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Adenoviruses are potent vectors for inducing and 
boosting cellular immunity to encoded recombinant 
antigens. However, the widespread seroprevalence of 
neutralizing antibodies to common human adenovirus 
serotypes limits their use. Simian adenoviruses do not 
suffer from the same drawbacks. We have constructed 
a replication- deficient chimpanzee adenovirus-vectored 
vaccine expressing the conserved influenza antigens, 
nucleoprotein (NP), and matrix protein 1 (M1). Here, 
we report safety and T-cell immunogenicity following 
vaccination with this novel recombinant simian ade-
novirus, ChAdOx1 NP+M1, in a first in human dose-
escalation study using a 3+3 study design, followed by 
boosting with modified vaccinia virus Ankara express-
ing the same antigens in some volunteers. We demon-
strate ChAdOx1 NP+M1 to be safe and immunogenic. 
ChAdOx1 is a promising vaccine vector that could be 
used to deliver vaccine antigens where strong cellular 
immune responses are required for protection.

Received 1 October 2013; accepted 8 December 2013; advance online  
publication 21 January 2014. doi:10.1038/mt.2013.284

INTRODUCTION
Annual influenza epidemics are associated with a nontrivial mor-
bidity and mortality, up to one billion infections worldwide and 
~250,000–500,000 associated deaths.1,2 Vaccination, the mainstay 
of preventative healthcare, currently represents the most effective 
intervention to reduce influenza-associated disease. Many coun-
tries have implemented stratified influenza vaccination programs 
targeting at-risk cohorts (such as the very young and elderly) each 
year. Unfortunately, the efficacy of currently licensed influenza 
vaccines is suboptimal in these targeted populations.3,4 In addi-
tion, currently licensed influenza vaccines induce strain-specific 
neutralizing antibodies (NAbs) primarily toward the surface pro-
teins, hemagglutinin and neuraminidase, and hence confer lim-
ited immunity toward influenza viruses, which have undergone 
antigenic drift in these antigens, or toward viruses of a different 
subtype.

Internal proteins of influenza viruses, such as nucleoprotein 
(NP) and matrix protein 1 (M1), are highly conserved, and T-cell 

responses recognizing these antigens can protect against influ-
enza disease.5–9 A vaccine against influenza that induces protec-
tive T-cell responses against conserved internal antigens could 
provide improved immunity not only against human seasonal 
influenza but also against other subtypes currently found in avian 
species or swine, which threaten to cause a new influenza pan-
demic.6,7 We have previously developed a T-cell–inducing influ-
enza vaccine based on the internal proteins of the influenza A 
virus, modified vaccinia virus Ankara (MVA) expressing NP and 
M1 as a fusion protein, MVA NP+M1.10 Phase I and Phase IIa 
clinical trials of MVA NP+M1 have shown this vaccine to be safe 
and immunogenic.10–12 In a Phase IIa influenza challenge study, 
fewer vaccinated volunteers developed influenza than the unvac-
cinated volunteers, and there was a statistically significant reduc-
tion in duration of virus shedding in vaccinated volunteers.11

In addition to poxvirus vectors, adenoviral-vectored vaccines 
have been found to be potent vectors for inducing and boosting 
T-cell responses to recombinant transgene products.13–15 However, 
the widespread seroprevalence of antibodies to common human 
adenovirus serotype-5 (AdHu5)16 limits the utility of these viruses 
as vaccine vectors in humans and was implicated in the failure of 
an human immunodeficiency virus vaccine to demonstrate effi-
cacy.17 Simian adenoviruses do not suffer from the same limitation, 
and we have constructed a novel replication-deficient chimpan-
zee adenovirus vector18 expressing conserved influenza antigens 
NP and M1 (ChAdOx1 NP+M1). The first clinical study of this 
novel vacine vector is described here. Safety and immunogencity 
were tested in a dose-escalation study starting at a dose of 5 × 108 
viral particles (vp) and progressing through 5 × 109, 2.5 × 1010, and 
finally 5 × 1010 vp using a 3+3 study design.

