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Abstract 30 31 
The establishment of robust T cell memory is critical for the development of novel 32 
vaccines for infections and cancers. Classical memory generated by CD8+ T cells is 33 
characterised by contracted populations homing to lymphoid organs. T cell “memory 34 
inflation”, as seen for example after cytomegalovirus infection, is the maintenance of 35 
expanded, functional, tissue-associated effector memory cell pools. Such memory 36 
pools may also be induced after adenovirus vaccination, and we recently defined 37 
common transcriptional and phenotypic features of these populations in mouse and 38 
man. However, the rules that govern which epitopes drive memory inflation compared 39 
to classical memory are not fully defined and thus it is not currently possible to direct 40 
this process. We used our adenoviral model of memory inflation to first investigate 41 
the role of the promoter and then the role of the epitope context in determining 42 
memory formation. Specifically, we tested the hypothesis that conventional memory 43 
could be converted to “inflationary” memory by simple presentation of the antigen in 44 
the form of “minigene” vectors. When epitopes from LacZ and MCMV that normally 45 
induce classical memory responses were presented as minigenes, they induced clear 46 
memory inflation. These data demonstrate that, regardless of the transgene promoter, 47 
the polypeptide context of a CD8+ T cell epitope may determine whether classical or 48 
inflating memory responses are induced. The ability to direct this process by the use 49 
of minigenes is relevant to the design of vaccines and understanding of immune 50 
responses to pathogens. 51 52 
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Introduction 53 54 
T cell “memory inflation” is a striking immunological response, originally described 55 
in murine cytomegalovirus (MCMV) infection (1). Certain peptide-specific CD8+ T 56 
cell populations are noted to expand after an initial viral infection and remain 57 
dominant over the life span of the host (1-5). This is in contrast to what is seen in 58 
most other viral infections and vaccines, with the usual CD8+ T cell contraction to a 59 
central memory pool after the acute phase, or the exhaustion of any remaining 60 
peripheral CD8+ T cells (6-9). Critically, inflationary responses show a persistent 61 
effector memory (TEM) phenotype, homing to the periphery, and remaining functional. 62 
It has also been observed that “inflationary” epitopes show relative independence of 63 
the immunoproteasome, compared to epitopes inducing classic “non-inflating” 64 
memory (10). Whether certain key antigen presenting cells (APCs) are therefore 65 
responsible remains unknown, although there is increasing evidence that non-66 
professional APCs are involved (11, 12).  67 68 
We recently described an adenoviral model of memory inflation (13). This model is 69 
based upon a recombinant non-replicating human adenovirus serotype 5 (AdHu5). 70 
The transgene comprises a human CMV (HCMV) immediate early promoter and a 71 
LacZ open reading frame, encoding β-galactosidase (making the construct Ad-LacZ). 72 
Within β-galactosidase (β-gal), two Kb-restricted epitopes have been identified. The 73 
first is at position β-gal96-103, known as D8V (DAPIYTNV) (14), and the second is at 74 
β-gal497-504, or I8V (ICPMYARV) (15). These two epitopes elicit CD8+ T cell 75 
populations with a typical effector memory and central memory response 76 
respectively, when Ad-LacZ is immunised intravenously into a C57BL/6 mouse. The 77 
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use of AdHu5 vectors in this setting is well established, with the role for specific 78 
qualities of the adenoviral vector itself in induction of sustained T cell memory being 79 
of critical importance. Specifically, other groups have observed the importance of the 80 
route and titre of the immunisation (16, 17) and the role of the adenovirus in 81 
delivering continued transgene expression (13, 18). A likely role of non-classical 82 
APCs in driving AdHu5 vector-induced immunity has also been described (19), 83 
similar to that described for the CMV model of memory inflation above. 84 85 
The Ad-LacZ model has been shown to replicate fully what is seen in MCMV 86 
infection in terms of the phenotype, distribution, functionality, frequency and 87 
