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Abstract

The establishment of robust T cell memory is critical for the development of novel vaccines for 

infections and cancers. Classical memory generated by CD8+ T cells is characterised by 

contracted populations homing to lymphoid organs. T cell “memory inflation”, as seen for 

example after cytomegalovirus infection, is the maintenance of expanded, functional, tissue-

associated effector memory cell pools. Such memory pools may also be induced after adenovirus 

vaccination, and we recently defined common transcriptional and phenotypic features of these 

populations in mouse and man. However, the rules that govern which epitopes drive memory 

inflation compared to classical memory are not fully defined and thus it is not currently possible to 

direct this process. We used our adenoviral model of memory inflation to first investigate the role 

of the promoter and then the role of the epitope context in determining memory formation. 

Specifically, we tested the hypothesis that conventional memory could be converted to 

“inflationary” memory by simple presentation of the antigen in the form of “minigene” vectors. 

When epitopes from LacZ and MCMV that normally induce classical memory responses were 

presented as minigenes, they induced clear memory inflation. These data demonstrate that, 

regardless of the transgene promoter, the polypeptide context of a CD8+ T cell epitope may 

determine whether classical or inflating memory responses are induced. The ability to direct this 

process by the use of minigenes is relevant to the design of vaccines and understanding of immune 

responses to pathogens.

Introduction

T cell “memory inflation” is a striking immunological response, originally described in 

murine cytomegalovirus (MCMV) infection (1). Certain peptide-specific CD8+ T cell 

populations are noted to expand after an initial viral infection and remain dominant over the 

life span of the host (1-5). This is in contrast to what is seen in most other viral infections 

and vaccines, with the usual CD8+ T cell contraction to a central memory pool after the 

acute phase, or the exhaustion of any remaining peripheral CD8+ T cells (6-9). Critically, 
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inflationary responses show a persistent effector memory (TEM) phenotype, homing to the 

periphery, and remaining functional. It has also been observed that “inflationary” epitopes 

show relative independence of the immunoproteasome, compared to epitopes inducing 

classic “non-inflating” memory (10). Whether certain key antigen presenting cells (APCs) 

are therefore responsible remains unknown, although there is increasing evidence that non-

professional APCs are involved (11, 12).

We recently described an adenoviral model of memory inflation (13). This model is based 

upon a recombinant non-replicating human adenovirus serotype 5 (AdHu5). The transgene 

comprises a human CMV (HCMV) immediate early promoter and a LacZ open reading 

frame, encoding β-galactosidase (making the construct Ad-LacZ). Within β-galactosidase (β-

gal), two Kb-restricted epitopes have been identified. The first is at position β-gal96-103, 

known as D8V (DAPIYTNV) (14), and the second is at β-gal497-504, or I8V (ICPMYARV) 

(15). These two epitopes elicit CD8+ T cell populations with a typical effector memory and 

central memory response respectively, when Ad-LacZ is immunised intravenously into a 

C57BL/6 mouse. The use of AdHu5 vectors in this setting is well established, with the role 

for specific qualities of the adenoviral vector itself in induction of sustained T cell memory 

being of critical importance. Specifically, other groups have observed the importance of the 

route and titre of the immunisation (16, 17) and the role of the adenovirus in delivering 

continued transgene expression (13, 18). A likely role of non-classical APCs in driving 

AdHu5 vector-induced immunity has also been described (19), similar to that described for 

the CMV model of memory inflation above.

The Ad-LacZ model has been shown to replicate fully what is seen in MCMV infection in 

terms of the phenotype, distribution, functionality, frequency and immunoproteasome-

independency of the CD8+ T cell populations induced (13) as well as the transcriptional 

profile (20). To elaborate, we have identified a core set of transcriptional changes in 

“inflationary” T cell populations that emerge over time and which are shared by both 

adenovector-driven and MCMV-specific responses. Such transcriptional changes appear to 

be driven by a limited set of transcription factors, especially T-bet. Furthermore the changes 

observed are mirrored in human CMV-specific T cells and in CD8+ T cells induced by novel 

adenovirus vectors in human vaccine studies. These data indicate that there exists a 

programme for the induction/maintenance of effector memory CD8+ T cell memory pools, 

which can be induced by diverse stimuli in mouse and man. It suggests also that the mouse 

adenovector model can be readily used to explore the mechanisms driving this, which may 

be relevant to novel vaccines for Hepatitis C Virus (HCV), Respiratory Syncytial Virus and 

Ebola (21-23).

