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Summary

Background—The World Health Organization has identified Marburg as an emerging virus 

requiring urgent vaccine research and development, particularly relevant due to its recent 

emergence in Ghana. Here we report results from a first-in-human clinical trial evaluating 

a replication-deficient recombinant chimpanzee adenovirus type-3 (cAd3) vectored vaccine 

encoding a wild-type Marburg Angola glycoprotein (cAd3-Marburg) in healthy adults.

Methods—We did a first-in-human, phase 1, open-label, dose-escalation trial of the cAd3-

Marburg vaccine at the Walter Reed Army Institute of Research Clinical Trials Center in the 

USA. Healthy adults aged 18–50 years were assigned to receive a single intramuscular dose of 

cAd3-Marburg vaccine at either 1 × 1010 or 1 × 1011 particle units (pu). Primary safety endpoints 

included reactogenicity assessed for the first 7 days and all adverse events assessed for 28 days 

after vaccination. Secondary immunogenicity endpoints were assessment of binding antibody 

responses and T-cell responses against the Marburg virus glycoprotein insert, and assessment of 

neutralising antibody responses against the cAd3 vector 4 weeks after vaccination. This study is 

registered with ClinicalTrials.gov, NCT03475056.

Findings—Between Oct 9, 2018, and Jan 31, 2019, 40 healthy adults were enrolled and assigned 

to receive a single intramuscular dose of cAd3-Marburg vaccine at either 1 × 1010 pu (n=20) 

or 1 × 1011 pu (n=20). The cAd3-Marburg vaccine was safe, well tolerated, and immunogenic. 

All enrolled participants received cAd3-Marburg vaccine, with 37 (93%) participants completing 

follow-up visits; two (5%) participants moved from the area and one (3%) was lost to follow-
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up. No Serious Adverse Events (SAEs) related to vaccination occurred. Mild to moderate 

reactogenicity was observed following vaccination, with symptoms of injection site pain and 

tenderness (n=27/40, 68%), malaise (n=18/40, 45%), headache (n=17/40, 43%), and myalgia 

(n=14/40, 35%) most commonly reported. Glycoprotein-specific antibodies were induced in 38 

(95%) of 40 participants 4 weeks after vaccination, with geometric mean titres of 421 [95% CI 

209–846] in the 1 × 1010 pu group and 545 [276–1078] in the 1 × 1011 pu group, and remained 

significantly elevated at 48 weeks compared with baseline titres (39 [95% CI 13–119] in the 1 

×1010 pu group and 27 [95–156] in the 1 ×1011 pu group; both p<0·0001). T-cell responses to the 

GP insert and neutralizing responses against the cAd3 vector were also increased at four weeks 

after vaccination.

Interpretation—This first-in-human trial demonstrated this novel cAd3-Marburg vaccine is safe 

and immunogenic, with a safety profile similar to previously tested cAd3-vectored filovirus 

vaccines. Ninety-five percent of participants produced a GP-specific antibody response after a 

single vaccination, that remained in 70% of participants at 48 weeks. These findings represent 

a critical step in development of a vaccine for emergency deployment against a re-emerging 

pathogen that has recently expanded its reach to new regions.

Funding—National Institutes of Health funded the study via an interagency agreement with 

WRAIR.

Introduction

In 2018, the World Health Organization identified Marburg virus (MARV) as a priority 

pathogen requiring urgent vaccine research and development. 1 MARV is estimated to 

threaten a population of 105 million, compared to the 22 million at risk for Ebola virus. 
2,3 The African fruit bat, Rousettus aegyptiacus, is a known viral reservoir. The bats’ wide 

distribution across Africa creates potential for outbreaks in many areas beyond those with 

previously recorded outbreaks. 2 MARV outbreaks in the Democratic Republic of Congo 

from 1998–2000 and Angola from 2004–2005 claimed hundreds of lives with reported case 

fatality rates of 83% and 90%, respectively. 4,5 Uganda has also suffered from recurrent 

MARV outbreaks since 2007, with the most recent outbreak of four cases ending in 

December 2017 with a case fatality rate of 75%.6 In July of 2022, Ghana confirmed the first 

outbreak of this disease in the country, with a 75% mortality rate among four individuals, 
7 further demonstrating the urgent need for an effective vaccine capable of providing rapid 

protection.