RESULTS
Safety
Volunteers were enrolled and vaccinated according to a 3+3 dose-
escalation study plan19 as described in Materials and Methods 
section (Supplementary Table S1). For each dose of ChAdOx1 
NP+M1 tested, initially one volunteer was vaccinated and 
reviewed after 48 hours. The study protocol allowed the second 
and third volunteers to be vaccinated, provided that there were 
no serious adverse reactions to vaccination in the first volunteer. 
Subsequent groups were then enrolled following a satisfactory 
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review of the safety data collected from all three volunteers. This 
continued until six volunteers were vaccinated with the 5 × 1010 
vp dose. A detailed breakdown of adverse reactions occurring 
after vaccination can be found in Figure 1 and Supplementary 
Table S1. At the highest dose, three of the six volunteers devel-
oped fevers (38.2–38.5 °C) and two of these three volunteers also 
developed severe local and systemic adverse reactions.

There were no serious adverse reactions following vaccination 
with ChAdOx1 NP+M1, at any dose, and the majority of adverse 
events were mild in nature. Of those adverse events considered 
related to vaccination, 35 were local and 77 were systemic. Local 
adverse reactions included pain, redness, swelling, itching, and 
warmth. The most common systemic adverse reactions solicited 
using diary cards were fatigue (67% of volunteers), malaise (58%), 
and headache (58%). In total, 55% of systemic adverse reactions 
were reported on either the day of vaccination or the first day 
after vaccination, and 71% of systemic adverse reactions resolved 
within 48 hours. With the exception of fevers, which were only 
reported in the highest dose group, there was no clear relationship 
between dose and the adverse events.

Immunogencity
Interferon γ (IFN-γ) enzyme-linked immunospot (ELISpot) 
responses to the vaccine antigens, NP and M1, are shown in 
Figure 2a–d. Unless stated otherwise, values reported represent 

the median of total summed responses to peptide pools span-
ning the NP and M1 vaccine insert. Prior to vaccination, these 
responses did not differ significantly between groups (group 1: 
326.7; group 2: 211.7; group 3; 115; and group 4: 345.8 spot form-
ing units per 106 peripheral blood mononuclear cells (SFUs/106 
PBMCs)). Individual peak immune responses occurred at 14 
days post-ChAdOx1 NP+M1 vaccination. NP+M1-specific T-cell 
responses in group 1 (5 × 108 vp) increased threefold on day (D)14 
over baseline (326.7 versus 1,002 SFUs/106 PBMCs) and returned 
to baseline levels (298.3 SFUs/106 PBMCs) by D21 (Figure 2a). 
Group 2 (5 × 109 vp) responses were increased sixfold on D14 over 
baseline (211.7 versus 1,268 SFUs/106 PBMCs) with a median 
response of 885 SFUs/106 PBMCs on D21 (Figure 2b). Group 
3 (2.5 × 1010 vp) had the greatest fold-change in antigen-specific 
T-cell responses at D14, with a sevenfold increase over baseline 
(115 versus 823.3 SFUs/106 PBMCs). Again, responses remained 
elevated (115 versus 411.7 SFUs/106 PBMCs) over baseline on D21 
(Figure 2c). Group 4 (5 × 1010 vp) responses were increased four-
fold on D14 over baseline (345.8 versus 1,325 SFUs/106 PBMCs) 
with a median response of 1,196.67 SFUs/106 PBMCs on D21 
(Figure 2d). At D21 post-ChAdOx1 NP+M1 vaccination, there 
was a nonsignificant trend toward higher responses in vaccinees 
who received the highest dose (5 × 1010 vp) of ChAdOx1 NP+M1 
(1,197 SFUs/106 PBMCs), when compared with the lowest dose 
group (5 × 108 vp; 298.3 SFUs/106 PBMCs).