The Ad-LacZ vector contains an HCMV promoter. The balance between the concentration 

of adenoviral vector used and the choice of promoter can allow for marked differences in 

expression of the transgene (24-26). It is important to note that CMV possesses a very 

strong, ubiquitous promoter. However, the promoters of Rous Sarcoma Virus (RSV) (27) and 

mammalian Elongation Factor 1-alpha (EF1α) (28-30) are similarly ubiquitous and their use 

can be advantageous where a tailored approach is required, according to the target cell type 

and level of expression. As such, there is a good body of evidence for the use of these 

promoters in adenoviral vectors.
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Here we first tested the hypothesis that the induction of inflation was strictly dependent on 

the CMV promoter used. It was necessary to evaluate this, since the promoter remains the 

only part of the adenoviral vector that is shared with CMV. It also allowed us to explore to 

what extent memory inflation was dependent on a very strong promoter associated with 

high-level antigen production (and in turn to address the hypothesis that the use of a weaker 

promoter would lead to loss of inflation).

We then tested the hypothesis that processing requirements provide a checkpoint, limiting 

the presentation and therefore the inflationary response to “non-inflationary” or classical 

epitopes. We tested this by removing the requirements for processing of the β-gal antigen for 

presentation of the D8V and I8V epitopes using “minigene” adenovectors, with the idea that 

this would allow for induction of memory inflation from both epitopes following 

vaccination. We looked to further test this hypothesis by also presenting a distinct virally 

derived epitope - the M45 epitope from MCMV (normally inducing a classical memory 

response) - in an adenoviral vector. We show that with “minigene” vectors we can transform 

the quality of T cell memory responses against these epitopes (I8V and M45) from classical 

to inflationary. This has implications both for our understanding of memory induction and 

more practically opens up potential simple approaches to modulate immunisation for CD8+ 

T cell induction for prophylaxis or therapy.

Materials and Methods

Animals

Experiments were performed in Oxford according to UK Home Office regulations (project 

licence number 30/2744,). Mice (females aged 6±2 weeks) were maintained in Specific 

Pathogen Free (SPF) conditions in individually ventilated cages and fed on a normal chow 

diet.

C57BL/6 mice were purchased from Harlan (UK). LMP7−/− mice (31) were re-derived with 

the help of Denise Jelfs and Richard Corderoy.

MCMV—Strain Smith (ATCC: VR194) was used, kindly provided by Professor U.H. 

Koszinoswki, Max von Pettenkofer Institute, Munich. MCMV was propagated and titrated 

on NIH 3T3 cells (ECACC, UK), and injected intravenously at a dose of 2×106 infectious 

units (iu) per mouse.

Adenoviral constructs—Replication-deficient recombinant adenovirus expressing the β-

gal protein with an HCMV (short) promoter (Ad-LacZ) was used (13). Variant Ad-LacZ 

constructs were developed with The Viral Vectors Core Facility (VVCF), The Jenner 

Institute (Oxford, UK). These were a construct expressing the mammalian elongation factor 

1α (EF1α) promoter and a construct with the HCMV long (including intron A) promoter. 

Further variant Ad-LacZ constructs were developed with The VVCF expressing the 

minigenes D8V/βgal96-103 and I8V/βgal497-504 only and the Ad-7aa-I8V and Ad-10aa-I8V 

constructs. Briefly, these were produced using a shuttle vector containing a promoter and 

transcription terminator with inserts as described (table I and II). These were recombined 

into the pAD/PL-DEST vector (Invitrogen, UK) using LR clonase (Invitrogen, UK). 
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Recombinant plasmids were used to transfect TRex HEK293A cells (Invitrogen, UK) and 

purified as previously described (32).

An alternative Ad-LacZ construct with a Rous Sarcoma Virus (RSV) promoter was 

purchased from Kerafast (Boston, USA). Ad-M45 was purchased from Vector BioLabs 

(Pennsylvania, USA), expressing the M45985-993 minigene (HGIRNASFI) with an HCMV 

promoter. Additional constructs of Ad-10aa-I8V-10aa and Ad-I8V-10aa, Ad-ICD and Ad-

DAI were also purchased from Vector BioLabs.

All AdHu5 vectors were evaluated in pilot experiments (data not shown) to define the 

optimum titre for intravenous immunisation across a range of 107 to 1010 iu/mouse. This 

was necessary based upon the previous reports of a narrow dose range, beyond which 

immune tolerance is seen (13, 17). Overall, we saw inflation across this range, albeit with 

some level of reduction in the tetramer-positive CD8+ T cell responses at the two extremes 

(107 and 1010) of that range. Tables I and II describe fully the individual vectors, including 

the viral titres used (all diluted into PBS at a volume of 200μL per immunisation).