Marburgvirus is one of three genera in the family Filoviridae, along with Ebolavirus and 

Cuevavirus. Most viruses of the family can cause viral hemorrhagic fever. 8 The single virus 

of the Marburgvirus genus, MARV, is classified as a Category A pathogen and select agent. 
9 MARV has a 19 kb negative-strand RNA genome that encodes seven viral proteins. 5 Viral 

entry into host cells is facilitated by the surface glycoprotein (GP). 10 The viral GP has been 

the primary target for vaccine development, as antibodies specific for GP are correlated with 

protective immunity in guinea pig and nonhuman primate (NHP) models. 11,12

A variety of candidate Marburg vaccine platforms have been evaluated preclinically, 

including vesicular stomatitis virus (VSV) or adenoviral vectors, virus-like particles, DNA, 

Hamer et al. Page 2

Lancet. Author manuscript; available in PMC 2024 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inactivated viruses, virus-like replicons, and combinatorial modalities. 9,13 Replication-

deficient adenoviral vectors encoding the Ebola virus GP were the first filovirus vaccines 

to demonstrate 100% protective efficacy in an NHP Ebola virus challenge model, 14,15 and 

this successful approach translated to MARV. 12,16,17 Among the adenoviruses evaluated as 

vectors for filovirus vaccines, chimpanzee adenovirus 3 (cAd3) has emerged as a promising 

candidate for clinical development due to a combination of minimal prior human immunity 

against the vector, 18,19 strong elicited protective immunity against the vaccine inserts in 

preclinical models, 20,21 and an excellent safety profile in Ebola vaccine clinical trials. 22–26 

Monovalent and bivalent cAd3-vectored Ebola GP vaccines that demonstrated protection 

in NHPs against lethal Ebola infection five weeks after a single shot, 20 were proven safe 

and immunogenic in numerous phase 1 and phase 2 trials (phase 2 trials:: 22, 24, 27, 28). 

Based on the safety and immunogenicity of the cAd3 Ebola virus vaccines, a cAd3-Marburg 

vaccine was developed by the Vaccine Research Center (VRC) at the National Institute 

of Allergy and Infectious Diseases (NIAID) of the National Institutes of Health (NIH) 

and tested preclinically in NHPs. The data showed that a 1010 viral particle dose of cAd3-

Marburg provided 100% protection from viremia and death after MARV challenge one 

month later. 12 Importantly, protection was observed as early as one week after vaccination 

and as long as one year after vaccination. The rapid onset and long duration of immunity 

indicate that the cAd3-Marburg vaccine could be efficacious for both ring vaccination 

strategies and protection of residents and healthcare workers in Marburg-endemic regions.

Responding to the urgent need for an effective Marburg vaccine and following the promising 

preclinical results, we assessed the cAd3-Marburg vaccine in a phase 1 trial. In this trial we 

evaluated the safety, tolerability, and vaccine-induced immune responses of cAd3-Marburg 

in healthy adults (NCT03475056). Since this was the first-in-human evaluation of this 

vaccine, we examined two doses which have previously proven safe for the cAd3 vaccine 

platform in a dose-escalation trial. 23 We administered a single vaccination of either 1×1010 

or 1×1011 particle units (PU) of cAd3-Marburg to 40 participants (20 per group) and 

followed them for up to 48 weeks after vaccination.

Methods

Study Design and Participants

This study was a phase 1, dose-escalation, open-label clinical trial to determine the safety, 

tolerability, and immunogenicity of an investigational recombinant cAd3-Marburg virus 

vaccine. The VRC at NIAID of the NIH developed the vaccine and sponsored the trial 

conducted by Walter Reed Army Institute of Research (WRAIR) investigators at the 

WRAIR Clinical Trials Center in Silver Spring, MD. Study participants were recruited 

from the Baltimore-Washington, D.C. metropolitan area using Institutional Review Board 

(IRB)-approved written and electronic media. Eligible participants were 18- to 50-year-old 

adults in good general health by physical exam and laboratory assessments, without previous 

receipt of an investigational Ebola, Marburg, or cAd3-vectored vaccine. Women who were 

pregnant, breast-feeding, or planning to become pregnant during the first 24 weeks of the 

trial were excluded from enrollment, and pregnancy was evaluated during screening and on 

the day of enrollment with a β-HCG pregnancy test. Full inclusion and exclusion criteria 
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are detailed in the trial protocol (supplementary appendix). The study was reviewed and 

approved by the WRAIR IRB. All participants provided written informed consent prior 

to study enrollment. A test of understanding was performed during consent, and study 

participants had to score 90% or greater by the third attempt of the test to enroll.