immunoproteasome-independency of the CD8+ T cell populations induced (13) as 88 
well as the transcriptional profile (20). To elaborate, we have identified a core set of 89 
transcriptional changes in “inflationary” T cell populations that emerge over time and 90 
which are shared by both adenovector-driven and MCMV-specific responses. Such 91 
transcriptional changes appear to be driven by a limited set of transcription factors, 92 
especially T-bet. Furthermore the changes observed are mirrored in human CMV-93 
specific T cells and in CD8+ T cells induced by novel adenovirus vectors in human 94 
vaccine studies. These data indicate that there exists a programme for the 95 
induction/maintenance of effector memory CD8+ T cell memory pools, which can be 96 
induced by diverse stimuli in mouse and man. It suggests also that the mouse 97 
adenovector model can be readily used to explore the mechanisms driving this, which 98 
may be relevant to novel vaccines for Hepatitis C Virus (HCV), Respiratory Syncytial 99 
Virus and Ebola (21-23).   100 101 
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The Ad-LacZ vector contains an HCMV promoter. The balance between the 102 
concentration of adenoviral vector used and the choice of promoter can allow for 103 
marked differences in expression of the transgene (24-26). It is important to note that 104 
CMV possesses a very strong, ubiquitous promoter. However, the promoters of Rous 105 
Sarcoma Virus (RSV) (27) and mammalian Elongation Factor 1-alpha (EF1α) (28-30) 106 
are similarly ubiquitous and their use can be advantageous where a tailored approach 107 
is required, according to the target cell type and level of expression. As such, there is 108 
a good body of evidence for the use of these promoters in adenoviral vectors.  109 110 
Here we first tested the hypothesis that the induction of inflation was strictly 111 
dependent on the CMV promoter used. It was necessary to evaluate this, since the 112 
promoter remains the only part of the adenoviral vector that is shared with CMV. It 113 
also allowed us to explore to what extent memory inflation was dependent on a very 114 
strong promoter associated with high-level antigen production (and in turn to address 115 
the hypothesis that the use of a weaker promoter would lead to loss of inflation). 116 117 
We then tested the hypothesis that processing requirements provide a checkpoint, 118 
limiting the presentation and therefore the inflationary response to “non-inflationary” 119 
or classical epitopes. We tested this by removing the requirements for processing of 120 
the β-gal antigen for presentation of the D8V and I8V epitopes using “minigene” 121 
adenovectors, with the idea that this would allow for induction of memory inflation 122 
from both epitopes following vaccination.  We looked to further test this hypothesis 123 
by also presenting a distinct virally derived epitope - the M45 epitope from MCMV 124 
(normally inducing a classical memory response) - in an adenoviral vector. We show 125 
that with “minigene” vectors we can transform the quality of T cell memory responses 126 
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against these epitopes (I8V and M45) from classical to inflationary. This has 127 
implications both for our understanding of memory induction and more practically 128 
opens up potential simple approaches to modulate immunisation for CD8+ T cell 129 
induction for prophylaxis or therapy. 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 
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Materials and Methods 152 153 
Animals  154 
Experiments were performed in Oxford according to UK Home Office regulations 155 
(project licence number 30/2744,). Mice (females aged 6±2 weeks) were maintained 156 
in Specific Pathogen Free (SPF) conditions in individually ventilated cages and fed on 157 
a normal chow diet. 158 
C57BL/6 mice were purchased from Harlan (UK).  LMP7-/- mice (31) were re-derived 159 
with the help of Denise Jelfs and Richard Corderoy. 160 161 
MCMV  162 
Strain Smith (ATCC: VR194) was used, kindly provided by Professor U.H.  163 
Koszinoswki, Max von Pettenkofer Institute, Munich. MCMV was propagated and 164 
titrated on NIH 3T3 cells (ECACC, UK), and injected intravenously at a dose of 165 
2x106 infectious units (iu) per mouse.  166 167 
Adenoviral constructs 168 
Replication-deficient recombinant adenovirus expressing the β-gal protein with an 169 