To assess the breadth of the NP+M1-specific T-cell response 
in vaccinees, we assessed ELISpot responses for eight individ-
ual peptide pools, which comprised of ten 15-20mer peptides 
overlapping by 10 amino acids, spanning the NP+M1 insert 
(Figure 3). Considering the small number of samples for each 
dose group, we pooled data from each group as previously 
described.13 The T-cell response to the NP+M1 antigen was 
spread over all eight pools both before and after vaccination 
with ChAdOx1 NP+M1 (Figure 3). Compared with D0, median 
responses to individual pools at D14 were increased ~12-fold 
(pool 1), 2.8-fold (pool 2), ~5.5-fold (pool 3; ***P < 0.05), ~3.4-
fold (pool 4), ~5.5-fold (pool 5), ~3.7-fold (pool 6; *P < 0.05), 
~3.4-fold (pool 7), and ~2.7-fold (pool 8). Responses decreased 
by D21 but remained elevated over baseline. The ELISpot 
response toward the eight individual peptide pools for each vol-
unteer is shown in Supplementary Figure S1.

The HLA-A*02-restricted epitope in M1 (GILGFVFTL, M1 
amino acid residues 58–66, included in pool 6 here) has been 
found to be immunodominant.20 Seven of the 15 volunteers in this 
study were HLA A*02 positive, and these volunteers largely dis-
played the greatest increase in T-cell responses to peptides within 
pool 6. However, the increase in T-cell responses toward NP+M1 
peptides was not limited to pool 6 in these HLA A*02 volunteers.

Anti-vector NAbs
We wished to establish whether volunteers enrolled in the study 
had preexisting NAbs to ChAdOx1 or AdHu5 and also whether 
the levels of NAbs were affected by vaccination with a ChAdOx1-
vectored vaccine. Titers of NAbs in volunteer sera were deter-
mined using a previously described assay,18 which measures the 
reciprocal of the serum dilution required to reduce in vitro expres-
sion of vector-expressed secreted alkaline phosphatase (SEAP) by 

Figure 1 Safety data for ChAdOx1 NP+M1: the frequency of adverse 
reactions following vaccination with ChAdOx1 NP+M1 is shown, 
with severity indicated by shading. (a) Local adverse reactions and 
(b) systemic adverse reactions. Data represent adverse reactions from all 
15 volunteers across all four doses. A breakdown of adverse reactions by 
dose is provided in the supplementary information. M1, matrix protein 
1; NP, nucleoprotein.
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50%, 24 hours posttransduction (Figure 4). Volunteers with neu-
tralizing titers <1:18 in this assay were classified as negative, and 
titers of 1:18–200 were considered to be low, in accordance with 
other published clinical studies.21 Two participants (of 15 tested) 
had low levels of preexisting NAbs to ChAdOx1 (titers 1:81 or 
1:112) on D0, whereas all other volunteers were seronegative for 
anti-ChAdOx1 NAbs prior to vaccination (titers <1:18). Following 
vaccination with ChAdOx1 NP+M1, 11 out of the 15 subjects 
(73%) seroconverted, with NAb titers to ChAdOx1 ranging from 
>1:200 to 1:1,600. One volunteer did not seroconvert (<1:18) and 
3/15 responded with low-level NAb titers (1:18–1:200). We did not 
observe any trend toward increased NAb responses with increas-
ing vaccination dose. In this small study, there was no correlation 
between the magnitude of the IFN-γ response and the NAb titer.

A total of 12/15 vaccinees (80%) were seronegative for AdHu5 
NAbs (titers <1:18), 1/15 subjects had low-level NAb titers (1:105) 
and 2/15 had high-level (>1:1,350) preexisting immunity to 
AdHu5 (data not shown). NAb responses to Ad5 were unaffected 
by vaccination with the ChAdOx1 vector for the duration of the 
trial. Volunteers who had high preexisting NAb titers to AdHu5 
were not the same as volunteers with low anti-ChAdOx1 NAbs.