Peptides

The D8V/βgal96-103 (DAPIYTNV) (14), I8V/βgal497-504 (ICPMYARV) (15), M45(985-993) 

(HGIRNASFI) and M38(316-323) (SSPPMFRV) peptides were purchased from Proimmune 

(Oxford, UK).

Tetrameric MHC class I peptide complexes

MHC class I monomers (H-2Kb) were kindly provided by the NIH Tetramer Core Facility, 

Emory University, USA: (DAPIYTNV (D8V) and SSPPMFRV (M38) tetramerised with 

streptavidin-PE and ICPMYARV (I8V) and HGIRNASFI (M45) tetramerised with 

streptavidin-APC). Cells were incubated with the indicated tetramer at 37°C for 20 minutes.

Antibodies

Anti-CD8a-eFluoro® 450, anti-CD127-PE-Cy7, anti-IFNγ-eFluoro® 450, anti-TNFα-FITC 

were obtained from eBioscience (San Diego, USA), anti-CD44-FITC, anti-CD62L-alexa700 

were obtained from BD Biosciences (Oxford, UK), and anti-CD27-PerCP-Cy5.5 was 

obtained from Biolegend (San Diego, USA). Cells were incubated with the indicated 

antibodies at 4°C for 20 minutes.

Flow cytometry

Blood or organs were prepared as previously described (13). Cells were counted using a BD 

LSR II flow cytometer (Oxford, UK) and results were analysed using Flowjo software (Tree 

star, USA), the gating strategy as shown in supplementary figures 1 and 2. Intracellular 

cytokine staining was performed on splenocytes as previously described (13). Peptide-

specific responses were assessed after stimulation with 10−5 M of the applicable peptide, 

alongside positive (PMA) and negative (medium alone) controls.
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Statistical analysis

All data is presented as the mean result from individual groups, with error bars indicating the 

standard error of the mean (SEM). An unpaired two-tailed Students’ test was used. P values 

<0.05 were considered statistically significant. Statistical data analysis was performed using 

Graph-Pad Prism version 5.0a for MACs (GraphPad Software, San Diego, CA, USA).

Results

Induction of inflationary responses occurs independent of the CMV transgene promoter

We first tested the hypothesis that the CMV promoter was necessary for induction of “CMV-

like” memory inflation in the Ad-LacZ model. The CMV promoter was therefore replaced 

with alternative promoters from RSV or a mammalian EF1α promoter. Figure 1a presents 

results that demonstrate memory inflation following vaccination from both of the alternative 

Ad-LacZ constructs. Although the magnitude of the CD8+ T cell response to D8V (β-

gal96-103) varied, according to the recognised promoter strength (33-35), memory responses 

induced by all constructs showed features of “inflation” (maintenance of expanded CD8+ T 

cell pools, with retained function, effector memory phenotype and homing to peripheral 

tissues). The quality of these inflating responses was consistent between all three Ad-LacZ 

vectors. All constructs elicited immune responses showing the effector memory phenotype 

typical of memory inflation: CD44hi, CD62Llo, CD27lo, CD127lo (13, 36) as demonstrated 

by representative individual flow cytometry plots in figure 1b (and the full phenotypic data 

in supplementary figure 3). The inflated CD8+ T cells were found in high numbers in 

peripheral tissues (figure 1c) and remained functional (figure 1d), as shown by the 

production of IFNγ and TNFα in intracellular cytokine stain assays. The difference between 

the tetramer-positive CD8+ T cell frequency in spleen (typically lower frequencies than in 

blood) and the fraction of those CD8+ T cells making IFNγ in vitro is similar to that noted in 

previous studies using both the Ad-lacZ model (13) and also in recent comparative studies 

using MCMV (20). The difference between the two measures (tetramer versus ICS) is not 

due to T cell exhaustion, as the adenovector-induced cells show no phenotypic or functional 

features of this (20), but may result from technical aspects of the in vitro stimulation and 

subsequent stringent gating strategies.

Comparison was made between alternative HCMV promoters as well: long and short. These 

are with and without the intron A included, respectively (37). Our wildtype Ad-LacZ model 

contains a short HCMV promoter (lacking intron A). Figure 1e shows no significant 

difference in the kinetics of D8V (inflationary) tetramer-specific CD8+ T cells induced from 

these two vectors.