Vaccine

The recombinant cAd3-Marburg vaccine is composed of a replication-deficient cAd3 vector 

modified by an E1 region deletion and insertion of a codon-optimized Marburg Angola GP 

sequence. The drug substance was manufactured at Advent (Pomezia, Italy), a subsidiary 

of Okairos (now GlaxoSmithKline). The drug product (VRC-MARADC087-00-VP), and 

diluent (VRC-DILADC065-00-VP) were manufactured according to cGMP regulations at 

the VRC Pilot Plant (VPP), operated by the Vaccine Clinical Materials Program, Leidos 

Biomedical Research, Inc., Frederick, MD. The drug product was a sterile, aqueous, 

buffered solution composed of cAd3-Marburg drug substance filled into single dose vials 

at 1×1011 PU/mL. This monovalent vaccine was evaluated at two doses in this trial: 1×1010 

(henceforth 1010) PU, and 1×1011 (henceforth 1011) PU. Diluent was added to prepare the 

1010 PU dose on the day of vaccine administration. The diluent consisted of 10 mM Tris, 

10 mM histidine, 5% sucrose (w/v), 75 mM sodium chloride, 1 mM magnesium chloride, 

0.02% polysorbate 80 (w/v), 0.1 mM EDTA, and 0.5% (v/v) ethanol.

Study Procedures

Two groups of 20 participants sequentially enrolled according to a dose-escalation plan. 

Study enrollments for the 1010 PU vaccine dose were limited to one participant per day for 

the first three participants. Enrollment for the remaining participants in the 1010 PU dose 

group occurred following a minimum of seven days follow-up and safety review by the 

protocol safety review team (PSRT). Enrollment of participants into the 1011 PU dose group 

began in the same manner following a minimum of seven days follow-up on the last 1010 PU 

dose participant and a dose escalation safety review approval by the PSRT.

All vaccinations were given intramuscularly into a deltoid muscle in a 1 mL volume by 

needle and syringe. Safety monitoring included a 30 minute post-vaccination observation 

period, telephone follow-up the next day, and clinical and laboratory evaluations conducted 

at eight follow-up visits over the 48 weeks of the study. Safety and tolerability of the 

cAd3-Marburg vaccine were defined by the occurrence of solicited local and systemic 

reactogenicity signs and symptoms for seven days following vaccination, change from 

baseline for safety laboratory measures, occurrence of adverse events (AEs) for 28 days 

after vaccination, and the occurrence of Serious Adverse Events (SAEs) and new chronic 

medical conditions through the last study visit. Participants self-reported local and systemic 

symptoms and the use of concomitant medications for seven days following vaccination. 

AEs were recorded for 28 days following vaccination and were graded according to the 

FDA Guidance for Industry: “Toxicity Grading Scale for Healthy Adult and Adolescent 

Volunteers Enrolled in Preventative Vaccine Clinical Trials” as well as additional grading 

parameters for absolute neutrophil counts and arthralgias (supplementary appendix).
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Anti-Marburg GP IgG ELISA

Methods for the GP IgG ELISA have been described previously23,29 with minor 

modifications: Nunc-Immuno MaxiSorp™ plates (Nunc, Rochester, NY) were coated with 

10 μg/ml of lectin Galanthus nivalis (Sigma-Aldrich, St Louis, MO) at 4°C overnight and 

then blocked with 10% fetal calf serum at 4°C overnight followed by six washes with PBS 

containing 0.2% Tween 20 (Sigma-Aldrich). Prepared lectin plates were then incubated at 

4°C overnight with a transmembrane-deleted form of the MARV GP Popp strain (Lake 

Victoria MARV, strain Popp 1967, UniProtKB - P35254), washed, and incubated with 

serial dilutions of 1:50–1:50,000 of participant sera in triplicate. Bound IgG was detected 

using goat anti-human IgG (Southern Biotech, Birmingham, AL) conjugated to horseradish 

peroxidase. Optical density readings were performed at 450 nm using a Victor X3 plate 

reader (Perkin Elmer, Waltham, MA). Results are expressed as EC90 (90% effective 

concentration) titers, the reciprocal serum dilution at which there is a 90% decrease in 

antigen binding, and all post-vaccination titers were baseline-subtracted from the matched 

pre-vaccination titer.