HCMV (short) promoter (Ad-LacZ) was used (13). Variant Ad-LacZ constructs were 170 
developed with The Viral Vectors Core Facility (VVCF), The Jenner Institute 171 
(Oxford, UK). These were a construct expressing the mammalian elongation factor 172 
1α (EF1α) promoter and a construct with the HCMV long (including intron A) 173 
promoter. Further variant Ad-LacZ constructs were developed with The VVCF 174 
expressing the minigenes D8V/βgal96-103 and I8V/βgal497-504

 only and the Ad-7aa-I8V 175 
and Ad-10aa-I8V constructs. Briefly, these were produced using a shuttle vector 176 
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containing a promoter and transcription terminator with inserts as described (table I 177 
and II). These were recombined into the pAD/PL-DEST vector (Invitrogen, UK) 178 
using LR clonase (Invitrogen, UK). Recombinant plasmids were used to transfect 179 
TRex HEK293A cells (Invitrogen, UK) and purified as previously described (32). 180 181 
An alternative Ad-LacZ construct with a Rous Sarcoma Virus (RSV) promoter was 182 
purchased from Kerafast (Boston, USA). Ad-M45 was purchased from Vector 183 
BioLabs (Pennsylvania, USA), expressing the M45985-993 minigene (HGIRNASFI) 184 
with an HCMV promoter. Additional constructs of Ad-10aa-I8V-10aa and Ad-I8V-185 
10aa, Ad-ICD and Ad-DAI were also purchased from Vector BioLabs. 186 187 
All AdHu5 vectors were evaluated in pilot experiments (data not shown) to define the 188 
optimum titre for intravenous immunisation across a range of 107 to 1010 iu/mouse. 189 
This was necessary based upon the previous reports of a narrow dose range, beyond 190 
which immune tolerance is seen (13, 17). Overall, we saw inflation across this range, 191 
albeit with some level of reduction in the tetramer-positive CD8+ T cell responses at 192 
the two extremes (107 and 1010) of that range. Tables I and II describe fully the 193 
individual vectors, including the viral titres used (all diluted into PBS at a volume of 194 
200μL per immunisation).  195 196 
Peptides 197 
The D8V/βgal96-103 (DAPIYTNV) (14), I8V/βgal497-504 (ICPMYARV) (15), M45(985-198 
993) (HGIRNASFI) and M38(316-323) (SSPPMFRV) peptides were purchased from199 
Proimmune (Oxford, UK). 200 201 
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Tetrameric MHC class I peptide complexes 202 
MHC class I monomers (H-2Kb) were kindly provided by the NIH Tetramer Core 203 
Facility, Emory University, USA: (DAPIYTNV (D8V) and SSPPMFRV (M38) 204 
tetramerised with streptavidin-PE and ICPMYARV (I8V) and HGIRNASFI (M45) 205 
tetramerised with streptavidin-APC). Cells were incubated with the indicated tetramer 206 
at 37oC for 20 minutes. 207 208 
Antibodies 209 
Anti-CD8a-eFluoro® 450, anti-CD127-PE-Cy7, anti-IFNγ-eFluoro® 450, anti-210 
TNFα-FITC were obtained from eBioscience (San Diego, USA), anti-CD44-FITC, 211 
anti-CD62L-alexa700 were obtained from BD Biosciences (Oxford, UK), and anti-212 
CD27-PerCP-Cy5.5 was obtained from Biolegend (San Diego, USA). Cells were 213 
incubated with the indicated antibodies at 4oC for 20 minutes. 214 215 
Flow cytometry 216 
Blood or organs were prepared as previously described (13). Cells were counted using 217 
a BD LSR II flow cytometer (Oxford, UK) and results were analysed using Flowjo 218 
software (Tree star, USA), the gating strategy as shown in supplementary figures 1 219 
and 2. Intracellular cytokine staining was performed on splenocytes as previously 220 
described (13). Peptide-specific responses were assessed after stimulation with 10-5 M 221 
of the applicable peptide, alongside positive (PMA) and negative (medium alone) 222 
controls. 223 224 
Statistical analysis 225 
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All data is presented as the mean result from individual groups, with error bars 226 
indicating the standard error of the mean (SEM). An unpaired two-tailed Students’ 227 
test was used. P values <0.05 were considered statistically significant. Statistical data 228 
analysis was performed using Graph-Pad Prism version 5.0a for MACs (GraphPad 229 
Software, San Diego, CA, USA). 230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 
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Results 251 252 
Induction of inflationary responses occurs independent of the CMV transgene 253 
promoter 254 
We first tested the hypothesis that the CMV promoter was necessary for induction of 255 