Overall these data clearly show that memory inflation can be induced regardless of the 

promoter used, and a CMV promoter is not a prerequisite. Interestingly, even with relatively 

weaker promoters, the distinct patterns of responsiveness seen with Ad-LacZ immunisation 

were maintained, with “inflation” seen for D8V and classic memory for I8V. This indicates 

that other factors inherent in the vector and antigen must influence the development of CD8+ 

T cell memory.
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A minigene vector allows for inflation from a “non-inflating” epitope

As highlighted, two major epitope-specific responses are observed following vaccination 

with Ad-LacZ: I8V (classical memory) and D8V (inflationary memory). Therefore, two 

AdHu5 vectors were developed, each containing one individual I8V or D8V epitope as a 

minigene (called Ad-I8V and Ad-D8V). Each of these contained an HCMV (long) promoter. 

Figure 2a presents results showing that an inflating response can be produced from the 

minigene vector (Ad-I8V) expressing the non-inflating epitope from Ad-LacZ (I8V). This is 

in contrast to the I8V peptide-specific CD8+ T cell response in full-length Ad-LacZ 

immunised mice, which demonstrates the expected classical memory (non-inflating) 

response. Figure 2b shows the minigene-induced CD8+ T cell phenotypes for I8V and D8V-

specific responses, as assessed by a panel of CD44, CD62L, CD127 and CD27. Comparative 

Ad-LacZ and naive responses are shown. An early (day 14) and late (day 98) time-point is 

given for each phenotypic marker. These data demonstrate that inflationary responses from 

each of the Ad-LacZ (D8V), Ad-D8V (D8V) and Ad-I8V (I8V) possess an effector memory 

phenotype. Inflating populations from Ad-I8V and Ad-D8V are also clearly distributed in 

the periphery (figure 2c), and remain functional (figure 2d) as assessed by IFNγ and TNFα 

production in ICS assays. Overall, the features of these responses are as previously reported 

in the MCMV and Ad-LacZ models, where inflationary cells are present in the peripheral 

tissues, sustained at high frequencies at later time-points post infection within the host, and 

remain functional (13, 20).

Impact of modifications of antigen context at the N- and C-termini

We next tested the impact of short N- and C-terminal additions of native β-gal sequence to 

the I8V epitope in minigene vectors, to assess whether a conversion back to classical 

memory responses would occur. Constructs containing I8V with short N-terminal extensions 

of 10 and 7 amino acids were immunised intravenously into C57BL/6 and, for the 10aa 

construct, LMP7−/− mice. Given the immunoproteasome-dependence of non-inflating/

classical memory responses, vaccination of LMP7−/− mice was included to assess the impact 

of N-terminal extensions. Figure 3a presents the results that show 7 and 10 amino acid N-

terminal extensions to be effectively trimmed, ultimately allowing for I8V responses as seen 

in Ad-I8V. Thus the minimal processing required of the peptide N-terminus appears to be 

well tolerated, LMP7 independence is maintained and induction of inflationary responses is 

sustained.

While additions at the N-terminus were very well tolerated, we observed that the minigene 

model consistently failed to induce immune responses using short C-terminally extended 

vectors. Minigene vectors containing additions of 10 amino acids on the C-terminus of I8V 

did not induce a detectable I8V peptide-specific response following immunisation. Figure 3b 

shows day 21 results for Ad-10aa-I8V-10aa. We were unable to track any I8V tetramer-

specific responses in blood or organs at any time-point. Similarly with Ad-I8V-10aa (data 

not shown), no peptide-specific responses could be tracked in vivo from this short C-

terminal extension construct.

We looked to further explore the impact of short N and C-terminal extensions through the 

construction of vectors containing both of the D8V and I8V epitopes in both orientations 

Colston et al. Page 6

J Immunol. Author manuscript; available in PMC 2016 October 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(D8V-I8V and I8V-D8V) with a short glycine-proline linker. (i.e. an Ad-I8V-linker-D8V or 

Ad-ICD and an Ad-D8V-linker-I8V vector or Ad-DAI). This linker was chosen based upon 

experience within malaria vaccine development (38). In this setting it was envisaged that 

both epitopes would be delivered to the same cell and processed simultaneously, allowing 

for an additional readout of competition between these two epitopes. Again, these minigene 

vectors failed to induce a detectable immune response. Figure 3c demonstrates these results, 

in which no peptide-specific responses could be identified ex vivo using tetramers.

