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Abstract

T cells play a central role in the immune response to many of the world’s major infectious diseases. In this study we
investigated the tumour necrosis factor receptor superfamily costimulatory molecule, 4-1BBL (CD137L, TNFSF9), for its
ability to increase T cell immunogenicity induced by a variety of recombinant vectored vaccines. To efficiently test this
hypothesis, we assessed a number of promoters and developed a stable bi-cistronic vector expressing both the antigen and
adjuvant. Co-expression of 4-1BBL, together with our model antigen TIP, was shown to increase the frequency of murine
antigen-specific IFN-c secreting CD8+ T cells in three vector platforms examined. Enhancement of the response was not
limited by co-expression with the antigen, as an increase in CD8+ immunogenicity was also observed by co-administration
of two vectors each expressing only the antigen or adjuvant. However, when this regimen was tested in non-human
primates using a clinical malaria vaccine candidate, no adjuvant effect of 4-1BBL was observed limiting its potential use as a
single adjuvant for translation into a clinical vaccine.
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Introduction

Since the development of the first vaccine by Edward Jenner,

vaccination has made a substantial impact on the burden of

disease worldwide. While traditional vaccination with heat-killed

or attenuated vaccines has proved highly effective against

pathogens controlled by neutralising antibodies, very few vaccines

been licensed against pathogens in which cell mediated immunity

plays a primary role in protection. In recent years, viral vectored

vaccines have demonstrated a remarkable capacity to induce and

boost T cell immunity and leading to their development for a

number of human and veterinary vaccines [1].

Malaria kills around 0.65 million individuals per annum, mostly

in sub-Saharan Africa and primarily in children under the age of 5

[2]. Cell mediated protection against the liver-stage of disease, the

first stage of infection in murine or human host, was originally

demonstrated in mice following administration of irradiated

sporozoites and this was shown to be mediated by CD8+ T cells

[3–5]. This led to the development of vectored vaccines to

specifically induce CD8+ T cells to kill infected hepatocytes [6].

The highest level of IFN-c producing CD8+ cells induced by

vaccination with the lead subunit antigen ME-TRAP, Plasmodium

falciparum TRAP (thrombospodin related adhesion protein) fused

to ME, a string of 20 malarial T- and B-cell epitope [7], has been

observed with prime-boost regimen employing a recombinant

chimpanzee adenovirus 63 (ChAd63) vector followed by recom-

binant modified vaccinia virus Ankara (MVA) [8–10]. However to

achieve sufficient protection against malaria, even higher levels of

antigen specific T cells are likely required [11].

Complete T cell activation is only achieved when binding of the

antigen-MHC complex to the T cell receptor (TCR) occurs in

conjunction with a second costimulatory signal [12,13]. To ensure

tolerance to peripheral self-antigens, yet maximising T cell

activation after pathogenic stimulation, both costimulatory mol-

ecules and their corresponding ligands have tightly regulated

expression patterns, and therefore play a critical role in shaping

the size and quality of the T cell response. In the tumour necrosis

factor receptor (TNFR) superfamily, 4-1BB interactions with its

ligand 4-1BBL (a.k.a. CD137L and TNFSF9) are capable of

inducing bidirectional positive signalling resulting in increased

cytokine production by both CD8+ T cells and dendritic cells

(DCs) [14,15] and increase in T cell proliferation [16–18]. In the

absence of 4-1BB/4-1BBL signalling however, antigen specific

CD8+ T cell responses are reduced [19–21], particularly recall
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responses due to decreased cell survival [22]. Due to the selective

expression of 4-1BB only after TCR activation [18,22,23],

increasing 4-1BB:4-1BBL signalling has been investigated as a

mechanism to increase antigen specific CD8+ T cell levels, while

avoiding non-specific activation of naive cells [24].

A number of different studies have documented an increase in

immunogenicity by administration of a monoclonal 4-1BB agonist

[25–29], while in vivo administration of DCs expressing antigen

and 4-1BBL [30–32] or vaccination with vectored vaccines

expressing 4-1BBL [33–36] has been studied as an alternative

method to increase CD8+ T cells. While daily administration of a

4-1BB agonist may be feasible in a therapeutic vaccination setting,

the major target population of a malaria vaccine comprises

children in rural communities, and therefore only simple vaccine

preparations that align with the EPI regimen will be deployable.

In this study we designed two approaches to investigate whether

4-1BBL would enhance T cell immunogenicity when encoded by

vectored vaccines. We investigated whether expression of 4-1BBL

from a DNA plasmid vaccine and two viral vectored vaccines,

non-replicating human adenovirus type 5 (HAdV5) and the

attenuated poxvirus MVA, could enhance vaccine induced

immune responses to a transgenic antigen. To maximise the

potential augmentation of the response for the murine studies, we

initially chose a vaccine system in which our model antigen would

be co-expressed by the same vector. The second approach was to

investigate whether the co-administration of a 4-1BBL encoding

vector with an antigen encoding vector would enhance T cell

immunogenicity. This regimen would make possible a more

flexible clinical deployment where the adjuvant-expressing virus

could be mixed with a number of existing clinical vaccines for

various disease indications. In mice, 4-1BBL was also shown to

increase the CD8+ T cell response when mixed in excess with a

separate antigen-expressing vaccine. This encouraged further

testing of the coadministration approach in non-human primates

using a clinical malaria vaccine ChAd63.ME-TRAP. Since no

adjuvant effect of 4-1BBL was observed in rhesus macaques, this

has halted the translation of this single adjuvant approach for a

clinical vaccine and highlights the importance of testing novel

adjuvant approaches in higher order species.

Results

Genetic instability of dual CMV major immediate-early
promoters in adenoviral vectors

Based on the hypothesis that co-expression of 4-1BBL and a

transgenic antigen from a single infected cell (and therefore from

the same vector) would be the most sensitive system for detection

of an immunopotentiating effect of 4-1BBL, we adopted a bi-

cistronic approach, employing two tandem transgenic expression

cassettes, one for each open reading frame. We used a model

antigen TIP comprising of a epitope string of CD4+ and CD8+ T

cell epitopes [37] in DNA and modified vaccinia virus Ankara

(MVA) vectors; and TIP-EGFP, the same antigen fused to

enhanced green fluorescent protein (EGFP), in E1/E3-deleted

human adenovirus 5 (HAdV5) vectors (Figure 1).

For DNA plasmid vaccines, tandem human cytomegalovirus

major immediate early promoters (phCMV) were utilised, each

with its own polyadenylation signal (polyA) [37]. Yet when such

dual-phCMV cassettes (which are stably propagable in E. coli)
were inserted into adenoviral vectors, genetic instability resulting

from homologous recombination between the identical promoters

was observed (Figure S1), as has also been subsequently reported

by others [38]. Use of the major immediate early promoter of

simian cytomegalovirus [39], which shares ,61% nucleotide

identity with phCMV, did not allow this problem to be

circumvented: a tandem phCMV-psCMV arrangement at the

adenoviral E1 locus also readily recombined (Figure S1). For the

purposes of proof-of-concept mouse studies, we therefore utilized

the human elongation factor 1a promoter (phEF1) to drive

expression of the TIP-EGFP antigen in tandem with phCMV to

direct murine 4-1BBL (m4-1BBL) expression in the E1 locus of

HAdV5, an arrangement that overcame issues of genetic

instability. No similar issues were encountered in recombinant

MVA constructed with TIP and m4-1BBL under control of

separate non-identical poxviral early/late promoters inserted at

the viral thymidine kinase locus.

Co-expression of 4-1BBL and a transgenic antigen in DNA
plasmid, MVA and HAdV5 vectored vaccines enhances
mouse CD8+ T cell responses

To determine whether co-expression of murine 4-1BBL in these

three bi-cistronic vectored vaccines could enhance immunogenic-

ity, BALB/c mice were immunised with DNA plasmid pIMM.-

TIP_m4-1BBL, MVA.TIP_m4-1BBL or HAdV5.TIP-EGFP_m4-

1BBL or cognate control vectors lacking the m4-1BBL open

reading frame (ORF). After a single immunisation with DNA (i.m.)

(Figure 2A) or MVA (i.d.) (Figure 2B), there was a modest (but not

significant) increase in the overall response to the CD8+ T cell

epitope Pb9 in animals vaccinated with TIP_m4-1BBL when

compared to the control group immunised with TIP (Figure 2A).