T cell intracellular cytokine staining

Peripheral blood mononuclear cells (PBMC) were isolated from participants’ blood samples 

at baseline and week four post-vaccination using Ficoll-Hypaque density centrifugation, 

cryopreserved and stored at −150°C. T cell intracellular staining (ICS) assays were 

performed as described previously. 30 Briefly, PBMCs were thawed, rested overnight and 

stimulated for 6 hours using a pool of peptides from Marburg Angola GP. 29 Cells were 

stained for viability using LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Invitrogen), 

surface stained using antibodies against CD3, CD4, CD8, CD28, CD45RA, CCR7 and 

intracellularly using antibodies against IFN-γ, IL-2 and TNF-α (all from BD Biosciences). 

Following staining, samples were collected on a BD FACSymphony A5 flow cytometer, and 

all samples were analyzed using FlowJo 10.6.2. FlowAI was used to identify “good” events 

which were used for all downstream analyses. 31 Total T cell CD4 and CD8 populations 

were used to determine the percentage of participants with positive T-cell responses, and 

the frequency of Marburg GP-reactive T cells producing IFN-γ, IL-2 or TNF-α upon 

stimulation was assessed within the non-naïve CD4 and CD8 populations, defined by 

CD45RA and CCR7 expression. For each subject, GP-specific total cytokine response was 

determined using Boolean gating for T cells producing any combination of IFN-γ, IL-2 

or TNF-α following background subtraction of negative control sample (dimethyl sulfoxide-

stimulated).

cAd3 serologic assessment

An adenovirus neutralization assay was used to assess the baseline and week four post-

vaccination neutralizing antibody titers specific for the cAd3 vector. The assay was 

performed as previously described, 23 and reciprocal antibody titers are reported as the 

90% inhibitory concentration (IC90: the titer at which 90% of infectivity is inhibited).
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Outcomes

The primary study endpoints were safety and tolerability of the cAd3-Marburg vaccine. The 

secondary endpoints included evaluation of antibody responses to the Marburg GP insert by 

ELISA, T cell responses by ICS, and neutralizing antibody titers against the cAd3 vector 

at four weeks after vaccination. In addition, an exploratory endpoint assessed longer-term 

vaccine-induced antibody durability through 48 weeks after vaccination.

Statistical analysis

Participants who completed their vaccination schedules were analyzed for safety, 

reactogenicity, and vaccine-induced immune responses. Sample size calculations for safety 

were expressed in terms of the ability to detect SAEs. Sample sizes were chosen so that 

within a group there was a 90% chance to observe at least one SAE if the true rate was 

no less than 0.109, and a 90% chance of observing no event if the true rate was less 

than or equal to 0.005. Further, with group sizes of 20 participants, the study had 80% 

power to detect changes in laboratory measures from baseline of 0.66 standard deviations or 

higher, and 82% power to detect a between-group difference in the proportion of participants 

experiencing an adverse event of 40%.

Positive antibody responses were determined by a finding of significance (p < 0.05) from 

a within-participant t-test comparing the ELISA readings at week 4 with those at baseline 

for each participant. In a post-hoc analysis, positive antibody responses were alternatively 

determined by an EC90 titre cutoff at 30 or higher as previously conducted in trials on DNA-

vectored Ebola virus and Marburg virus. 29,32 GMTs and 95% CIs of background-subtracted 

Marburg GP-specific ELISA antibody titers were calculated at each visit by group. Group 

ELISA antibody titers for each dose were compared via Welch’s two-sample t-test at each 

time post-infection.

An ICS response was defined as positive if the result of a one-sided Fisher’s exact test 

for the 2 × 2 table, consisting of positive and negative cells by peptide and negative 

control, had a p value < 0.01, and the background subtracted % positive cells exceeded the 

following: as a percentage of CD4 T cells, IFN-γ+: 0.071%, TNF-α+: 0.028%, and IL-2+: 

0.028%; as a percentage of CD8 T cells, IFN-γ+: 0.322%, TNF-α+: 0.094% and IL-2+: 

0.015%. These baseline data-defined thresholds were determined such that only 1% of the 

participants had cytokine responses positive for each cytokine (per T-cell subset) at baseline. 