Overall these data indicate that the minigene vector approach induces robust responses, even 

with short N-terminus extensions using the natural sequence. However, extensions at the C-

terminus and/or alternative sequences may lead to loss of antigen production, likely through 

aberrant peptide processing.

A minigene construct Ad-M45 also induces memory inflation

To test the processing context further using a viral epitope, an Ad-M45 construct was 

developed expressing the M45 epitope from MCMV. CD8+ T cell responses specific to the 

M45 epitope in C57BL/6 mice infected with MCMV exhibit a classical central memory 

phenotype (2). Figure 4a demonstrates that immunisation with an additional minigene-

expressing adenoviral vector induces memory inflation in the epitope-specific T cell 

population. Phenotypic (figure 4b), distribution (figure 4c) and functional (figure 4d) assays 

showed the same pattern of inflation, as with the Ad-I8V construct. In contrast, infection 

with MCMV elicited the recognised M45 epitope classical memory response that expands at 

around day 7-post immunisation and has contracted back to a central memory response by 

around day 21-post immunisation.

“Co-inflation” between minigene vectors in a single host

We finally tested whether a single host could accommodate multiple inflationary responses 

from minigene constructs. We started with Ad-I8V and Ad-D8V, and addressed whether in 

the presence of a dominant inflationary response, one would revert to classical memory. We 

immunised mice intravenously (figure 5a) with both Ad-I8V and Ad-D8V simultaneously. 

The results show that the inflating responses broadly occur in the same way in this mixed 

immunisation, as in a mouse immunised with a single construct. We next repeated this 

experiment using an intramuscular immunisation (figure 5b). The intramuscular route 

additionally allowed for the two minigene constructs to be given at different sites, but at the 

same time in the same host. We observed that inflation occurred using this combined 

minigene vaccination when the vectors were given at separate sites but also when given at 

the same site. Finally, in figure 5c, we performed an experiment to test co-immunisation of 3 

minigene vectors (Ad-I8V, Ad-D8V and Ad-M45). Again we observed that memory 

inflation could be induced in parallel to 3 epitopes using the minigene approach, two of 

which induce classic non-inflating memory in their normal context. In this setting we do 

note some variation in the population sizes compared to single immunisation responses.

These data indicate that co-induction of memory inflation is possible using the minigene 

approach, and that competition for presentation or for T cell expansion does not impact on 
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the pathway of memory development. However, as these individual responses accumulate in 

a single host, there does seem to be some influence on the overall size of such a response.

Discussion

Induction of CD8+ T cell responses against pathogens and cancers is an important goal of 

modern immunology. One current approach of translational interest is the use of adenoviral 

vectors, which in human populations are very effective at priming strong and sustained 

CD8+ T cell responses. In studies of adenovectors for immunisation against HCV we have 

observed that such responses possess features of mature effector memory pools (20, 21, 39). 

Furthermore, there appears to be a close association at a transcriptional level between the 

features of such expanded adenovector-induced responses and those induced by the classical 

persistent virus MCMV. This core transcriptional programme is shared not only between T 

cells induced by the two vectors, but also shared between mouse and man. Thus adenoviral 

vectors may be harnessing a natural pathway for memory expansion normally observed in 

response to persistent herpesvirus infection. Since CMV-derived vectors show significant 

promise in protection against mucosal challenges (40), it is possible that adenovector 

vaccines could provide robust defense against complex viruses (such as HCV, Respiratory 

Syncytial Virus and Ebola), other pathogens (such as malaria) and also cancers (22, 23, 39, 

41, 42).

One limitation of such an approach for memory induction is that it is clear that distinct 

patterns of memory may be induced using adenovectors, as they are against CMV. Specific 

epitopes undergo memory “inflation” whilst others, even when processed from the same 

antigen, may show classical contraction after the initial priming, with conversion to a central 

memory pool. Defining the rules governing this could allow us to promote the induction of 

effector memory pools in vaccinations and potentially impact on protection or therapeutic 

efficacy. Here we addressed whether the promoter used was critical, and explored whether 

by bypassing processing requirements we could drive epitopes towards an inflationary 

profile.

We began by testing whether the nature of the CMV immediate early promoter utilised in the 

transgenic expression cassette of Ad-LacZ could influence whether memory CD8+ T cell 

responses exhibited inflation. This was addressed by the use of Ad-LacZ constructs with 

either of an RSV or EF1α promoter in place of the HCMV promoter. In this work a 

simplified readout of ex vivo peptide-specific responses induced from these vectors 

(essentially present or not present) has been used. However, it is recognised that the 

intricacies of promoter choice and the concentration of protein expressed over time hold 

importance. This will obviously affect the efficacy and toxicity of adenovirus-based 

therapeutics. Also important to acknowledge are the strong innate and adaptive immune 

responses elicited by adenoviral vectors, which in turn can affect the efficacy of the 

promoter (26, 34).