With HAdV5 intradermal (i.d.) immunization, we observed an

increase in the response to CD8+ T cell epitopes Pb9 (p,0.05) and

EGFP200–208 (not significant) (Figure 2C) in TIP-EGFP_m4-1BBL

vaccinated animals compared to TIP-EGFP controls. Interesting-

ly, the increase was limited to CD8+ T cell responses as a decrease

in both the CD4+ T cell epitope P15 and antibodies to GFP were

observed. When the same dose of HAdV5 vaccines were

administered intramuscularly (i.m.), a small increase in Pb9

responses accompanied by a decrease in CD4+ T cells (p,0.05)

and antibodies titres was again observed, however no increase in

Figure 1. Schematic of cassettes inserted into recombinant
adenovirus and MVA vectors. A) Bi-cistronic transgene expression
cassette for insertion into E1 locus of HAdV5 vector. A human CMV
immediate early promoter (CMV) drives expression of the mouse 4-1BBL
open reading frame, and the human EF1a promoter (EF1a) drives
expression of the TIP-EGFP fusion protein, used as a model antigen.
Two different polyadenylation signals (pA) are used. This assembly is
flanked by AttL sites for Gateway cloning (G) into the HAdV-5 vector
genomic clone. Ruler is in nucleotides. B) Tri-cistronic transgene
expression cassette for insertion into TK locus of MVA vector. The early-
late vaccinia virus p7.5 promoter drives expression of the TIP model
antigen (not fused to GFP) and the early-late short synthetic promoter
(SSP) drives expression of mouse 4-1BBL, while the late fowlpox virus
p4B promoter drives expression of the GFP marker gene. This assembly
is flanked by sequences from the viral thymidine kinase locus (TKL and
TKR) to allow recombination into the viral genome in infected cells.
Ruler is in nucleotides.
doi:10.1371/journal.pone.0105520.g001
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Figure 2. Screening of vectors in Balb/c mice. A) Balb/c mice were immunised i.m. with 50 mg of DNA plasmid pIMM.TIP or pIMM.TIP_m4-1BBL,
spleens harvested at day 7 and the response to Pb9 and P15 measured by ELISpot. B) Balb/c mice were immunised i.d. with 106 PFU of MVA.TIP or
MVA.TIP_m4-1BBL, spleens were harvested 1 week later and the response to Pb9 measured by ELISpot. Responses to P15 were not above
background levels. C & D) Balb/c mice were immunised either i.d. (C) or i.m. (D) with 108 iu of HAdV5.TIP-EGFP or HAdV5.TIP-EGFP. Spleens and
serum were harvested 2 weeks later and the response to Pb9, EGFP and P15 measured by ELISpot and antibodies to GFP protein measured by ELISA.
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EGFP200–208 responses were seen via this route of immunisation

(Figure 2D).

Previous reports had suggested that the adjuvant effect of m4-

1BBL in poxviral vectors was greater after a boosting vaccination

[35], and we therefore set out to determine whether co-expression

of m4-1BBL in the prime, boost or in both vaccinations could

further increase the level of T cell immunogenicity. Two

heterologous prime-boost regimens were investigated: DNA

followed two weeks later by MVA or HAdV5 followed eight

weeks later by MVA. For both prime-boost vaccine regimens, the

greatest enhancement in the Pb9 specific response was observed in

animals where m4-1BBL had been expressed in both the priming

and boosting vaccine when compared to a regimen with only TIP

at either vaccination (Figure S2A). This same trend was also

observed when mice received a priming immunisation with

HAdV5.TIP-EGFP_m4-1BBL followed by MVA.TIP_m4-1BBL

were compared to the non-adjuvanted control group (Figure S2B),

resulting in a 3.3 fold increase in the mean group response.

m4-1BBL does not alter the quality of the response
With its reported role in cytokine production, together with

studies suggesting the quality of a T cell response might be a useful

predictor of vaccine efficacy [40], we wished to determine the

effect of coexpression of m4-1BBL on the cytokine phenotype of

the T cells response. Spleens taken from Balb/c mice 7 days after

vaccination with 106 PFU of MVA.TIP or MVA.TIP_m4-1BBL

were analysed for simultaneous production of IFN-c, TNF-a and

IL-2 by intracellular cytokine staining. Analysis of each individual

cytokine alone, demonstrated a small increase (but not significant)

in the frequency of IFN-c+ or TNF-a+ CD8+ cells restimulated

with Pb9 peptide for 6 hours, but not IL-2+ CD8+ T cells which

was low in both groups (Figure 3A left panel). Subdividing the

response into each possible combination of cytokines, demonstrat-

ed a domination of the response by IFN-c and TNF-a double

producers, IFN-c only or TNF-a only producing cells (Figure 3A

central panel), with a small increase in each population when

animals were vaccinated with MVA.TIP_m4-1BBL. Despite an

increase the frequency of cytokine producing cells, the proportion

of the cytokine+ population able to produce 3, 2, or 1 cytokine was

unchanged (Figure 3A right panel).

Frozen spleen samples from mice vaccinated i.d. with 108 iu of

HAdV5.TIP-EGFP (Figure 2) or HAdV5.TIP-EGFP_m4-1BBL

were analysed for upregulation of degranulation marker CD107a

and intracellular production of IFN-c and TNF-a after 6 hour

restimulation with Pb9 peptide. A statistically significant increase

in the frequency of CD107a+ or IFN-c+ CD8+ cells was observed

in animals vaccinated with HAdV5.TIP-EGFP_m4-1BBL com-

pared to the control group (Figure 3B left panel). A statistically

significant increase in CD107a+, IFN-c+ CD8+ cells was also

observed on further subdivision of the cytokine response

(Figure 3B central panel). The overall proportion of the cytokine

response producing 3, 2 or 1 cytokine was unchanged between

HAdV5.TIP-EGFP and HAdV5.TIP-EGFP_m4-1BBL vaccinat-

ed animals.

In summary, coexpression of m4-1BBL induced an increase in

CD8+ T cell responses by all vectored vaccines platforms tested,

most importantly without altering the cytokine profile.

m4-1BBL co-expression improves the efficacy of
HAdV5.TIP-EGFP against mouse liver stage malaria

CD8+ T cells play an essential role in control of liver-stage

malaria and the dominant epitope from P.berghei CS antigen

(Pb9), expressed in our antigen TIP, alone can mediate protection

in Balb/c mice [41,42]. To determine whether an increase in Pb9-

specific cells by coexpression of 4-1BBL would reflect in an

increase in protection, mice were challenged with a lethal dose of

P.berghei and monitored for development of blood-stage malaria.

As there are no other P.berghei antigenic determinants present in

our model antigen TIP, we were able to use linear regression of

blood-stage malaria growth to calculate the time at which mice

reached a threshold level of malaria, set at 0.5%.

Balb/c mice were immunised with 56107 or 107 iu of

HAdV5.TIP-EGFP or HAdV5.TIP-EGFP_m4-1BBL and chal-

lenged with P.berghei sporozoites two weeks after vaccination.

IFN-c ELISpot assays performed on PBMCs prior to challenge

once again demonstrated a statistically significant (p,0.001)

increase in the immune response by coexpression of m4-1BBL

(Figure 4A) for the high dose only, at the lower dose there was only

a non-significant trend. At both vaccination doses, more mice

vaccinated with HAdV5.TIP-EGFP_m4-1BBL were sterilely

protected from malaria challenge than TIP-EGFP vaccinated

animals (56107 83% vs 50%, 107 66% vs 50%, not significant by

fishers exact test), while those animals which did succumb to

malaria had a small (but not significant) delay in the time to 0.5%

parasitaemia (Figure 4B). In conclusion, vaccination with TIP-

EGFP coexpressing 4-1BBL induced a modest (albeit not

significant) increase in survival when animals were challenged

with P.berghei sporozoites.

Co-administration of two adenoviral vectors expressing
4-1BBL or a transgenic antigen improves cellular
immunogenicity

Having observed enhancement of cellular immune responses

induced by three different vectored vaccines by co-expression of

m4-1BBL in mice, we next aimed to demonstrate a similar effect of

human 4-1BBL (h4-1BBL) in rhesus macaques using a vector

suitable for deployment in a possible subsequent comparative

human clinical trial. For this purpose, ChAd63.ME-TRAP, a

chimpanzee adenovirus vectored liver stage malaria vaccine which

has recently been shown to be highly immunogenic in humans [8],

was selected as the comparator. The rationale for selection of an

adenoviral vector was twofold: (i) we observed the most striking

enhancement of immunogenicity with HAdV5 in mice; and (ii)

adenoviral vectors are the most immunogenic, as a single-shot

regimen, of the three vector platforms tested here.