The proportion of participants with positive T-cell responses by cytokine and overall was 

calculated along with 95% Clopper-Pearson CI. The medians and interquartile ranges of 

the background-subtracted CD4 and CD8 non-naïve T-cell responses were calculated based 

on the percentage of the T-cell subset responding with any cytokine. Comparisons of 

the percent of participants with positive T-cell responses between groups were performed 

using two-sided Barnard’s tests. For each dose, comparisons of baseline-subtracted T-cell 

non-naïve cytokine responses between week four and baseline were performed using paired 

t-tests. This comparison was also performed using Wilcoxon signed rank tests in a post-hoc 

analysis.
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Between-group comparisons of baseline log10-transformed cAd3 neutralizing antibody titers 

were performed via two sample t-tests. Spearman’s correlations were calculated between 

baseline log10-transformed cAd3 neutralizing antibody titers and week four Marburg GP-

specific ELISA antibody titers, and week four CD4 and CD8 non-naïve T cell responses. 

Neutralization assay results below the lower limit of detection (LOD, ≤12) are imputed 

using ½ LOD. These immunogenicity results are descriptive since no adjustments for 

multiple comparisons were performed per the protocol. All analyses were performed in 

R version 4.0.4, with DescTools and Barnard packages.

Role of the Funding Source

NIAID funded the study via an interagency agreement with WRAIR and approved the study 

design. VRC sponsored and designed the study and conducted the research assays, data 

analysis, and data interpretation. VRC and WRAIR investigators contributed to writing this 

report.

Results

Forty participants were enrolled in the study between 9 October 2018, and 31 January 

2019 (Figure 1). Study participants averaged 34 9 years of age (range: 19–48 years) and 

were 63% female (n=25/40). Additional participant demographics are shown in Table 1. 

All participants (n=40/40, 100%) received the cAd3-Marburg vaccination and 37/40 (93%) 

completed all follow-up visits. Two (n=2/40, 5%) participants moved from the area and one 

(n=1/40, 3%) participant was lost to follow-up (Figure 1), all from the 1011 PU dose group.

The vaccine was safe and well tolerated in this trial (Figure 2). Most participants (n=27/40, 

68%) had mild to moderate injection site pain or tenderness. Systemic symptoms in all 

participants were mainly mild to moderate, with the most common symptoms being malaise 

(n=18/40, 45%), headache (n=17/40, 43%), and myalgia (n=14/40, 35%). There was one 

case (n=1/40, 3%) of severe fever (39.1°C/ 102.4°F) reported one day after vaccination 

with 1011 PU cAd3-Marburg that resolved the following day. There were no SAEs related 

to the vaccine. The most common AEs attributed to vaccination were mild to moderate 

transient, asymptomatic decreases in white blood cell counts, which occurred in 4/40 (10%) 

of participants (Supplemental Tables 1 and 2). All AEs resolved without sequelae.

Marburg GP-specific antibody responses were evaluated by ELISA assay. In both groups, 

95% of participants responded to the vaccine at four weeks after vaccination as determined 

by a significant increase in Marburg GP-specific antibody titers over baseline (Figure 3). 

Binding antibodies increased more than 100-fold, peaking at 4 weeks post vaccination with 

GMTs of 421 (95% CI 209–846; p<0·0001) and 545 (276–1078; p<0·0001) for the 1010 PU 

and 1011 PU dose groups, respectively (Figure 3A, Supplemental Table 3). We observed a 

rapid increase in antibody titers following vaccination, with participants approaching peak 

titers by two weeks (Figure 3B, Supplemental Table 3). There was no significant difference 

in binding antibody titers between dose groups at any point following cAd3-Marburg 

vaccination. Importantly, GMTs at the last study visit (48 weeks post-vaccination) remained 

significantly elevated over baseline titres with GMTs of 39 (95% CI 13–119; p<0·0001) and 

27 (5–156; p=0·0012), p < 0.0001 for the 1010 PU and 1011 PU dose groups, respectively; 
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with positive responses in 70–71% of individuals (Figure 3C), demonstrating the durability 

of this vaccine-induced antibody response. When positivity was assessed as in previous 

DNA-vectored Ebola virus and Marburg virus vaccine trials using a cutoff of 30 EC90 29,32 

similar rates of positivity were observed (appendix p 5).