Whilst all three Ad-LacZ constructs with differing promoters produce inflation, the 

magnitude of the response is noted to be quite different between the vectors. It seems likely 

that this is down to a combination of promoter strength, target cells and the immune 
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responses to the adenoviral vector, in keeping with the literature (24, 33-35). In considering 

the strengths of individual promoters, it can be advantageous to tailor the type of promoter 

used and the viral titre of adenovirus immunised to optimise for the best host response (24). 

This may well be reflected in part in the initial studies of Ad-LacZ immunisation and the 

observation that only a very narrow dose range of the virus in vivo would lead to inflationary 

responses (13, 17). The strength of the HCMV promoter undoubtedly plays a critical role in 

the activity of the transgene, where over-activity in turn leads to the tolerisation described.

This work has additionally made some limited comparison of alternative HCMV promoters 

as well. The intron A region of the HCMV promoter has been shown to have a regulatory 

role on the enhancer region of the IE promoter (43). With both the “short” promoter (lacking 

intron A) and the “long” or native promoter (containing intron A) (37), responses to D8V 

and I8V showed comparable typical memory inflation and classical memory, respectively. In 

summary, these findings indicate that induction of CD8+ T cell memory inflation from our 

Ad-LacZ model is variable in the magnitude of response in relation to the choice of 

transgene promoter, but remains qualitatively the same regardless of the promoter used. 

Critically, it is not dependent upon the use of the cytomegalovirus immediate early promoter.

We next assessed the role of antigen processing and looked to use the Ad-LacZ model to 

address the question as to why it is that some epitopes lead to the production of inflationary 

CD8+ T cell populations, and not others. We observe that a simple “minimalist” approach in 

the vaccine construct reproducibly allows for memory inflation in response to previously 

“non-inflationary” epitopes. These data indicate that the quality of T cell memory is not a 

fixed property of the inducing vector or of the peptide epitope, but may be governed by the 

antigenic context. We also conclude that modification of the antigen context (and associated 

processing requirements) provides a critical tool to modulate the nature of memory induced 

by the same vector. We acknowledge that further work is required to investigate the exact 

requirements of peptide processing in this setting. This work has shown concordance with 

the well described lack of impact of short N-terminal extensions, likely due to N-terminal 

trimming in the endoplasmic reticulum (44). Short C-terminal extension of the I8V minigene 

did not provide evidence of a returned “non-inflationary” profile, since no I8V-specific 

responses were detectable in vivo. Additional constructs containing both of the I8V and 

D8V epitopes in a string (in both orientations) similarly were unable to induce any tetramer-

specific responses in vivo. We suggest that this is likely due to aberrant expression and/or 

processing in the context of the C-terminus extension. We hypothesize that longer C-

terminal extensions, or even a full length LacZ insert, might be required for natural 

processing of this epitope. These data may be important in considering translational use of 

such minigenes, as some care may be required in particular at the C-terminus, to present a 

minimal epitope. It could also impact on the use of epitope “strings” in this context.

Presenting these epitopes as minigenes bypasses the requirements for processing and likely 

allows for increased antigen production and presentation, in particular from non-professional 

antigen presenting cells that lack the immunoproteasome. We do observe the variation in the 

kinetic of the inflationary response from the minigene vectors of Ad-I8V and Ad-M45. Here 

we see a much greater initial response at day 14, which then reaches a lower plateau over the 

time-course of the immunisation, but remains as a sustained effector memory pool. This 
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interesting feature reflects the heterogeneity of non-classical memory responses observed in 

MCMV (2, 7). Although they share a capacity for efficient processing and presentation over 

time, epitopes driving such responses will however vary in other key features such as avidity 

and off-rate. Given that the development of the inflationary memory pool is a continuous 

process dependent on recruitment and expansion on the one hand and cell death on the other, 

these additional features may impact on this dynamic equilibrium and thus the final “set-

point” level of the memory inflation observed. Further studies using subtle modifications of 

an epitope presented within a minigene context to impact on binding or TCR contact could 

address this point experimentally in the future.