Like most adenovirus vectored vaccines, ChAd63.ME-TRAP

employs phCMV to drive recombinant antigen expression. We

considered that it would not be justifiable to alter the promoter (or

any other part) of the ME-TRAP expression cassette, since this

could itself affect immunogenicity of the comparator vaccine.

Indeed, even slightly different variants of phCMV exhibit

differential immunogenicity [43,44]. For the same reason, we

did not investigate, for example, internal ribosome entry sites or

picornaviral 2A sequences. Furthermore, from a regulatory point

of view, a human promoter, such as phEF1 (as used in the bi-

cistronic HAdV5 described above) would be undesirable in a

malaria vaccine ultimately destined for use in human infants, due

Data was analyzed with a 2-way analysis of variance with a post-hoc Bonferroni test; p values denote the level of statistical significance. For all graphs,
the bar represents the median per group with each individual animal displayed as a single point.
doi:10.1371/journal.pone.0105520.g002
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to theoretical safety concerns over possible genomic integration of

the vector. We therefore investigated whether immunopotentia-

tion by 4-1BBL could be achieved following vaccination with a

mixture of two separate adenoviral vectors, one expressing 4-1BBL

and one expressing a recombinant antigen, as an alternative route

towards clinical testing.

To this end, we first used the existing bi-cistronic HAdV5

viruses mixed with an additional HAdV5 vaccine. C57BL/6J mice

were immunised with 2.86106 iu HAdV5 expressing the blood

stage malaria antigen merozoite surface protein (MSP-1) either

alone, or mixed with 107 iu of HAdV5.TIP-EGFP or 107 iu

HAdV5.TIP-EGFP_m4-1BBL, and the responses to both TIP and

MSP-1 were measured by IFN-c ELISpot 14 days later.

Consistent with previous experiments, vaccination with HAdV5.-

TIP-EGFP co-expressing m4-1BBL elicited increased an immune

response to the TIP-encoded AL11 epitope derived from SIV-gag

(Figure 5A left panel) compared to control. The IFN-c response

following restimulation with a pool of overlapping peptides

corresponding to MSP-1 demonstrated that coadministration of

HAdV5.TIP-EGFP_m4-1BBL significantly increased the MSP-1

Figure 3. Quality of the CD8+ T cell response. Balb/c mice immunised id with 106 MVA.TIP Adjuvant (A) or 108iu HAdV5.TIP-EGFP Adjuvant (B)
and the response measured by intracellular cytokine staining after 6 hours or restimulation with Pb9 peptide. Graphs represent the total frequency of
CD8+ T cells producing each cytokine (left), each combination of cytokines (central) or the percentage of cytokine producing cells secreting 3, 2 or 1
cytokine (right). For all graphs bars represent the median, with each individual animal displayed as a single point. Each data set was analyzed with a 2-
way analysis of variance and a post-hoc Bonferroni test; p values denote the level of statistical significance.
doi:10.1371/journal.pone.0105520.g003
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specific CD8+ T cell response (Figure 5A central panel). In

contrast, a comparator vaccination with a mixture lacking the

adjuvant HAdV5.TIP-EGFP and HAdV5.MSP1 did not alter the

frequency of MSP-1 specific CD8+ T cells. No change in CD4+ T

cell response (Figure 5A right) or MSP-1 specific antibodies (data

not shown) was observed between any groups.

To enable the evaluation of 4-1BBL using a clinically-

deployable chimpanzee adenoviral vector in this mixing approach,

mono-cistronic ChAd63 vectors expressing either m4-1BBL or h4-

1BBL, driven by phCMV, were constructed, and their ability to

enhance the immune response to ChAd63.ME-TRAP when co-

administered as a mixture of two vectors was assessed. Balb/c mice

were immunised with 106 iu of ChAd63.ME-TRAP mixed with

106, 56106 or 107 iu of ChAd63.m4-1BBL and the response to

Pb9 (which is present in the multi-epitope string of this antigen)

was measured in the spleens of mice 14 days later by IFN-c
ELISpot. With a 56 or 106 ratio of m4-1BBL to ME-TRAP, an

increase in the response to Pb9 was observed, while an equal ratio

dose of coadministered vaccines did not change the immunoge-

nicity of ME-TRAP (Figure 5B left panel).

In a subsequent experiment, ChAd63 expressing either m4-

1BBL, h4-1BBL or an irrelevant molecule, was coadministered to

Balb/c mice mixed at a 56 or 106 ratio with 106 iu of

ChAd63.ME-TRAP. Consistent with the previous experiment, an

increase in Pb9 specific responses was detected with 106
administration of m4-1BBL (Figure 5B right), but only a modest

increase (not significant compared to either the control of m4-BBL

group) in the response with 106 h4-1BBL was observed.

Importantly, no change in the immune response was observed

by 106 addition of ChAd63.AMA-1 (an irrelevant malarial

protein, apical merozoite antigen 1, serving as a control),

demonstrating that mixing per se with an additional vector did

not affect immunogenicity. In a separate experiment we investi-

gated whether immunisation with m4-1BBL or h4-1BBL resulted

in generation of potentially auto-reactive T cells by measuring the

IFN-c ELISpot response to a pool of peptide spanning the length

of either mouse or human 4-1BBL. Importantly, mice vaccinated

with a mixture containing ChAd63.m4-1BBL demonstrated no

significant responses to mouse or human 4-1BBL peptides (Figure

S3A). Responses to human 4-1BBL peptides were observed in all

animals vaccinated ChAd63.h4-1BBL (Figure S3B), which may, at

least in part, explain the reduced efficiency of human 4-1BBL

compared to mouse 4-1BBL to enhance the response in mice.

We further investigated the adjuvant effect of murine 4-1BBL

with additional P.falciparum clinical candidate antigens, namely

AMA-1 and circumsporozoite protein (CS). Balb/c mice were

immunised with 106 iu ChAd63.ME-TRAP, ChAd63.AMA-1 or

ChAd63.CS either alone or mixed together with 56106

ChAd63.m4-1BBL, and the antigen specific responses measured

14 days later by IFN-c ELISpot. Consistent with the previous

experiment, coadministration of murine 4-1BBL augmented the

Pb9-specific response induced by ME-TRAP vaccination (Fig-

ure 5C left). In this same experiment, the immune response to

AMA-1 was increased by coadministration of murine 4-1BBL

(Figure 5C central); however, the response to CS was unchanged

by addition of murine 4-1BBL (Figure 5C right). In summary,

coadministration of ChAd63.m4-1BBL was shown to increase the

immune response to two different malaria candidate antigens

delivered by ChAd63, while ChAd63.h4-1BBL only induced only

a modest increase in mice.

Coadministration of ChAd63.h4-1BBL is not sufficient to
increase the IFN-c response in non-human primates

Following on from a consistent increase observed in mice by

either coexpression or coadministration of m4-1BBL multiple viral

vectors and multiple antigens, it was important to determine

whether this adjuvant effect could translate to h4-1BBL in non-

human primates.

Male rhesus macaques aged between 4 K to 8 K years were

vaccinated i.m. with 2.756108 iu of ChAd63.ME-TRAP alone or

mixed together with 1.386109 iu ChAd63.h4-1BBL (56 ratio).