“CMV-like” memory inflation in the Ad-LacZ model. The CMV promoter was 256 
therefore replaced with alternative promoters from RSV or a mammalian EF1α 257 
promoter. Figure 1a presents results that demonstrate memory inflation following 258 
vaccination from both of the alternative Ad-LacZ constructs. Although the magnitude 259 
of the CD8+ T cell response to D8V (β-gal96-103) varied, according to the recognised 260 
promoter strength (33-35), memory responses induced by all constructs showed 261 
features of “inflation” (maintenance of expanded CD8+ T cell pools, with retained 262 
function, effector memory phenotype and homing to peripheral tissues). The quality 263 
of these inflating responses was consistent between all three Ad-LacZ vectors. All 264 
constructs elicited immune responses showing the effector memory phenotype typical 265 
of memory inflation: CD44hi, CD62Llo, CD27lo, CD127lo (13, 36) as demonstrated by 266 
representative individual flow cytometry plots in figure 1b (and the full phenotypic 267 
data in supplementary figure 3). The inflated CD8+ T cells were found in high 268 
numbers in peripheral tissues (figure 1c) and remained functional (figure 1d), as 269 
shown by the production of IFNγ and TNFα in intracellular cytokine stain assays. The 270 
difference between the tetramer-positive CD8+ T cell frequency in spleen (typically 271 
lower frequencies than in blood) and the fraction of those CD8+ T cells making IFNγ 272 
in vitro is similar to that noted in previous studies using both the Ad-lacZ model (13) 273 
and also in recent comparative studies using MCMV (20). The difference between the 274 
two measures (tetramer versus ICS) is not due to T cell exhaustion, as the 275 
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adenovector-induced cells show no phenotypic or functional features of this (20), but 276 
may result from technical aspects of the in vitro stimulation and subsequent stringent 277 
gating strategies. 278 279 
Comparison was made between alternative HCMV promoters as well: long and short. 280 
These are with and without the intron A included, respectively (37). Our wildtype Ad-281 
LacZ model contains a short HCMV promoter (lacking intron A). Figure 1e shows no 282 
significant difference in the kinetics of D8V (inflationary) tetramer-specific CD8+ T 283 
cells induced from these two vectors. 284 285 
Overall these data clearly show that memory inflation can be induced regardless of 286 
the promoter used, and a CMV promoter is not a prerequisite. Interestingly, even with 287 
relatively weaker promoters, the distinct patterns of responsiveness seen with Ad-288 
LacZ immunisation were maintained, with “inflation” seen for D8V and classic 289 
memory for I8V. This indicates that other factors inherent in the vector and antigen 290 
must influence the development of CD8+ T cell memory. 291 292 
A minigene vector allows for inflation from a “non-inflating” epitope  293 
As highlighted, two major epitope-specific responses are observed following 294 
vaccination with Ad-LacZ: I8V (classical memory) and D8V (inflationary memory). 295 
Therefore, two AdHu5 vectors were developed, each containing one individual I8V or 296 
D8V epitope as a minigene (called Ad-I8V and Ad-D8V). Each of these contained an 297 
HCMV (long) promoter. Figure 2a presents results showing that an inflating response 298 
can be produced from the minigene vector (Ad-I8V) expressing the non-inflating 299 
epitope from Ad-LacZ (I8V). This is in contrast to the I8V peptide-specific CD8+ T 300 
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cell response in full-length Ad-LacZ immunised mice, which demonstrates the 301 
expected classical memory (non-inflating) response. Figure 2b shows the minigene-302 
induced CD8+ T cell phenotypes for I8V and D8V-specific responses, as assessed by 303 
a panel of CD44, CD62L, CD127 and CD27. Comparative Ad-LacZ and naive 304 
responses are shown. An early (day 14) and late (day 98) time-point is given for each 305 
phenotypic marker. These data demonstrate that inflationary responses from each of 306 
the Ad-LacZ (D8V), Ad-D8V (D8V) and Ad-I8V (I8V) possess an effector memory 307 
phenotype. Inflating populations from Ad-I8V and Ad-D8V are also clearly 308 
distributed in the periphery (figure 2c), and remain functional (figure 2d) as assessed 309 