In addition to processing, competition between epitopes could also impact on memory 

development following adenovector vaccination. Here we can provide some insight into the 

ability of a single host to respond to both inflationary epitopes from the Ad-I8V and Ad-

D8V minigene vectors. From these experiments, where there is presumably sufficient 

antigen (and sufficient APCs) for each epitope, we conclude that there is no competitive 

process between the two constructs and both responses can be accommodated in a single 

host. We make note of previously published data indicating later inflation of epitopes, which 

are initially “subdominant”, including recombinant epitopes (1). It may also be the case that 

epitope competition at other points in the antigen-processing pathway could influence the 

dominance of specific memory pools. However, the principle is clear that classical memory 

can be converted to inflationary memory even in the presence of other inflationary 

responses, although we acknowledge the variation in the magnitude of responses in mice 

where multiple minigenes have been immunised.

In addition to highlighting the point that the memory phenotype is dependent on antigen 

context, we propose that this work also holds an important potential translational element, 

given the data described above on adenoviral vaccines (21, 39) and CMV-vectored vaccines 

(1, 40). In this context our finding proves that a simple modification of the context of an 

epitope can allow for a clear switch in memory phenotype, and that such responses can be 

elicited in parallel. Future work within the model will focus on the protective capacity of 

these populations induced from minigene vectors, as well as extending the premise to other 

disease models. Overall, we believe that this approach holds significant potential for 

utilisation as a tool in vaccine development, in addition to furthering our understanding into 

the production of memory inflating CD8+ T cell responses.
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Figure 1. Inflation is seen following immunisation with Ad-LacZ vectors utilising different 
transgenic promoters
C57BL/6 mice were immunised with Ad-LacZ constructs, which had either of an HCMV 

(short) promoter (2×109 iu/mouse), RSV (Rous sarcoma virus) promoter (1×109 iu/mouse) 

or an EF1-α (mammalian elongation factor 1-α) promoter (1×109 iu/mouse). A control 

group of naïve mice has been tested alongside all constructs. (A) Shows the tetramer-specific 

responses for D8V/βgal96 and I8V/βgal497, which were tracked in blood over a time course 

of day 14, 21, 50 and 100-post immunisation. The naïve control background responses are 
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undetectable. (B) Demonstrates representative phenotyping of the D8V-specific populations 

in blood from day 100 immunised mice. (C) Demonstrates the distribution data at day 100-

post immunisation. Individual D8V and I8V-specific responses are shown for each of the 

Ad-LacZ constructs with varying promoters in the liver, lung and spleen. (D) Demonstrates 

the functional (IFNγ and TNFα production in ICS) data at day 100-post immunisation (in 

splenocytes). (E) Demonstrates comparison of a long and short HCMV promoter 

(immunised at 1×109 and 2×109 iu/mouse respectively), with D8V tetramer-specific 

responses in blood shown at day 21 and 50-post immunisation (n=4/group with results 

showing the mean ± SEM. All work has been performed twice independently showing the 

same results).
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Figure 2. An Ad-I8V minigene construct switches a non-inflating response to inflation
C57BL/6 mice were immunised with either of Ad-LacZ (2×109 iu/mouse), Ad-D8V (1×108 

iu/mouse) or Ad-I8V (1×108 iu/mouse) (or left naïve). Tetramer-specific responses were 

tracked in blood over a time course of day 14, 28, 50, 76 and 98-post immunisation. (A) 
Shows (left to right) the conventional Ad-LacZ immunisation, with the inflating D8V (blue) 

and the non-inflating I8V (red) responses; Ad-D8V immunisation; Ad-I8V immunisation. 

Naïve control responses are undetectable. (B) Representative results for the phenotypic 

markers (CD44, CD62L, CD127 and CD27) from tetramer-specific responses in blood at 

day 50-post immunisation in the minigene constructs, compared to naïve CD8+ T cells as 

well as the full phenotypic data at an early and late time-point. (C) Individual D8V and I8V-

specific day 100 responses are shown for each of the constructs in the liver, lung and spleen. 

(D) IFNγ and TNFα production from peptide stimulated day 75-post immunisation 

splenocytes, from each of the 3 constructs alongside naïve controls. (n=5/group with results 

showing the mean ± SEM. All work has been performed at least twice independently 

showing the same results.)
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Figure 3. Short N-terminal extensions show effective trimming, whilst C-terminal extensions do 
not allow for tetramer-specific responses in vivo
(A) I8V tetramer-specific responses from Ad-10aa-I8V (1×108 iu/mouse) (left) in both 

C57BL/6 (purple) and LMP7ko (red) mice, in blood, compared to Ad-I8V (blue) alone. 