Blood samples were taken at 0, 2, 4, 8 weeks and the responses to

peptide pools containing ME antigens, or pools of overlapping

peptides spanning the length of TRAP and h4-1BBL measured by

IFN-c ELISpot. Consistent with previous studies, the peak of the

immune response after ChAd63 was observed 2 weeks after

vaccination. At this time point, no difference in immune responses

Figure 4. Challenge with P.berghei sporozoites. Balb/c mice (6 mice per group) were immunised i.m. with two different doses of HAdV5.TIP-
EGFP or HAdV5.TIP-EGFP_m4-1BBL and challenged with 1000 P.berghei sporozoites 2 weeks later. The response to Pb9 in the blood was measured 2
days prior to challenge by IFN-c ELISpot. A) The bar represent the median with each individual animal displayed as a single point. Data was analysed
with a 2-way analysis of variance a post-hoc Bonferroni test; the p value denotes the level of statistical significance. B) Parasitaemia was measured
daily and the time to 0.5% parasitaemia calculated by linear regression. Survival curves were compared with a log-rank (Mantel-Cox) test but no
significant difference between groups was observed.
doi:10.1371/journal.pone.0105520.g004
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between animals vaccinated with ChAd63.ME-TRAP and the

same vaccine with an additional 56ratio of admixed ChAd63.h4-

1BBL was observed (Figure 6A). An area under the curve analysis

of each individual animal’s response demonstrated a similar

overall level of immunogenicity between the two groups of

macaques (Figure 6B). No responses above background were

observed against h4-1BBL peptides in any animal or at any time

point (data not shown). In summary, despite a promising adjuvant

effect of m4-1BBL observed in mice, no adjuvant effect of h4-

1BBL was observed in non-human primates.

Discussion

T cells play a critical role in protection against the liver-stage of

malaria and vectored vaccines have shown a remarkable capacity

to induce and boost antigen specific cells to a number of malaria

antigens. Recent clinical trials have demonstrated the protective

capacity of these viral vectored [6,45,46] in a proportion of

vaccinees, but even higher T cell responses are most likely required

to achieve greater levels of efficacy. In an attempt to increase the T

cell response induced by vectored vaccination, we assessed the

adjuvant capacity of 4-1BBL, a known stimulator of CD8+ T cells.

To circumvent adenoviral vector instability due to expression of

the antigen and adjuvant driven by dual CMV major immediate-

early promoters (whether from human or simian CMV), we used

the human EF-1a promoter in a bicistronic HAdV5 for mouse

studies, even though we considered that this promoter would not

be suitable for clinical translation of the approach. We therefore

confirmed and extended the findings with bi-cistronic HAdV5

using mixtures of two HAdV5 vectors or two ChAd63 vectors,

before ultimately testing the latter approach in non-human

primates.

After encouraging results in the murine system, we were

disappointed to observe no change in immunogenicity when

rhesus macaques received a vaccination regimen containing

ChAd63.ME-TRAP together with 56 ChAd63.h4-1BBL. One

may hypothesis that the lack of adjuvant effect was due to different

species specificity, but this appears unlikely in this study for a

number of reasons. The human and predicted macaque sequences

share greater than 90% homology, with only 16 out of the 254

residues different between the two molecules. Human and mouse

4-1BBL sequences only have around 40% homology, yet we were

able to detect an effect of human 4-1BBL in mice (Figure 5B),

albeit reduced compared to mouse 4-1BBL. In addition, T cell

responses against human 4-1BBL were observed in mice

Figure 5. Coadministration of vectors expressing 4-1BBL. A) C57BL/6J mice were vaccinated i.m. with 2.86106 iu of HAdV5.MSP either alone
or mixed with 107iu of HAdV5.TIP-EGFP or HAdV5.TIP-EGFP 4-1BBL. Spleens were harvested 2 weeks later and the response to TIP antigen SIV, a pool
of CD8+ T cell epitopes from MSP or a pool of CD4+ T cell epitopes from MSP measured by IFN-c ELISpot. B) In separate experiments, Balb/c mice
were vaccinated i.m. with 106 iu of ChAd63.ME-TRAP mixed together with different ratios of ChAd63-m4-1BBL (left) or with 107iu of ChAd63.m4-1BBL,
ChAd63.h4-1BBL or ChAd63.AMA-1 (right). Spleens were harvested 2 weeks later and the response to Pb9 measured by IFN-c ELISpot. C) Balb/c mice
were immunised i.m. with 106iu ChAd63.ME-TRAP, ChAd63.AMA-1 or ChAd63.CS with or without 107iu ChAd63.m4-1BBL. Spleens were harvested 2
weeks later and antigen specific IFN-c responses to the relevant antigens measured by ELISpot. For all experiments bars represent the median per
group with each individual animal displayed as a single point. Each experiment was analysed with a one-way analysis of variance a post-hoc
Bonferroni test (A&B) or an unpaired t-test (C); the p values denote the level of statistical significance.
doi:10.1371/journal.pone.0105520.g005

Figure 6. IFN-c ELISpot responses in rhesus macaques. Male rhesus macaques were immunised i.m. with 108iu ChAd63.ME-TRAP alone or
mixed together with 56108iu ChAd63.h4-1BBL. Blood samples were taken on the day of vaccination and at 2, 4 and 8 weeks post-vaccination and the
response to TRAP measured by IFN-c ELISpot. Graphs represent the total TRAP response at each timepoint (A) or the area under the curve of the
TRAP response (B). For each graph the line or bar represents the median response with each individual animal displayed as a single point.
doi:10.1371/journal.pone.0105520.g006
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vaccinated with ChAd63.h4-1BBL, yet in macaques no T cell

responses against human 4-1BBL peptides were seen, suggesting

the two species share sufficient homology not to break self-

tolerance.

A more likely explanation for the absence of an effect in non-

human primates is the overall level of 4-1BBL that is required to

induce a positive effect, be it the total level expressed or duration

of the signal. In the two previous non-human primate studies

agonist 4-1BB antibody was administered for 2 or 3 days, at

various times during the effector phase of the response [27,29].

While this approach could be replicated in our system by

vaccination with ChAd63.h4-1BBL over several days, this

vaccination regimen would only realistically be achieved for a

therapeutic vaccine and not a vaccine which needs to align with

the EPI vaccination regimen, in rural African settings.

An alternative approach to increase the adjuvant capacity of 4-

1BBL from a vectored vaccine could be the co-administration with

other costimulatory molecules from either the B7 or TNFR

superfamily. The combination of multiple costimulatory signals

may provide sufficient signalling to increase the response in higher

order species, which appears difficult to reach by vaccination with

a single molecular adjuvant. A combination of B7.1, LFA-3 and

ICAM-1 (TRICOM) has been assessed both pre-clinically and

clinically with a pox-viral platform against a number of different

cancer models [47-49]. Indeed, two previous reports have shown

enhancement of the response in mice by the use of murine 4-1BBL

in combination with other costimulatory molecules when com-

pared to the response when each was administered alone [50,51].

More recently increased anti-viral efficacy of a HAdV5-gag vector

in mice was observed by immunisation with a HAdV5 expressing a

trimeric complex of murine 4-1BBL and murine BAFF fused to

surfactant protein-D [52], further providing support for the use of

4-1BBL in a complex.

Despite the vast numbers of papers describing novel molecular

adjuvants in murine models [53], many approaches have failed to

translate into clinical vaccines. This is either due to the absence of

an effect with other vector platforms or the absence or reduction of

the effect in non-human primates, which often goes unreported.

Having observed an enhancement in 3 vector systems, it appeared

reasonable to anticipate that an effect with human 4-1BBL would

have been achieved in rhesus macaques. So while the absence of

an improvement in immunogenicity of our clinical vaccine,

ChAd63.ME-TRAP, limits the translation of 4-1BBL in humans,

this study highlights the importance of testing novel adjuvant

approaches in higher order species.

Materials and Methods

Construction of DNA plasmids, recombinant
adenoviruses and recombinant MVA vaccines

Bicistronic DNA plasmid vaccines utilizing tandem human

cytomegalovirus immediate early promoters (phCMV) to express

the model antigen TIP [37] and 4-1BBL were constructed as

previously described [37].

To construct a recombinant MVA expressing three transgenes,

namely TIP antigen, 4-1BBL, and a GFP marker gene, a mixture

of PCR and conventional cloning was used to assemble the

following elements in a plasmid suitable for insertion by

recombination into the viral thymidine kinase locus: (i) GFP

under control of the fowlpox virus p4B promoter; (ii) TIP under

control of the vaccinia virus p7.5 promoter; and (iii) m4-1BBL

under control of the short synthetic promoter. A control construct

lacked the m4-1BBL ORF. The plasmid was transfected into

MVA-infected primary chick embryo fibroblasts (CEFs; Institute

for Animal Health, Compton, UK) and recombinant viruses were

isolated by selection of GFP positive plaques, amplified, purified

over sucrose cushions and titred in CEFs according to standard

practise. The integrity, identity and purity of the viruses were

confirmed by PCR analysis.