by IFNγ and TNFα production in ICS assays. Overall, the features of these responses 310 
are as previously reported in the MCMV and Ad-LacZ models, where inflationary 311 
cells are present in the peripheral tissues, sustained at high frequencies at later time-312 
points post infection within the host, and remain functional (13, 20).  313 314 
Impact of modifications of antigen context at the N- and C-termini 315 
We next tested the impact of short N- and C-terminal additions of native β-gal 316 
sequence to the I8V epitope in minigene vectors, to assess whether a conversion back 317 
to classical memory responses would occur. Constructs containing I8V with short N-318 
terminal extensions of 10 and 7 amino acids were immunised intravenously into 319 
C57BL/6 and, for the 10aa construct, LMP7-/- mice. Given the immunoproteasome-320 
dependence of non-inflating/classical memory responses, vaccination of LMP7-/- mice 321 
was included to assess the impact of N-terminal extensions. Figure 3a presents the 322 
results that show 7 and 10 amino acid N-terminal extensions to be effectively 323 
trimmed, ultimately allowing for I8V responses as seen in Ad-I8V. Thus the minimal 324 
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processing required of the peptide N-terminus appears to be well tolerated, LMP7 325 
independence is maintained and induction of inflationary responses is sustained. 326 327 
While additions at the N-terminus were very well tolerated, we observed that the 328 
minigene model consistently failed to induce immune responses using short C-329 
terminally extended vectors. Minigene vectors containing additions of 10 amino acids 330 
on the C-terminus of I8V did not induce a detectable I8V peptide-specific response 331 
following immunisation. Figure 3b shows day 21 results for Ad-10aa-I8V-10aa. We 332 
were unable to track any I8V tetramer-specific responses in blood or organs at any 333 
time-point. Similarly with Ad-I8V-10aa (data not shown), no peptide-specific 334 
responses could be tracked in vivo from this short C-terminal extension construct. 335 336 
We looked to further explore the impact of short N and C-terminal extensions through 337 
the construction of vectors containing both of the D8V and I8V epitopes in both 338 
orientations (D8V-I8V and I8V-D8V) with a short glycine-proline linker. (i.e. an Ad-339 
I8V-linker-D8V or Ad-ICD and an Ad-D8V-linker-I8V vector or Ad-DAI). This 340 
linker was chosen based upon experience within malaria vaccine development (38). In 341 
this setting it was envisaged that both epitopes would be delivered to the same cell 342 
and processed simultaneously, allowing for an additional readout of competition 343 
between these two epitopes. Again, these minigene vectors failed to induce a 344 
detectable immune response. Figure 3c demonstrates these results, in which no 345 
peptide-specific responses could be identified ex vivo using tetramers. 346 347 
Overall these data indicate that the minigene vector approach induces robust 348 
responses, even with short N-terminus extensions using the natural sequence. 349 
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However, extensions at the C-terminus and/or alternative sequences may lead to loss 350 
of antigen production, likely through aberrant peptide processing. 351 352 
A minigene construct Ad-M45 also induces memory inflation 353 
To test the processing context further using a viral epitope, an Ad-M45 construct was 354 
developed expressing the M45 epitope from MCMV. CD8+ T cell responses specific 355 
to the M45 epitope in C57BL/6 mice infected with MCMV exhibit a classical central 356 
memory phenotype (2). Figure 4a demonstrates that immunisation with an additional 357 
minigene-expressing adenoviral vector induces memory inflation in the epitope-358 
specific T cell population. Phenotypic (figure 4b), distribution (figure 4c) and 359 
functional (figure 4d) assays showed the same pattern of inflation, as with the Ad-I8V 360 
construct. In contrast, infection with MCMV elicited the recognised M45 epitope 361 
classical memory response that expands at around day 7-post immunisation and has 362 
contracted back to a central memory response by around day 21-post immunisation. 363 364 
“Co-inflation” between minigene vectors in a single host 365 
We finally tested whether a single host could accommodate multiple inflationary 366 
responses from minigene constructs. We started with Ad-I8V and Ad-D8V, and 367 