T cell responses were also evaluated at four weeks post-vaccination. cAd3-Marburg 

vaccination increased the frequency of participants with CD4 and/or CD8 T cells producing 

IFN-γ, IL-2, and TNF-α in response to Marburg GP peptides four weeks after vaccination 

(Supplemental Table 4). The frequency of non-naïve T cells responding with any cytokine 

to Marburg virus glycoprotein peptide stimulation at 4 weeks post vaccination increased 

significantly for CD4 T cells in both dose groups (p<0·0001), and for CD8 T cells in 

the 1010 pu dose group (p=0·0008; figure 4). Noting that the protocol-specified t-test 

comparison of CD8 T cell frequencies before and after vaccination resulted in a p value 

approaching significance for the 1011 PU dose group (p=0.058), a post-hoc analysis of the 

T cell frequencies was performed by a non-parametric Wilcoxon signed rank test. This 

revealed significant differences in CD8 T cells over baseline after both 1010 (p=0.0015) 

and 1011 PU (p=0.0093) dose groups, indicating that the lack of significance for CD8 T 

cells found by a t-test for the 1011 PU dose group is likely due to the spread of the data. 

Together, the data demonstrate that cAd3-Marburg vaccination increases both the frequency 

of recipients with Marburg-GP-reactive T cells and the average frequency of GP-specific 

non-naïve T cells per individual.

Antibody responses to the cAd3 virus vector were also assessed. As in previous adenoviral 

vector clinical trials, 22,23,33,34 we observed an antibody response against the vector in 

our trial participants. Neutralizing antibody titers specific for the cAd3 vector increased 

significantly from baseline to 4 weeks post vaccination regardless of dose (p<0·0001) 

(Supplemental Figure 1). However, we found in an ad hoc analysis that the presence of 

pre-existing titers to the cAd3 vaccine vector had no impact on the frequency of the CD4 T 

cell response, and had a weak impact, if any, on the ELISA titers and CD8 T cell response 

(Supplemental Figure 2), a pattern seen previously with this vector. 23

Discussion

This is the first report of a cAd3-Marburg vaccine evaluated in humans. These clinical 

trial results demonstrate that a single dose of cAd3-Marburg is safe, well-tolerated, and 

immunogenic, eliciting both humoral and cellular immune responses. The safety and 

reactogenicity profile of the cAd3-Marburg vaccine was similar to other cAd3-vectored 

vaccines evaluated in prior clinical studies. 23,35 These results support further evaluation of 

the cAd3-Marburg vaccine, including implementation of this platform in outbreak responses.

This study is the first Marburg vaccine clinical trial to report durable binding antibody 

responses in 70% of participants at 48 weeks. Only two other known Marburg virus 

vaccine human trials have reported Marburg virus-specific immunity,29,32 both evaluating 

DNA vaccines that required three vaccinations to reach peak titres.13 A vaccine tested by 

Kibuuka and colleagues32 elicited a binding antibody response in 31% of participants, and 

a vaccine tested by Sarwar and colleagues29 elicited a binding antibody response in 80% 
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of participants, which dropped to 11% by 24 weeks after vaccination. A positive response 

in those trials was based on post vaccination EC90 titers ≥30. In comparison, we observed 

binding antibodies responses in 95% of our participants following a single vaccination, 

based on a significant increase in a participant’s EC90 titer over baseline. Although there 

was a modest decease in response rate at the individual level by the end of the trial, the 

dose group antibody response was maintained at a level significantly higher than baseline 

to 48 weeks. The assays used to evaluate the EC90 titres in the three trials are not identical; 

however, when evaluating our positive responses with the EC90 titre cutoff at 30 or higher, 

the response rates in our participants were essentially unchanged.