Construction of recombinant HAdV5 employed a Gateway-

compatible entry vector similar to the DNA plasmid vaccine

construct (above), but the TIP antigen was fused in-frame to the N-

terminus of GFP, and the phCMV promoter driving its expression

was replaced with the human elongation factor 1a promoter

(phEF1) from pEF-BOS [54]. The m4-1BBL ORF was then

conventionally cloned into the polylinker to place it under control

of the remaining phCMV, positioned 59 to the antigen expression

cassette (a control construct lacked the m4-1BBL ORF). The

resulting plasmids were inserted into the E1 locus of pAd/PL-

DEST (Invitrogen) by in vitro recombination using LR clonase

(Invitrogen). Expression cassettes were inserted into the E1 locus of

a genomic clone of ChAd63 using homologous recombination in

BJ5183 E. coli as previously described [55].

Ethics Statement
Mice were used in accordance with the UK Animals (Scientific

Procedures) Act under project license number 30/2414 granted by

the UK Home Office. Animals were group housed in IVCs under

SPF conditions, with constant temperature, humidity with lighting

on a 12:12 light-dark cycle (8am to 8pm). For induction of short-

term anaesthesia, animals were either injected intraperitoneally

(i.p.) with ketamine and Domitor or anaesthetised using vaporised

IsoFlo. All animals were humanely sacrificed at the end of each

experiment by an approved Schedule 1 method.

Ethical approval for use of rhesus macaques was granted by the

University of Wisconsin-Madison IACUC (termed Animal Care

and Use Committee) and was assigned protocol number g00615.

The Wisconsin National Primate Research Center (WNPRC)

executed the study to honor the fee-for service agreement between

the University of Wisconsin, USA and the University of Oxford,

UK. Processing of blood samples and fresh ELISpot were

performed at the University of Wisconsin, with serum and frozen

PBMCs shipped to Oxford for additional immunological investi-

gations. Macaques were housed in standard stainless steel primate

cages (Surburban Surgical, Chicago, IL): Animals were pair

housed, or singly house when no compatible partners were

available. All animals had visual and auditory contact with other

monkeys in the same room. They were fed twice daily with

commercial chow (20% protein primate diet, catalog no. 2050;

Harlan Teklad, Madison, WI) and also given a variety of fruit

enrichment in the afternoons. Housing rooms were maintained at

18uC to 24uC (65 to 75uF), 30 to 70% humidity, and on a 12:12

light-dark cycle (on, 6:00 a.m.; off, 6:00 p.m.). As a source of

environmental enrichment puzzle feeders of various sorts were

provided at least twice per week, destructible foraging one time per

week in addition to daily fruit or yoghurt cup.

All procedures were performed by highly trained animal

technicians or veterinary staff and to minimize distress and

suffering during vaccination or blood withdrawal, animals were

anesthetized for all procedures. Blood draws were limited to the

maximum volume allowed over the duration of the experiment.

After each vaccination macaques were monitored for 14 days for

behavioural changes, body temperature and redness or swelling at

the sight of injection, no adverse response were observed, with

only transient inflammatory responses (lasting between 24 and 48

hours) observed in 6 animals. All animals were returned into the

colony at the end of the study for use in other experiments or

breeding programs (as appropriate).
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Animals and Immunizations
Female Balb/c or C57BL/6J mice 6 weeks of age or older (Harlan,

UK), were immunized intramuscularly (i.m.) in the musculus tibialis

or intradermally (i.d.) in the ear with a total volume of 50 ml of vaccine

diluted in PBS. For DNA immunizations, mice received 50 mg of

DNA per immunization, MVA vaccinations mice received 106

plaque forming units (PFU) per immunization and Adeno virus

vaccines doses were basedon infectiousunits (iu) andranged from 108

to 106 iu per animal. Each experiment presented in this manuscript is

representative of at least 2 experiments. Due to low levels of

immunogenicity induced by DNA vaccination, immune response

weremeasured in thespleenafter twodosesofDNAadministered two

weeks apart. To correspond to the peak in immunogenicity after viral

vector vaccination [41], immune responses were measured in the

spleen approximately 1 week after MVA and 2 weeks after HAdV5

vaccination.

Male rhesus macaques (Macaca mulatta) between 4 K to 8 K
years were selected for use in this study based on negativity for

SIV, STLV and SRV, had not previously received immunosup-

pressive treatment, vaccination with a malaria related antigen or a

DNA, poxvirus or adenovirus vector and were in otherwise good

health as assessed by the veterinarians of the WNPRC on the basis

of physical examinations, blood chemistry and complete blood cell

count results. In addition, subjects were pre-screened and excluded

if they has high neutralising antibodies against ChAd63 and or

background ELISpot responses to TRAP and ME peptides.

Assignment of the final 12 subjects into each sub-group ensured an

equal age and weight distribution between the two groups. The

control group (ChAd63 ME-TRAP group) included a total of 6

animals with an average weight of 9.7 kg (range 7.9–13.5 kg) and

age of 6 years (range 4.7–8.2); the test group (ChAd63.ME-TRAP

and 56 ChAd63.h4-1BBL) included 6 animals with an average

weight of 9.4 kg (range 7.3–13.3) and average age of 6 years (range

4.8–8.2). Animals received 2.756108 iu of ChAd63.ME-TRAP

(1.0161010 vp) alone or mixed with 1.386109 iu ChAd63.h4-

1BBL (2.1461011 vp) in a total of 0.3 ml into the left deltoid

muscle. Blood samples were taken on the day of vaccination and at

weeks 2, 4 and 8 weeks after vaccination.

Antigens
The synthetic epitope string TIP [37], contains the H-2Kd

restricted P.berghei circumsporozoite protein CD8+ T cell epitope

Pb9 SYIPSAEKI (aa 252–260) [42], H-2d Mycobacterium
tuberculosis antigen 85A CD4+ T cell epitope P15

TFLTSELPGWLQANRHVKPT (aa 142–161) [56,57], H-2Kb

CD8+ T cell epitope from SIV-gag AL11 AAVKNWMTQTL

[58] (all purchased from Proimmune). To enable detection of

antibodies from HAdV5 vectors, the TIP antigen was fused to

EGFP, providing an additional H-2Kd restricted CD8+ T cell

epitope HYLSTQSAL [59] (Proimmune). Responses to P.
falciparum MSP-1 was measured against a pool containing H-

2b defined CD4+ epitope M188 (DKIDLFKNPYDFEAIK) and a

pool containing CD8+ T cell epitopes M86 (IPYKDLTSS-

NYVVKD), M100 (INDKQGENEKYLPFL) and M149

(YRSLKKQIEKNIFT) [60], P. falciparum AMA-1 with a pool

of the dominant H-2d epitopes A31 (VFGKGIIIENSKTTF), A41

(FYKDNKYVKNLDELT), A42 (KYVKNLDELTLCSRH) and

A95 (NKKIIAPRIFISDDK) [61,62] and P. falciparum circum-

sporozoite protein (CS) with the dominant H-2Kd CD8+ T cell

epitope CS39–47 (NYDNAGTNL) [63]. Responses to 4-1BBL were

measured against a single pool containing 15 mer peptides

(overlapping by 5) spanning the length of either mouse 4-1BBL

(GenBank accession no. NP_033430) or human 4-1BBL (GenBank

accession no. NP_003802) (Proimmune). A single pool containing

all ME peptides together with two separate peptide pools (20 mers

peptides overlapping by 10) spanning the length of TRAP from the

T9/96 P. falciparum strain [7], were used to stimulate macaque

PBMCs (Peptide Protein Research).

ELISpots
For detection of murine antigen specific IFN-c producing cells,

ammonium chloride-potassium (ACK) lysis buffer treated mouse

splenocytes or PBMCs were stimulated with the relevant peptide

(final concentration 1–2 mg/ml) for 18–20 hours on IPVH-

membrane plates (Millipore) coated with 5 mg/ml anti-mouse

IFN-c (AN18) (Mabtech). IFN-c spot forming cells (SFC) were

detected after staining membranes with anti-mouse IFN-c biotin

(1 mg/ml) (R46A2) (Mabtech) followed by streptavidin-Alkaline

Phosphatase (1 mg/ml) (Mabtech) and development with AP

conjugate substrate kit (BioRad, UK) and enumerated using an

ELISPOT Reader System ELR04 (AID GMbH). Samples were

plated in duplicate and the final data is presented as spot forming

units (SFU) per million cells after subtracting the background

(number of IFN-c SFU in wells containing cells and media only).