addressed whether in the presence of a dominant inflationary response, one would 368 
revert to classical memory. We immunised mice intravenously (figure 5a) with both 369 
Ad-I8V and Ad-D8V simultaneously. The results show that the inflating responses 370 
broadly occur in the same way in this mixed immunisation, as in a mouse immunised 371 
with a single construct. We next repeated this experiment using an intramuscular 372 
immunisation (figure 5b). The intramuscular route additionally allowed for the two 373 
minigene constructs to be given at different sites, but at the same time in the same 374 
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host. We observed that inflation occurred using this combined minigene vaccination 375 
when the vectors were given at separate sites but also when given at the same site. 376 
Finally, in figure 5c, we performed an experiment to test co-immunisation of 3 377 
minigene vectors (Ad-I8V, Ad-D8V and Ad-M45). Again we observed that memory 378 
inflation could be induced in parallel to 3 epitopes using the minigene approach, two 379 
of which induce classic non-inflating memory in their normal context. In this setting 380 
we do note some variation in the population sizes compared to single immunisation 381 
responses. 382 383 
These data indicate that co-induction of memory inflation is possible using the 384 
minigene approach, and that competition for presentation or for T cell expansion does 385 
not impact on the pathway of memory development. However, as these individual 386 
responses accumulate in a single host, there does seem to be some influence on the 387 
overall size of such a response. 388 389 390 391 392 393 394 395 396 397 398 399 
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Discussion 400 401 
Induction of CD8+ T cell responses against pathogens and cancers is an important 402 
goal of modern immunology. One current approach of translational interest is the use 403 
of adenoviral vectors, which in human populations are very effective at priming 404 
strong and sustained CD8+ T cell responses. In studies of adenovectors for 405 
immunisation against HCV we have observed that such responses possess features of 406 
mature effector memory pools (20, 21, 39). Furthermore, there appears to be a close 407 
association at a transcriptional level between the features of such expanded 408 
adenovector-induced responses and those induced by the classical persistent virus 409 
MCMV. This core transcriptional programme is shared not only between T cells410 
induced by the two vectors, but also shared between mouse and man. Thus adenoviral 411 
vectors may be harnessing a natural pathway for memory expansion normally 412 
observed in response to persistent herpesvirus infection. Since CMV-derived vectors 413 
show significant promise in protection against mucosal challenges (40), it is possible 414 
that adenovector vaccines could provide robust defense against complex viruses (such 415 
as HCV, Respiratory Syncytial Virus and Ebola), other pathogens (such as malaria) 416 
and also cancers (22, 23, 39, 41, 42). 417 418 
One limitation of such an approach for memory induction is that it is clear that 419 
distinct patterns of memory may be induced using adenovectors, as they are against 420 
CMV. Specific epitopes undergo memory “inflation” whilst others, even when421 
processed from the same antigen, may show classical contraction after the initial 422 
priming, with conversion to a central memory pool. Defining the rules governing this 423 
could allow us to promote the induction of effector memory pools in vaccinations and 424 
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potentially impact on protection or therapeutic efficacy. Here we addressed whether 425 
the promoter used was critical, and explored whether by bypassing processing 426 
requirements we could drive epitopes towards an inflationary profile. 427 428 
We began by testing whether the nature of the CMV immediate early promoter 429 
utilised in the transgenic expression cassette of Ad-LacZ could influence whether 430 
memory CD8+ T cell responses exhibited inflation. This was addressed by the use of 431 
Ad-LacZ constructs with either of an RSV or EF1α promoter in place of the HCMV 432 
promoter. In this work a simplified readout of ex vivo peptide-specific responses 433 
induced from these vectors (essentially present or not present) has been used. 434 