ChAdOx1-MVA heterologous prime-boost regimen
Half of the volunteers (3/6) in group 4 were boosted with a vacci-
nation of 1.5 × 108 PFUs MVA-NP+M1 7 weeks (n = 2 volunteers) 
or 14 weeks (n = 1 volunteer) after ChAdOx1 NP+M1 vaccination 
(Figure 5). Compared with the pre-boost timepoint (B), median 
ELISpot responses were elevated approximately threefold (1,087 

versus 3,548 SFUs; B versus B+7) at 7 days following the MVA-
NP+M1 boost (B+7). At time points B+21 and B+56, median 
responses were 1,832 and 1,582 SFUs, respectively. The MVA-
NP+M1 boost at B+7 resulted in a statistically significant increase 
in antigen-specific immunogenicity when compared with D0 
(345.8 versus 3,548; P = 0.039; Krustkal–Wallis test). Two further 
subjects in group 4 (2/6) who did not receive an MVA-NP+M1 

Figure 2 Ex vivo interferon-γ (IFN-γ) enzyme-linked immunospot (ELISpot) responses to influenza vaccine antigen NP+M1 following vaccina-
tion with increasing doses of ChAdOx1 NP+M1. Individual ex vivo IFN-γ ELISpot responses from vaccinated volunteers at baseline day (D) 0, D14, 
and D21. Volunteers were vaccinated with a single dose of ChAdOx1 NP+M1 intramuscularly at a dose of (a) 5 × 108, (b) 5 × 109, (c) 2.5 × 1010, or 
(d) 5 × 1010 viral particles (vp). Controls included cells stimulated with PHA/SEB, PPD, or irrelevant peptide TRAP33 (data not shown). Negative control 
was cells stimulated with media alone (data not shown). M1, matrix protein 1; NP, nucleoprotein; PBMC, peripheral blood mononuclear cell; PHA, 
phytohaemagglutinin; PPD, tuberculin purified protein derivative; SEB, staphylococcal enterotoxin B; SFU, spot forming unit.
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boost were also followed up at time points corresponding to B 
(1,086.7 and 1,831.7 SFUs) and B+56 (963.3 and 1,013.3 SFUs). 
The ELISpot response toward the eight individual peptide pools 
for each of the volunteers who received the MVA-NP+M1 boost is 
shown in Supplementary Figure 2.

DISCUSSION
Replication-deficient adenoviral vectors such as AdHu5 are known 
to be potent inducers of T-cell and humoral responses in preclinical 
studies. The existence of NAb to AdHu5 in humans has prompted 
the investigation of rare species adenoviral vectors,22–25 hexon chi-
meric vectors,26,27 as well as those derived from chimpanzees13 in an 
effort to circumvent preexisting immunity.27 A number of simian 
adenoviruses have also been found to exhibit comparable immu-
nogenicity in preclinical studies,28 including demonstrating effi-
cacy against Plasmodium berghei infection in mice.29 These studies 
on simian adenoviruses have been extended to demonstrate good 
immunogenicity in non-human primates30 and in a number of 
clinical studies.13 It is therefore desirable to increase the range of 
adenovirus vectors available for clinical use, and we now report on 
the first clinical use of ChAdOx1, a novel replication-deficient sim-
ian adenovirus vector. In this clinical study, we found no evidence 
of preexisting NAb toward ChAdOx1 in 13 of the 15 volunteers and 
low titers of NAb in the remaining two volunteers. As expected, vac-
cination with ChAdOx1 had no effect on anti-AdHu5 NAb titers.