Responses from Ad-7aa-I8V (1×108 iu/mouse) are also shown (right) from experiments in 

C57BL/6 mice only. (B) I8V tetramer-specific responses from Ad-10aa-I8V-10aa (1×108 iu/

mouse) compared to Ad-I8V and naïve controls in blood at day 21-post immunisation. (C) 
Shows Ad-ICD (Ad-I8V-linker-D8V) and Ad-DAI (Ad-D8V-linker-I8V) (both immunised at 

1×108 iu/mouse) responses in blood compared to Ad-D8V and Ad-I8V. No in vivo responses 

could be tracked from these dual constructs. (n=4/group with results showing the mean ± 

SEM.)
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Figure 4. M45, a further “non-inflating” epitope, can also show a switch to inflation in a 
minigene construct (Ad-M45)
C57BL/6 mice were immunised intravenously with Ad-M45 (1×108 iu/mouse) alongside 

control groups of MCMV-infected (2×106 iu/mouse) and naïve mice. (A) Time-course of 

M45-specific responses in blood for Ad-M45 compared to MCMV. (B) Phenotypic data for 

CD44, CD62L, CD27 and CD127 shown in blood at day 7 and day 75-post immunisation, 

compared to naive. (C) Distribution in peripheral tissues (liver, lung and spleen at day 75-

post immunisation). (D) IFNγ production from peptide stimulated day 75-post immunisation 

splenocytes. (n=8/group – data pooled from 2 experiments - with results showing the mean ± 

SEM.)
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Figure 5. A single host is able to accommodate responses from multiple minigene constructs
C57BL/6 mice were co-immunised with Ad-I8V and Ad-D8V or given a single 

immunisation (individual Ad-I8V or Ad-D8V) (all at 1×108 iu/mouse). (A) Tetramer-

specific responses in blood for D8V and I8V in mice immunised intravenously with relevant 

constructs (B) Responses in blood following co-immunisation via the intramuscular route. 

Ad-I8V and Ad-D8V were combined in the same mouse, but administered (at the same 

time) at separate sites. (n=5/group with results showing the mean ± SEM. All work has been 

performed twice independently showing the same results.) (C) C57BL/6 mice were co-

immunised with Ad-I8V, Ad-D8V and Ad-M45 (all at 1×108 iu/mouse) alongside 

individually immunised animals. (n=8/group – data pooled from 2 experiments - with results 

showing the mean ± SEM. Statistical analysis on M45: ***p <0.0005.)
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Table I
Summary of AdHu5 promoter constructs

Vector Promoter Insert P:I Used at
(iu/mouse)

Ad-LacZ
(wildtype)

HCMV (short) β-gal - 2×109

Ad-LacZ
(Jenner)

HCMV (long) β-gal 30 1×109

Ad-LacZ
(RSV – Kerafast)

RSV β-gal 20.4 1×109

Ad-LacZ
(EF1α)

EF1α - mammalian β-gal 23 1×109

AdHu5 replication-deficient vectors used with a LacZ (encoding for the full β-galactosidase protein) insert and varying transgene promoters are 
shown. These are a long (with intron A) and short (without intron A) human IE CMV promoter, a Rous sarcoma virus (RSV) promoter and a 
mammalian elongation factor 1-alpha (EF1α) promoter. P:I ratios (particle number to infectivity) are shown alongside the viral titre in infectious 
units for which the virus was immunised into a single mouse.
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Table II
Summary of AdHu5 processing constructs

Vector Promoter Insert P:I Used at
(iu/mouse)

Ad-I8V HCMV β-gal497-504 17 1×108

Ad-D8V HCMV β-gal96-103 23 1×108

Ad-M45 HCMV M45985-993 25 1×108

Ad-7aa-I8V HCMV β-gal490-504 20 1×108

Ad-10aa-I8V HCMV β-gal487-504 60 1×108

Ad-10aa-I8V-10aa HCMV β-gal487-514 42 1×108

Ad-I8V-10aa HCMV β-gal497-514 28 1×108

Ad-I8V-D8V
(Ad-ICD)

HCMV β-gal497-504-

GGGCCCGGG –
β-gal96-103

22 1×108

Ad-D8V-I8V
(Ad-DAI)

HCMV β-gal96-103 -

GGGCCCGGG –
β-gal497-504

21 1×108

AdHu5 replication-deficient vectors used with their varying inserts are shown (all have a human IE CMV promoter). P:I ratios (particle number to 
infectivity) are shown alongside the viral titre in infectious units for which the virus was immunised into a single mouse.
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