
(290.5-502.5)  

216.4 

  
(157.8-296.9)  

341.3 

  
(239.6-486.3)  

677.9 

  
(559.4-821.3)  

446.7 

  
(340.3-586.3)  

   Day 29 GMT (95% CI) 

 

431.7 

  
(322.6-577.6) 

700.0 

  
(568.6-861.8)  

495.7 

  
(370.4-663.4)  

 

In process 
 

In process 
 

In process 
 

In process 
 

In process 
 

In process 

   Percentage with four- 

  

   fold rise at Day 15 (95% 

    

   CI) 

100.0%  

  
(93.2%-

100.0%)  

86.0%  

  
(73.3%-94.2%)  

100.0%  

  
(92.9%-100.0%)  

50.0%  

  
(35.5-64.5%)  

61.2%  

  
(46.2-74.8%)  

82.0%  

  
(68.6-91.4%)  

98.0%  

  
(89.0-99.9%)  

93.8%  

  
(82.8-98.7%)  

97.9%  

  
(88.9-99.9%)  

  Day 15 geometric mean  

  

   fold rise (95% CI) 

75.9  

  
(55.0-104.8)  

10.2  

  
(8.0-12.8)  

31.7  

  
(23.8-42.2)  

4.2 

  
(3.0-5.8)  

6.2 

  
(4.5-8.5)  

12.5 

  
(8.7-17.9)  

35.1 

  
(23.9-51.6)  

11.5 

  
(9.0-14.8)  

20.0 

  
(14.6-27.4)  

* GMT- Geometric mean titers 

† CI- Confidence Intervals 

‡ Sample size matches binding antibody  
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