Figure 4 Neutralizing antibody (NAb) responses to adenoviral vectors in ChAdOx1 NP+M1 vaccinated cohorts. NAb titers in volunteer sera 
against ChAdOx1 NP+M1 (a–d) were determined pre- and postvaccination (day (D) 0, D14, and D21) for each group in the dose-escalation vaccina-
tion study. NAb titers were expressed as the reciprocal of the serum dilution required to reduce secreted alkaline phosphatase expression by 50% 24 
hours posttransduction. 1/X, 1/dilution; M1, matrix protein 1; NP, nucleoprotein.
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For this first-in-human clinical study, we used a 3+3 dose-esca-
lation study design,19 allowing us to ensure the safety of the trial 
participants while also efficiently testing a range of doses. There 
were no serious adverse events, and the vaccine was well tolerated 
by the first three volunteers receiving the vaccine at each dose, so we 
then proceeded to test a further three volunteers at the highest dose, 
5 × 1010 vp. However, of these three further vaccines, two experi-
enced severe local and systemic reactions, which were deemed 
unacceptable for prophylactic vaccination, so the dose of 2.5 × 1010 
vp has now been chosen for further studies of ChAdOx1 NP+M1.

The magnitude of the T-cell response following vaccination 
with ChAdOx1 NP+M1 was in the same range as described fol-
lowing vaccination with MVA-NP+M1,10,12 and indeed, the lev-
els of peak immunogenicity were comparable with volunteers 
vaccinated with the simian adenovirus vector ChAd63 encoding 
malaria antigens.31–34 These data suggest that simian adenovirus-
vectored vaccines can induce high levels of antigen-specific T cells 
with no trend toward increased NAb responses with increasing 
vaccination dose.

Heterologous prime-boost regimens in which the same anti-
gen is delivered by different vaccine vectors, in antigen-naive or 
experienced recipients, have previously been demonstrated to 
induce the highest level of immunogenicity.5,13,34 However, in a 
recent study using one human and one simian adenovirus vector 
in a heterologous prime-boost regimen, no boosting of antigen-
specific T cells was demonstrated.35 When ChAd63 is used to 
prime either naive or antigen-experienced individuals and fol-
lowed with an MVA boost (encoding the same antigen), immu-
nogenicity is substantially boosted.13,34 In this study, responses in 
each of the three individuals tested were all increased (Figure 5, 
peak after ChAdOx1 compared with peak after MVA). Indeed, 
these responses were well maintained to 8 weeks post-boost. It is 
possible that the T-cell response toward NP+M1 may have been 
naturally boosted upon exposure to subclinical levels of circu-
lating influenza virus; however, it is unlikely that the immune 
responses were significantly boosted as the incidence of general 
practitioner (GP)-reported “influenza-like illness” remained rel-
atively low throughout the 2012/2013 influenza season (http://
www.hpa.org.uk). Now, the safety and immunogenicity profiles 
of ChAdOx1 NP+M1 have been demonstrated, and a further 
clinical study will test heterologous prime-boost regimens in 
larger numbers of individuals.

Influenza-specific T-cell responses play an important role 
during viral infection, and human challenge studies have 
demonstrated a negative correlation between T-cell responses 
to viral antigens and influenza disease and viral shedding.6,7 
Cellular responses, particularly toward well-conserved inter-
nal influenza antigens, can provide protection against viruses 
of different subtypes, including both seasonal and pandemic 
influenza viruses.5,8,9 Although human cytotoxic T-lymphocyte 
immunity declines over time, these cells are still detectable after 
5 years, with an estimated half-life of 2–3 years,25 making cel-
lular immunity an ideal target for vaccination-induced boost-
ing. A strain-independent influenza vaccine could potentially 
circumvent the need to produce different vaccines for each 
influenza A subtype and clade, and could either be stockpiled 
in readiness for use at the start of a pandemic, or used routinely 

to protect against seasonal influenza and “stockpile immunity” 
in the population.