Binding antibody responses have been consistently associated with protection across 

numerous MARV NHP challenge studies in a recent systematic review, 13 and have been 

identified as a preliminary correlate of protection in NHPs in a recent preclinical study of 

this vaccine (currently in preprint). 12 In NHPs, EC90 titers of approximately 420 or higher 

at four weeks after vaccination was shown to result in near uniform (95%) protection during 

preclinical challenge studies. 12 In our first-in-human clinical trial, > 65% of participants in 

the 1011 PU cAd3-Marburg elicited a EC90 titers above 420 four weeks post vaccination. 

Furthermore, we observed near peak titers within two weeks after vaccination in both dose 

groups, indicating titers associated with rapid protection in NHP could be observed in 

humans with this vaccine platform. Protection against lethal challenge with MARV within 

a week of vaccination was observed in the NHP study preprint, reinforcing this theory. 12 

While it is important to note that no correlate of protection has been determined for humans 

to date, these findings still indicate that this vaccine platform could potentially provide 

valuable rapid protection against MARV during and in anticipation of outbreaks.

The cAd3 vaccine vector is known to elicit T cell responses comparable to Ad5 and Ad6 

vectors, with minimal impact from pre-existing immunity in the human population. 18 In 

our trial we observed Marburg GP-specific T cell responses at four weeks post vaccination 

similar to other preclinical and clinical studies that used cAd3-vectored vaccines.20,36 We 

observed a significant increase in non-naive CD4 T cells 4 weeks after both vaccine doses. 

We also observed a significant increase in non-naive CD8 T cells after both doses in a 

post-hoc nonparametric test, indicating that the lack of significance found in the per-protocol 

t test for the 1011 pu dose group is probably due to the spread of the data. Additional studies 

are needed to determine the role of T cells in protective immunity to MARV following 

cAd3-Marburg vaccination.

There are a few limitations to this clinical trial. Since this study was a first-in-human phase 

1 trial focused on the safety and tolerability of the vaccine platform, the group sizes were 

calculated based on the ability to detect AEs. The limited trial size hindered our ability 

to make strong conclusions regarding the vaccine-induced immune response and optimal 

vaccine dose, which will need to be examined in larger future trials. While this is standard 

for phase 1 trials, this limits the power of the statements we can make regarding the 

immunological outcomes of vaccination. The analysis is also hindered by the lack of an 

established correlate of protection in humans. This trial also occurred in the US to evaluate 

the vaccine safety and tolerability in MARV-naïve adults. Future trial locations should be 

selected to ascertain safety and immunogenicity in endemic settings.
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We found the cAd3-Marburg vaccine safe and well tolerated in this trial, with a durable 

GP-specific antibody response. The Sabin Vaccine Institute is continuing the advanced 

development of the cAd3-Marburg vaccine.37 Future evaluations of this vaccine include a 

planned outbreak response clinical protocol in Ghana, a phase 2 clinical trial in Kenya and 

Uganda, and a phase 1b clinical trial evaluating the 1011 PU dose in the United States 

(NCT04723602). The safety and vaccine-induced immune response observed in this trial 

provide knowledge critical for the implementation of this vaccine for emergency deployment 

to protect against ongoing and future MARV outbreaks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research In Context

Evidence before this study

Marburg virus (MARV) is a WHO priority pathogen due to its severity, lack of approved 

vaccines, and threat to public health. MARV outbreaks have occurred at least once every 

five years since 2000, including its recent emergence in Ghana in 2022. This current 

outbreak is especially concerning as the virus was never previously detected in Ghana. 

Several candidate Marburg vaccine platforms have been evaluated preclinically, including 

those based on vesicular stomatitis virus (VSV) and human adenovirus (Ad5 and Ad26) 

vectored vaccines, DNA formulations, and others. Binding antibody titers are a correlate 

of protection in nonhuman primate (NHP) challenge studies. However, no Marburg 

vaccine to date has demonstrated a significant and durable binding antibody response 

in a human clinical trial. We searched PubMed from 1/1/1990 through 12/31/2019 

using search terms “Marburg”, “vaccine”, “virus”, “efficacy”, and “clinical trials”. 