Nonhuman primate specific IFN-c ELISPOT assays were

performed as previously described [64] using precoated ELISpot-
PLUS kits according to the manufacturer’s recommendation

(Mabtech USA, Mariemont, OH, USA). All tests were performed

in duplicate using pools of 20-mers at a final concentration of

5 mg/ml and incubated for 12–18 hours at 37uC in 5% CO2.

Wells were imaged and spots counted with an AID elispot reader

ELR04 and AID elispot reader software V4.0. Background (mean

of wells without peptide) levels were subtracted from each well on

the plate. A response was considered positive if the mean number

of SFCs of duplicate sample wells exceeded background plus two

standard deviations (STD) and was .50 SFC per 16106 cells.

ELISA
Antibodies induced by vaccination were measured by ELISA.

Briefly, 96 well Nunc-Immuno Maxisorp plates were coated for 1

hour at room temperature with recombinant GFP (Millipore) at a

concentration of 2 mg/ml diluted in bi-carbonate buffer (Sigma

Aldrich). After blocking with 1% BSA in 0.5% Tween-20 PBS, serum

was incubated for 2 hours prior to detection of bound antibodies with

alkaline phosphatase-conjugated goat anti-mouse IgG (whole

molecule) (Sigma Aldrich) diluted 1:5000 and development with

NPP substrate (Sigma Aldrich). Serum antibody endpoint titres were

taken as the x-axis intercept of the dilution curve at an absorbance

value 26standard deviations greater than the OD405 fornaı̈ve mouse

serum (typical cut-off OD405 for positive sera = 0.15). Serum from

naı̈ve mice were pooled and used as controls for all the ELISAs and

were always below the level of detection.

Intracellular cytokine staining
ACK lysis buffer treated splenocytes were stimulated at 37uC

for a total of 6 hours with 1 mg/ml Pb9 peptide and 1 mg/ml

Golgi-plug (BD) with the addition of CD107a-PE for the culture

period when investigated (Figure 3b). Following surface staining

for CD4-e450 and CD8-PerCPCy5.5 (all eBioscience), cells were

fixed with 10% neutral buffered formalin solution (containing 4%

formaldehyde) (Sigma) for 5 minutes prior to intracellular staining

for TNF-a Alexa488, IL-2 PE and IFN-c Alexa647 (all

eBioscience) diluted in Perm-Wash buffer (BD).

Sample acquisition was performed on LSR II (BD) or Cyan

(Beckman Coulter) and data analyzed in FlowJo (TreeStar). All

graphs and statistical analysis were performed using Prism v5.0d

(Graphpad) with final figures created in Adobe Illustrator CS5

v15.0.2 (Adobe).
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Malaria Sporozoite Challenge
Plasmodium berghei (ANKA strain clone 234) sporozoites (spz)

were isolated from salivary glands of female Anopheles stephensi
mosquitoes with each mouse receiving a total of 1,000 spz via the

intravenous (i.v.) route. Mice were monitored daily from day 5

onwards by taking thin blood smears and staining with Giemsa

(Sigma Aldrich) to detect the presence of schizonts within the red

blood cells. Parasitaemia was calculated as the percentage of

infected red blood cells per microscope field, with at least 5 fields

counted per mouse per day. Using linear regression, the time to

0.5% parasitaemia was calculated based on the y-intercept and

slope of the line. Mice were sacrificed by a Home Office approved

Schedule 1 method after 4 consecutive positive thin blood films or

parasitaemia above 1% (typically by day 8). As this low level of

P.berghei parasitaemia mice do not typically display systemic signs

of being unwell (eg ruffled fur, hunching). Sterile protection from

sporozoite challenge was defined as the complete absence of

parasite in the blood for more than 10 days.

Supporting Information

Figure S1 Genetic instability of adenovirus vectors
containing dual CMV major immediate early promot-
ers. (A, B) Schematics of genetically unstable bi-cistronic gene

expression cassettes inserted into the E1 locus of ChAd63. (A)

Tandem arrangement of human cytomegalovirus major immedi-

ate-early promoters (hCMV), either wild-type intron A containing

(iA) or with hybrid intron (Hi). (B) Tandem arrangement of

hCMV with the simian cytomegalovirus immediate-early IE94

promoter (sCMV). Other features are the ME-TRAP and GFP

open reading frames and the SV40 and BGH polyadenylation

signals (pA). (C, D, E). Restriction endonuclease analysis showing

viral genetic instability. Viral genomic DNA (V) was isolated from

CsCl-banded virus after three serial viral passages in HEK293 cells

and compared to pre-viral plasmid (P). (C) Dual hCMV digested

with PmeI and ApaLI. (D) hCMV-sCMV digested with PmeI and

ApaLI. (E) hCMV-sCMV digested with PmeI and NotI. Sizes (bp)

of marker bands are indicated on the left. Other sizes indicate the

restriction fragments containing the transgenic expression cassette.

PmeI liberates the left end of the genome from the pre-viral

plasmid; ApaLI cuts 39 to the transgene cassette in the viral

genome; and there are NotI sites immediately 59 of each poly A

signal. Asterisks indicate aberrant bands arising from recombina-

tion between the identical or homologous CMV promoters. In

panel E it can be seen that this recombination has resulted in the

almost complete loss of the 1,963 bp band containing the ME-

TRAP open reading frame.

(TIF)

Figure S2 Adjuvant effect of 4-1BBL in a prime-boost
vaccine regimen. A) Balb/c mice were vaccinated i.m. with

50 mg of DNA plasmid pIMM.TIP or pIMM.TIP 4-1BBL and

boosted two weeks later with 106 PFU of MVA.TIP or MVA.TIP

4-1BBL. Spleens were harvested a further 2 weeks after

vaccination and the response to Pb9 measured by IFN-c ELISpot.

Data was analysed with a Kruskal-Wallis test of variance but no

significant effect of vaccination regimen was observed. B) Balb/c

mice were vaccinated i.m. with 106 iu HAdV5.TIPEGFP or

HAdV5.TIPEGFP 4-1BBL and boosted 8 weeks later i.d. with 106

PFU MVA.TIP or MVA.TIP 4-1BBL. Spleens were harvested a

further two weeks later and response to Pb9 measured by IFN-c
ELISpot. Bars represent the median with each animal displayed as

a single point. Data was analysed with a Kruskal-Wallis test of

variance but no significant effect of vaccination regimen was

observed.

(TIF)

Figure S3 ELISpot response to mouse and human 4-
1BBL peptides. Balb/c mice were vaccinated i.m. with 106 iu

ChAd63.ME-TRAP and either 5 or 106 ChAd63.m4-1BBL

(black squares) or ChAd63.h4-1BBL (grey squares). Spleens were

harvested two weeks later and response to either mouse (A) or

human (B) 4-1BBL peptides measured by IFN-c ELISpot. Bars

represent the median with each animal displayed as a single point.

(TIF)

Acknowledgments

We wish to thank C. Williams and V. Clark for their animal husbandry; S.

Draper for donation of MSP-1 peptides and protein, E. Forbes and A.

Milic for donation of AMA-1 dominant peptide pools; A. Worth, M.

Tunnicliff, A. Williams and the Jenner Institute Vector Core facility for

assistance; and C Rollier, K Søgaard and S. Shridhar for discussions. We

wish to acknowledge the expert help provided by the Animal Services Unit,

and the Immunology Services Unit of the Wisconsin National Primate

Research Center, in particular D. Watkins and E. Rakasz. SCG and

AVSH are Jenner Institute Investigators.

Author Contributions

Conceived and designed the experiments: AJS AVSH MGC MB DHW

SCG. Performed the experiments: AJS JF JDH MGC DHW SC. Analyzed

the data: AJS DHW MGC. Contributed reagents/materials/analysis tools:

SC SS AC. Contributed to the writing of the manuscript: AJS MGC.

References

1. Draper SJ, Heeney JL (2010) Viruses as vaccine vectors for infectious diseases

and cancer. Nat Rev Microbiol 8: 62–73.

2. WHO (2011) World Malaria Report 2011.

3. Nussenzweig RS, Vanderberg J, Most H, Orton C (1967) Protective immunity

produced by the injection of x-irradiated sporozoites of plasmodium berghei.