MVA-NP+M1 boosts preexisting T-cell responses to NP and 
M112 but did not prevent disease in all volunteers in an influenza 
challenge study.11 In a series of malaria vaccine studies using the 
same antigen in different viral vectors, a simian adenovirus vec-
tor induced considerably higher responses than MVA,13,36 with 
the highest responses induced by simian adenovirus priming fol-
lowed by MVA boosting.13 The greater ability of simian adenovi-
rus vectors to prime responses may be particularly relevant for 
vaccination of children, a cohort of the population particularly 
susceptible to influenza infection. ChAdOx1 NP+M1 could be 
used in a prime-boost regimen with MVA-NP+M1 to induce high 
levels of antigen-specific IFN-γ producing T cells in influenza-
naive individuals. ChAdOx1 NP+M1 could also be used to boost 
influenza-restricted responses in influenza-experienced adults.

Replication-deficient simian adenovirus vectors are ideal for 
infectious disease vaccines where cellular immunity is required 
as they induce broad, potent, and well-maintained immune 
responses after a single vaccination, so it could be used to confer 
broad immunity rapidly. The ChAdOx1 adenovirus vector is safe 
and immunogenic in adult humans, providing a viable alternative 
to human adenoviruses as a vaccine vector for clinical use.

MATERIALS AND METHODS
Study design and participants. Volunteers were recruited and the study 
was progressed according to a protocol approved within the UK by the 
Medicines and Healthcare products Regulatory Agency and the Regional 
Ethics Committee (www.clinicaltrials.gov, identifier: NCT01623518). All 
volunteers were healthy adults, residents in Oxford, with negative prevac-
cination tests for human immunodeficiency virus antibodies, hepatitis B 
surface antigen, and hepatitis C antibodies. Written informed consent was 
obtained in all cases, and the trial was performed according to the princi-
pals of the Declaration of Helsinki.

Fifteen volunteers aged 18–50 years were enrolled into four groups 
(Supplementary Table S1). Volunteers were enrolled and doses 
escalated according to a 3+3 study plan as follows. The first volunteer 
was vaccinated with 5 × 108 vp of ChAdOx1 NP+M1. No other volunteers 
were vaccinated until 48 hours had elapsed following this first vaccination. 
No severe or serious adverse reactions occurred and, therefore, a further 
two volunteers were vaccinated with the 5 × 108 vp dose. Following review 
of the safety data, the profile of adverse reactions was found to be acceptable 
and the next group was enrolled.

The first volunteer in each group was vaccinated ahead of the other 
volunteers and the safety profile, in the ensuing 48 hours, examined. Because 
the safety profile was found to be acceptable, a further two volunteers were 
vaccinated at that dose.

However, if one of these three volunteers had experienced an 
unacceptable adverse reaction, then a further three volunteers would have 
been vaccinated at the same dose (hence 3+3 design). Because none of 
the volunteers experienced an unacceptable adverse reaction, subsequent 
volunteers were vaccinated at the next highest incremental dose (outlined 
in Supplementary Table S1).

If more than two volunteers had experienced unacceptable adverse 
reactions at a given dose, then no further volunteers would have been 
vaccinated at that dose or a higher dose.

On the day of enrollment, blood samples were taken before vaccination. 
In all cases, the vaccine was administered in the deltoid muscle and 
observations were taken up to 2 hours after vaccination. Volunteers were 
seen in clinic 2 days later to collect information regarding adverse events. 
Volunteers completed diary sheets for 2 weeks following vaccination.
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Design and construction of ChAdOx1 NP+M1 vaccine.  The construc-
tion of replication-defective E1/E3 deleted chimpanzee adenovirus vector 
ChAdOx1 from wild-type isolate Y25 (species human adenovirus E) has 
been described previously.18 The NP+M1 vaccine antigen construct contains 
complete NP and M1 sequences from Influenza A/Panama/2007/99 joined 
by a 7 amino acid linker sequence.10 Expression of NP+M1 is driven by the 
human cytomegalovirus immediate early promoter, and the construct was 
inserted at the E1 locus of the ChAdOx1 genome by GalK recombineering.37 
ChAdOx1 NP+M1 was manufactured to clinical good manufacturing prac-
tice (cGMP) by the Clinical Biomanufacturing Facility (University of Oxford, 
Oxford, UK) in the human embryonic kidney 293 cell line. The vectored vac-
cine was purified by cesium chloride isopycnic centrifugation and sterile 
filtered to generate a clinical lot at a concentration of 1.1 × 1011 vps per ml.