However, it is recognised that the intricacies of promoter choice and the concentration 435 
of protein expressed over time hold importance. This will obviously affect the 436 
efficacy and toxicity of adenovirus-based therapeutics. Also important to 437 
acknowledge are the strong innate and adaptive immune responses elicited by 438 
adenoviral vectors, which in turn can affect the efficacy of the promoter (26, 34). 439 440 
Whilst all three Ad-LacZ constructs with differing promoters produce inflation, the 441 
magnitude of the response is noted to be quite different between the vectors. It seems 442 
likely that this is down to a combination of promoter strength, target cells and the 443 
immune responses to the adenoviral vector, in keeping with the literature (24, 33-35). 444 
In considering the strengths of individual promoters, it can be advantageous to tailor 445 
the type of promoter used and the viral titre of adenovirus immunised to optimise for 446 
the best host response (24). This may well be reflected in part in the initial studies of 447 
Ad-LacZ immunisation and the observation that only a very narrow dose range of the 448 
virus in vivo would lead to inflationary responses (13, 17). The strength of the HCMV 449 
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promoter undoubtedly plays a critical role in the activity of the transgene, where over-450 
activity in turn leads to the tolerisation described.  451 452 
This work has additionally made some limited comparison of alternative HCMV 453 
promoters as well. The intron A region of the HCMV promoter has been shown to 454 
have a regulatory role on the enhancer region of the IE promoter (43). With both the 455 
“short” promoter (lacking intron A) and the “long” or native promoter (containing 456 
intron A) (37), responses to D8V and I8V showed comparable typical memory 457 
inflation and classical memory, respectively. In summary, these findings indicate that 458 
induction of CD8+ T cell memory inflation from our Ad-LacZ model is variable in the 459 
magnitude of response in relation to the choice of transgene promoter, but remains 460 
qualitatively the same regardless of the promoter used. Critically, it is not dependent 461 
upon the use of the cytomegalovirus immediate early promoter. 462 463 
We next assessed the role of antigen processing and looked to use the Ad-LacZ model 464 
to address the question as to why it is that some epitopes lead to the production of 465 
inflationary CD8+ T cell populations, and not others. We observe that a simple 466 
“minimalist” approach in the vaccine construct reproducibly allows for memory 467 
inflation in response to previously “non-inflationary” epitopes. These data indicate 468 
that the quality of T cell memory is not a fixed property of the inducing vector or of 469 
the peptide epitope, but may be governed by the antigenic context. We also conclude 470 
that modification of the antigen context (and associated processing requirements) 471 
provides a critical tool to modulate the nature of memory induced by the same vector. 472 
We acknowledge that further work is required to investigate the exact requirements of 473 
peptide processing in this setting. This work has shown concordance with the well 474 



20

described lack of impact of short N-terminal extensions, likely due to N-terminal 475 
trimming in the endoplasmic reticulum (44). Short C-terminal extension of the I8V 476 
minigene did not provide evidence of a returned “non-inflationary” profile, since no 477 
I8V-specific responses were detectable in vivo. Additional constructs containing both 478 
of the I8V and D8V epitopes in a string (in both orientations) similarly were unable to 479 
induce any tetramer-specific responses in vivo. We suggest that this is likely due to 480 
aberrant expression and/or processing in the context of the C-terminus extension. We 481 
hypothesize that longer C-terminal extensions, or even a full length LacZ insert, 482 
might be required for natural processing of this epitope. These data may be important 483 
in considering translational use of such minigenes, as some care may be required in 484 
particular at the C-terminus, to present a minimal epitope. It could also impact on the 485 
use of epitope “strings” in this context. 486 487 
Presenting these epitopes as minigenes bypasses the requirements for processing and 488 