Nature 216: 160–162.

4. Schofield L, Villaquiran J, Ferreira A, Schellekens H, Nussenzweig R, et al.

(1987) Gamma interferon, CD8+ T cells and antibodies required for immunity

to malaria sporozoites. Nature 330: 664–666.

5. Weiss WR, Sedegah M, Beaudoin RL, Miller LH, Good MF (1988) CD8+ T

cells (cytotoxic/suppressors) are required for protection in mice immunized with

malaria sporozoites. Proc Natl Acad Sci U S A 85: 573–576.

6. Hill AV (2006) Pre-erythrocytic malaria vaccines: towards greater efficacy. Nat

Rev Immunol 6: 21–32.

7. McConkey SJ, Reece WH, Moorthy VS, Webster D, Dunachie S, et al. (2003)

Enhanced T-cell immunogenicity of plasmid DNA vaccines boosted by

recombinant modified vaccinia virus Ankara in humans. Nat Med 9: 729–735.

8. O’Hara GA, Duncan CJ, Ewer KJ, Collins KA, Elias SC, et al. (2012) Clinical

Assessment of a Recombinant Simian Adenovirus ChAd63: A Potent New

Vaccine Vector. J Infect Dis 205: 772–781.

9. Sheehy SH, Duncan CJ, Elias SC, Biswas S, Collins KA, et al. (2012) Phase Ia

Clinical Evaluation of the Safety and Immunogenicity of the Plasmodium

falciparum Blood-Stage Antigen AMA1 in ChAd63 and MVA Vaccine Vectors.

PLoS One 7: e31208.

10. Sheehy SH, Duncan CJA, Elias SC, Collins KA, Ewer KJ, et al. (2011) AdCh63

and MVA Vaccine Vectors Encoding the Plasmodium falciparum Blood-Stage

Antigen MSP1 Induce Potent T cell and Antibody Immunogenicity in Humans.

Molecular Therapy: in press.

11. Hill AV, Reyes-Sandoval A, O’Hara G, Ewer K, Lawrie A, et al. (2010) Prime-

boost vectored malaria vaccines: progress and prospects. Hum Vaccin 6: 78–83.

12. Jenkins MK, Ashwell JD, Schwartz RH (1988) Allogeneic non-T spleen cells

restore the responsiveness of normal T cell clones stimulated with antigen and

chemically modified antigen-presenting cells. J Immunol 140: 3324–3330.

13. Jenkins MK, Pardoll DM, Mizuguchi J, Chused TM, Schwartz RH (1987)

Molecular events in the induction of a nonresponsive state in interleukin 2-

producing helper T-lymphocyte clones. Proc Natl Acad Sci U S A 84: 5409–

5413.

14. Pauly S, Broll K, Wittmann M, Giegerich G, Schwarz H (2002) CD137 is

expressed by follicular dendritic cells and costimulates B lymphocyte activation

in germinal centers. Journal of Leukocyte Biology 72: 35–42.

4-1BBL Enhances CD8+ T Cells

PLOS ONE | www.plosone.org 11 August 2014 | Volume 9 | Issue 8 | e105520



15. Cannons JL, Lau P, Ghumann B, DeBendette MA, Yagita H, et al. (2001) 4–

1BB Ligand induces cell division, sustains survival and enhances effector
function of CD4 and CD8 T Cells with similiar efficacy. Journal of Immunology

197: 1313–1324.

16. Shuford WW, Klussman K, Tritchler DD, Loo DT, Chalupny J, et al. (1997) 4–
1BB costimulatory signals preferentially induce CD8+ T cell proliferation and

lead to the amplification in vivo of cytotoxic T cell responses. J Exp Med 186:
47–55.

17. Diehl L, van Mierlo GJD, den Boer AT, van der Voort E, Fransen M, et al.

(2002) In Vivo Triggering Through 4–1BB Enables Th-Independent Priming of
CTL in the Presence of an Intact CD28 Costimulatory Pathway. Journal of

Immunology 168: 3755–3762.
18. Pollock KE, Kim YJ, Zhou Z, Hurtado J, Kim KK, et al. (1993) Inducible T cell

antigen 4–1BB. Analysis of expression and function. Journal of Immunology
150: 771–781.

19. Bertram EM, Lau P, Watts TH (2002) Temporal Segregation of 4–1BB Versus

CD28-Mediated Costimulation: 4–1BB Ligand Influences T Cell Numbers Late
in the Primary Response and Regulates the Size of the T Cell Memory Response

Following Influenza Infection. Journal of Immunology 168: 3777–3762.
20. DeBenedette MA, Wen T, Bachmann MF, Ohashi PS, Barber BH, et al. (1999)

Analysis of 4–1BB ligand (4–1BBL)-deficient mice and of mice lacking both 4–

1BBL and CD28 reveals a role for 4–1BBL in skin allograft rejection and in the
cytotoxic T cell response to influenza virus. Journal of Immunology 163: 4833–

4841.
21. Humphreys IR, Lee SW, Jones M, Loewendorf A, Gostick E, et al. (2010)

Biphasic role of 4–1BB in the regulation of mouse cytomegalovirus-specific
CD8(+) T cells. Eur J Immunol 40: 2762–2768.

22. Dawicki W, Watts TH (2004) Expression and function of 4–1BB during CD4

versus CD8 T cell responses in vivo. Eur J Immunol 34: 743–751.
23. Pollock K, Kim S, Kwon B (1995) Regulation of 4–1BB expression by cell-cell

interactions and the cytokines, interleukin-2 and interleukin-4. European Journal
of Immunology 25: 488–494.

24. Harrison JM, Bertram EM, Ramshaw IA (2006) Exploiting 4–1BB costimulation

for enhancing antiviral vaccination. Viral Immunol 19: 593–601.
25. Munks MW, Mourich DV, Mittler RS, Weinberg AD, Hill AB (2004) 4–1BB

and OX40 stimulation enhance CD8 and CD4 T-cell responses to a DNA
prime, poxvirus boost vaccine. Immunology 112: 559–566.

26. Schabowsky RH, Elpek KG, Madireddi S, Sharma RK, Yolcu ES, et al. (2009)
A novel form of 4–1BBL has better immunomodulatory activity than an

agonistic anti-4–1BB Ab without Ab-associated severe toxicity. Vaccine 28: 512–

522.
27. Hirao LA, Hokey DA, Morrow MP, Jure-Kunkel MN, Weiner DB (2011)

Immune modulation through 4–1BB enhances SIV vaccine protection in non-
human primates against SIVmac251 challenge. PLoS One 6: e24250.

28. Ganguly S, Liu J, Pillai VB, Mittler RS, Amara RR (2010) Adjuvantive effects of

anti-4–1BB agonist Ab and 4–1BBL DNA for a HIV-1 Gag DNA vaccine:
different effects on cellular and humoral immunity. Vaccine 28: 1300–1309.

29. Calarota SA, Hokey DA, Dai A, Jure-Kunkel MN, Balimane P, et al. (2008)
Augmentation of SIV DNA vaccine-induced cellular immunity by targeting the

4–1BB costimulatory molecule. Vaccine 26: 3121–3134.
30. Wiethe C, Dittmar K, Doan T, Lindenmaier W, Tindle R (2003) Provision of 4–

1BB ligand enhances effector and memory CTL responses generated by

immunization with dendritic cells expressing a human tumor-associated antigen.
J Immunol 170: 2912–2922.

31. Sharma RK, Elpek KG, Yolcu ES, Schabowsky RH, Zhao H, et al. (2009)
Costimulation as a platform for the development of vaccines: a peptide-based

vaccine containing a novel form of 4–1BB ligand eradicates established tumors.

Cancer Res 69: 4319–4326.
32. Kuang Y, Weng X, Liu X, Zhu H, Chen Z, et al. (2010) Anti-tumor immune

response induced by dendritic cells transduced with truncated PSMA IRES 4–
1BBL recombinant adenoviruses. Cancer Lett 293: 254–262.

33. Kudo-Saito C, Hodge JW, Kwak H, Kim-Schulze S, Schlom J, et al. (2006) 4–

1BB ligand enhances tumor-specific immunity of poxvirus vaccines. Vaccine 24:
4975–4986.