MVA-NP+M1 vaccine. The vaccine was described previously10 and 
 consists of MVA expressing the NP and M1 antigens from influenza 
A/Panama/2007/99 as a single fusion protein.

IFN-γ ELISpot. Ex vivo IFN-γ ELISpot assays were performed to determine 
volunteer responses to the NP+M1 vaccine antigen pre- and postvaccina-
tion. Fresh PBMCs were isolated from 60 ml of whole blood and stimu-
lated with peptides corresponding to the influenza NP+M1 vaccine insert, 
as described previously.26,38,39 Samples were assessed in triplicate using 
2 × 105 PBMCs in a final volume of 100 μl per well, plates were incubated 
for 18–20 hours at 37 °C, and SFUs were detected using an AID ELISpot 
reader (AID Diagnostika, Strassberg, Germany). Results were expressed 
as SFUs per million PBMCs, calculated by subtracting the mean negative 
control response from the mean peptide pool response and summing the 
net response for the eight peptide pools. Responses in negative control 
wells were consistently <60 SFUs/106 PBMCs and positive control wells 
displayed >500 SFUs/106 PBMCs.

NAb assay. NAb titers to ChAdOx1 or AdHu5 vectors were measured 
using a SEAP assay, as previously described.18 SEAP-expressing ChAdOx1/
AdHu5 was preincubated with an equal volume of serially diluted, heat-
inactivated (56 °C for 90 minutes) human sera (dilutions of 1:18, 1:72. 
1:288, 1:1,152, and 1:4,608) for 1 hour at 37 °C. Selected sera which with 
known high ChAdOx1 or Adhu5 neutralizing titers (titers >1,000) were 
used as positive controls. Following incubation, 200 µl serum:virus dilu-
tions were used to transduce GripTite 293 Macrophage Scavenger receptor 
(MSR) cells (Invitrogen, Carlsbad, CA), seeded in 96-well plates at 3 × 104 
cells/well. Cell supernatants were collected 24 hours posttransduction, 
and SEAP concentration was quantified using the Tropix PhosphaLite 
Chemiluminescent Assay Kit (Applied Biosystems, Warrington, 
UK). Luminescence was measured using a Varioskan flash luminom-
eter (Thermo Scientific, Loughborough, UK). Neutralizing titers were 
expressed as the reciprocal of the serum dilution required to reduce SEAP 
expression by 50%, 24 hours posttransduction.

Statistical analyses. Statistical analyses were carried out using GraphPad 
Prism software version 5.04 (GraphPad Software, La Jolla, CA). Area under 
the curve values were determined for the response of each volunteer within 
each group and analyzed using Kruskal–Wallis test with post-hoc Dunn’s 
multiple comparison test. For comparison of the breadth of responses to 
peptide pools, significance was determined by analysis of variance using 
one-way analysis of variance and a Bonferroni posttest to compare pairs 
of columns (D14 versus D0). To compare between time points within the 
same group of volunteers, data were analyzed by one-way analysis of vari-
ance using Kruskal–Wallis test with post-hoc Dunn’s multiple comparison 
test. *P < 0.05, ***P < 0.001, NS = P >0.05.

SUPPLEMENTARY MATERIAL
Figure S1. Breadth of ex vivo IFN-γ ELISPOT responses to NPM1 pep-
tide pools following dose-escalation vaccination with ChAdOx1-NPM1.
Figure S2. Breadth of ex vivo IFN-γ ELISPOT responses to NPM1 pep-
tide pools following MVA-NP+M1 boost.

Table S1. Study design.
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