Only three human Marburg vaccine trials have been performed; of those, only two 

reported Marburg-specific immunogenicity. Both of those trials utilized DNA vaccines 

and required three shots to reach peak titers, with reported antibody response rates of 

80% and 31% respectively, but these responses declined to 11% after 24 weeks in one 

trial and returned to baseline levels by 44 weeks in the other. Robust and long-lasting 

antibody responses elicited by a single vaccination have yet to be reported. In preclinical 

studies, chimpanzee adenoviral (cAd) vectors such as cAd3 have exhibited promise for 

Marburg. The cAd3 vector has been proven safe and immunogenic in phase 1 trials with 

Ebola glycoprotein (GP) inserts, with minimal impact from pre-existing immunity.

Added value of this study

This first-in-human Marburg cAd3-vectored vaccine clinical trial is the first study to 

demonstrate robust binding antibody responses in 95% of participants, which remain 

in 70% of participants to 48 weeks. This clinical trial provides evidence that the cAd3-

Marburg vaccine is safe and well-tolerated in humans. Furthermore, this vaccine is 

administered in a single dose, which increases its potential utility in an outbreak scenario.

Implications of all the available evidence

The results of this clinical trial support further evaluation of the cAd3-Marburg vaccine. 

Future trials include a planned outbreak response clinical protocol (Ghana), a phase 2 

clinical trial in Kenya and Uganda, and a phase 1b clinical trial in the United States 

(NCT04723602). The safety and immunogenicity profile observed in this trial signal the 

utility for the use of the cAd3-Marburg vaccine in Marburg outbreak responses.
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Figure 1: Study profile
pu=particle units.
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Figure 2: Maximum local and systemic solicited symptoms 7 days after vaccination with 
chimpanzee adenovirus type 3-vectored Marburg virus
For symptoms persisting for more than 1 day, a single count per person at the maximum 

severity of the symptom was used for the figure. No swelling or redness was observed at the 

vaccine injection site. pu=particle units.
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Figure 3: Chimpanzee adenovirus type 3-vectored Marburg virus vaccine antibody titres during 
the 48-week follow-up
Baseline-subtracted serum Marburg glycoprotein ELISA EC90 titres are plotted by vaccine 

dose at the peak, week 4, of the response (A) and at weeks post vaccination during the 48 

weeks after vaccination (B). Symbols indicate group geometric mean titres and whiskers 

denote 95% CIs. (C) Positive response rates at week 4 and week 48, as defined by a 

significant increase over baseline titres. EC90=90% effective concentration. pu=particle 

units.
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Figure 4: Frequency of Marburg glycoprotein-specific non-naive CD4 and CD8 T cells at 
baseline and at 4 weeks after vaccination
Percentage of background-subtracted non-naive CD4 T cells or CD8 T cells producing 

any one of the three tested cytokines (interferon gamma, interleukin, and tumour necrosis 

factor) in response to Marburg glycoprotein peptide stimulation at baseline and 4 weeks post 

vaccination by dose group. Within each violin plot, the black line indicates the median and 

the coloured lines indicate the quartiles. n=20 per group at each timepoint. pu=particle units.
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Table:

Baseline characteristics

1010 pu group
(n=20)

1011 pu group
(n=20)

Total
(n=40)

Sex*

Male 8 (40%) 7 (35%) 15 (38%)

Female 12 (60%) 13 (65%) 25 (63%)

Age

Mean (SD) 35·8 (8·4) 33·9 (7·9) 34·9 (8·1)

Range 19–48 21–48 19–48

Race

American Indian or Alaskan Native 0 1 (5%) 1 (3%)

Asian 2 (10%) 3 (15%) 5 (13%)

Black or African American 10 (50%) 4 (20%) 14 (35%)

Native Hawaiian or other Pacific Islander 1 (5%) 0 1 (3%)

While 7 (35%) 11 (55%) 18 (45%)

Multiracial 0 1 (5%) 1 (3%)

Ethnicity

Non-Hispanic or Latino 18 (90%) 16 (80%) 34 (85%)

Hispanic or Latino 2 (10%) 4 (20%) 6 (15%)

BMI†

Mean (SD) 27·3 (5·0) 27·9 (5·5) 27·6 (5·2)

Range 20·3–38·0 21·5–39·6 20·3–39·6

Data are n (%) unless stated otherwise. No significant differences were observed between vaccine groups for any baseline characteristics 
pu-particle units.

*
Sex, race, and ethnic group were self reported by the participants Sex was reported based on the sex assigned at birth.

†
Body mass index at enrolment, reported as weight in kg divided by the square of height in metres
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