34. Xiao C, Jin H, Hu Y, Kang Y, Wang J, et al. (2007) Enhanced protective
efficacy and reduced viral load of foot-and-mouth disease DNA vaccine with co-

stimulatory molecules as the molecular adjuvants. Antiviral Res 76: 11–20.
35. Harrison JM, Bertram EM, Boyle DB, Coupar BE, Ranasinghe C, et al. (2006)

4–1BBL coexpression enhances HIV-specific CD8 T cell memory in a poxvirus

prime-boost vaccine. Vaccine 24: 6867–6874.
36. Kuang Y, Zhu H, Weng X, Liu X, Chen Z, et al. (2010) Antitumor immune

response induced by DNA vaccine encoding human prostate-specific membrane
antigen and mouse 4–1BBL. Urology 76: 510 e511–516.

37. Larsen KC, Spencer AJ, Goodman AL, Gilchrist A, Furze J, et al. (2009)

Expression of tak1 and tram induces synergistic pro-inflammatory signalling and
adjuvants DNA vaccines. Vaccine 27: 5589–5598.

38. Belousova N, Harris R, Zinn K, Rhodes-Selser MA, Kotov A, et al. (2006)
Circumventing recombination events encountered with production of a clinical-

grade adenoviral vector with a double-expression cassette. Mol Pharmacol 70:
1488–1493.

39. Jeang KT, Cho MS, Hayward GS (1984) Abundant constitutive expression of

the immediate-early 94K protein from cytomegalovirus (Colburn) in a DNA-
transfected mouse cell line. Mol Cell Biol 4: 2214–2223.

40. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, et al. (2007)

Multifunctional TH1 cells define a correlate of vaccine-mediated protection
against Leishmania major. Nat Med 13: 843–850.

41. Reyes-Sandoval A, Sridhar S, Berthoud T, Moore AC, Harty JT, et al. (2008)

Single-dose immunogenicity and protective efficacy of simian adenoviral vectors
against Plasmodium berghei. Eur J Immunol 38: 732–741.

42. Romero P, Maryanski JL, Corradin G, Nussenzweig RS, Nussenzweig V, et al.
(1989) Cloned cytotoxic T cells recognize an epitope in the circumsporozoite

protein and protect against malaria. Nature 341: 323–326.

43. Cottingham MG, Carroll F, Morris SJ, Turner AV, Vaughan AM, et al. (2012)
Preventing spontaneous genetic rearrangements in the transgene cassettes of

adenovirus vectors. Biotechnol Bioeng 109: 719–728.
44. Sridhar S, Reyes-Sandoval A, Draper SJ, Moore AC, Gilbert SC, et al. (2008)

Single-dose protection against Plasmodium berghei by a simian adenovirus
vector using a human cytomegalovirus promoter containing intron A. J Virol 82:

3822–3833.

45. Keating SM, Bejon P, Berthoud T, Vuola JM, Todryk S, et al. (2005) Durable
human memory T cells quantifiable by cultured enzyme-linked immunospot

assays are induced by heterologous prime boost immunization and correlate with
protection against malaria. J Immunol 175: 5675–5680.

46. Walther M, Thompson FM, Dunachie S, Keating S, Todryk S, et al. (2006)

Safety, immunogenicity, and efficacy of prime-boost immunization with
recombinant poxvirus FP9 and modified vaccinia virus Ankara encoding the

full-length Plasmodium falciparum circumsporozoite protein. Infect Immun 74:
2706–2716.

47. Hodge JW, Sabzevari H, Yafal AG, Gritz L, Lorenz MG, et al. (1999) A triad of
costimulatory molecules synergize to amplify T-cell activation. Cancer Res 59:

5800–5807.

48. Madan RA, Bilusic M, Heery C, Schlom J, Gulley JL (2012) Clinical Evaluation
of TRICOM Vector Therapeutic Cancer Vaccines. Semin Oncol 39: 296–304.

49. Mohebtash M, Tsang KY, Madan RA, Huen NY, Poole DJ, et al. (2011) A pilot
study of MUC-1/CEA/TRICOM poxviral-based vaccine in patients with

metastatic breast and ovarian cancer. Clin Cancer Res 17: 7164–7173.

50. Serghides L, Bukczynski J, Wen T, Wang C, Routy JP, et al. (2005) Evaluation
of OX40 ligand as a costimulator of human antiviral memory CD8 T cell

responses: comparison with B7.1 and 4–1BBL. J Immunol 175: 6368–6377.
51. Bukczynski J, Wen T, Wang C, Christie N, Routy JP, et al. (2005) Enhancement

of HIV-specific CD8 T cell responses by dual costimulation with CD80 and
CD137L. J Immunol 175: 6378–6389.

52. Kanagavelu S, Termini JM, Gupta S, Raffa FN, Fuller KA, et al. (2014) HIV-1

Adenoviral Vector Vaccines Expressing Multi-Trimeric BAFF and 4–1BBL
Enhance T Cell Mediated Anti-Viral Immunity. PLoS One 9: e90100.

53. Abdulhaqq SA, Weiner DB (2008) DNA vaccines: developing new strategies to
enhance immune responses. Immunol Res 42: 219–232.

54. Mizushima S, Nagata S (1990) pEF-BOS, a powerful mammalian expression

vector. Nucleic Acids Res 18: 5322.
55. Capone S, Reyes-Sandoval A, Naddeo M, Siani L, Ammendola V, et al. (2010)

Immune responses against a liver-stage malaria antigen induced by simian
adenoviral vector AdCh63 and MVA prime-boost immunisation in non-human

primates. Vaccine 29: 256–265.
56. Denis O, Tanghe A, Palfliet K, Jurion F, van den Berg TP, et al. (1998)

Vaccination with plasmid DNA encoding mycobacterial antigen 85A stimulates

a CD4+ and CD8+ T-cell epitopic repertoire broader than that stimulated by
Mycobacterium tuberculosis H37Rv infection. Infect Immun 66: 1527–1533.

57. McShane H, Behboudi S, Goonetilleke N, Brookes R, Hill AV (2002) Protective
immunity against Mycobacterium tuberculosis induced by dendritic cells pulsed

with both CD8(+)- and CD4(+)-T-cell epitopes from antigen 85A. Infect Immun

70: 1623–1626.
58. Barouch DH, Pau MG, Custers JH, Koudstaal W, Kostense S, et al. (2004)

Immunogenicity of recombinant adenovirus serotype 35 vaccine in the presence
of pre-existing anti-Ad5 immunity. J Immunol 172: 6290–6297.

59. Gambotto A, Dworacki G, Cicinnati V, Kenniston T, Steitz J, et al. (2000)

Immunogenicity of enhanced green fluorescent protein (EGFP) in BALB/c mice:
identification of an H2-Kd-restricted CTL epitope. Gene Ther 7: 2036–2040.

60. Goodman AL, Epp C, Moss D, Holder AA, Wilson JM, et al. (2010) New
candidate vaccines against blood-stage Plasmodium falciparum malaria: prime-

boost immunization regimens incorporating human and simian adenoviral
vectors and poxviral vectors expressing an optimized antigen based on merozoite

surface protein 1. Infect Immun 78: 4601–4612.

61. Biswas S, Dicks MD, Long CA, Remarque EJ, Siani L, et al. (2011) Transgene
optimization, immunogenicity and in vitro efficacy of viral vectored vaccines

expressing two alleles of Plasmodium falciparum AMA1. PLoS One 6: e20977.
62. Forbes EK, de Cassan SC, Llewellyn D, Biswas S, Goodman AL, et al. (2012) T

cell responses induced by adenoviral vectored vaccines can be adjuvanted by

fusion of antigen to the oligomerization domain of C4b-binding protein. PLoS
One 7: e44943.

63. Blum-Tirouvanziam U, Beghdadi-Rais C, Roggero MA, Valmori D, Bertholet
S, et al. (1994) Elicitation of specific cytotoxic T cells by immunization with

malaria soluble synthetic polypeptides. J Immunol 153: 4134–4141.
64. Wilson NA, Reed J, Napoe GS, Piaskowski S, Szymanski A, et al. (2006)

Vaccine-induced cellular immune responses reduce plasma viral concentrations

after repeated low-dose challenge with pathogenic simian immunodeficiency
virus SIVmac239. J Virol 80: 5875–5885.

4-1BBL Enhances CD8+ T Cells

PLOS ONE | www.plosone.org 12 August 2014 | Volume 9 | Issue 8 | e105520