likely allows for increased antigen production and presentation, in particular from 489 
non-professional antigen presenting cells that lack the immunoproteasome. We do 490 
observe the variation in the kinetic of the inflationary response from the minigene 491 
vectors of Ad-I8V and Ad-M45. Here we see a much greater initial response at day 492 
14, which then reaches a lower plateau over the time-course of the immunisation, but 493 
remains as a sustained effector memory pool. This interesting feature reflects the 494 
heterogeneity of non-classical memory responses observed in MCMV (2, 7). 495 
Although they share a capacity for efficient processing and presentation over time, 496 
epitopes driving such responses will however vary in other key features such as 497 
avidity and off-rate. Given that the development of the inflationary memory pool is a 498 
continuous process dependent on recruitment and expansion on the one hand and cell 499 
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death on the other, these additional features may impact on this dynamic equilibrium 500 
and thus the final “set-point” level of the memory inflation observed. Further studies 501 
using subtle modifications of an epitope presented within a minigene context to 502 
impact on binding or TCR contact could address this point experimentally in the 503 
future. 504 505 
In addition to processing, competition between epitopes could also impact on memory 506 
development following adenovector vaccination. Here we can provide some insight 507 
into the ability of a single host to respond to both inflationary epitopes from the Ad-508 
I8V and Ad-D8V minigene vectors. From these experiments, where there is 509 
presumably sufficient antigen (and sufficient APCs) for each epitope, we conclude 510 
that there is no competitive process between the two constructs and both responses 511 
can be accommodated in a single host. We make note of previously published data 512 
indicating later inflation of epitopes, which are initially “subdominant”, including 513 
recombinant epitopes (1). It may also be the case that epitope competition at other 514 
points in the antigen-processing pathway could influence the dominance of specific 515 
memory pools. However, the principle is clear that classical memory can be converted 516 
to inflationary memory even in the presence of other inflationary responses, although 517 
we acknowledge the variation in the magnitude of responses in mice where multiple 518 
minigenes have been immunised. 519 520 
In addition to highlighting the point that the memory phenotype is dependent on 521 
antigen context, we propose that this work also holds an important potential 522 
translational element, given the data described above on adenoviral vaccines (21, 39) 523 
and CMV-vectored vaccines (1, 40). In this context our finding proves that a simple 524 
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modification of the context of an epitope can allow for a clear switch in memory 525 
phenotype, and that such responses can be elicited in parallel. Future work within the 526 
model will focus on the protective capacity of these populations induced from 527 
minigene vectors, as well as extending the premise to other disease models. Overall, 528 
we believe that this approach holds significant potential for utilisation as a tool in 529 
vaccine development, in addition to furthering our understanding into the production 530 
of memory inflating CD8+ T cell responses. 531 532 533 534 535 536 537 538 539 540 541 542 543 544 545 546 547 548 549 



23

Acknowledgments 550 
We would like to acknowledge the Viral Vector Core Facility and specifically Alison 551 
Turner for her help in the production of the adenovirus vectors. We would also like to 552 
acknowledge the NIH for the tetramers used in this work. 553 554 555 556 557 558 559 560 561 562 563 564 565 566 567 568 569 570 571 572 573 574 



24

References 575 576 1. Karrer, U., S. Sierro, M. Wagner, A. Oxenius, H. Hengel, U. H. Koszinowski, 577 R. E. Phillips, and P. Klenerman. 2003. Memory inflation: continuous 578 accumulation of antiviral CD8+ T cells over time. J Immunol 170: 2022-579 2029. 580 2. Munks, M. W., K. S. Cho, A. K. Pinto, S. Sierro, P. Klenerman, and A. B. Hill. 581 2006. Four distinct patterns of memory CD8 T cell responses to chronic 582 murine cytomegalovirus infection. J Immunol 177: 450-458. 583 3. Komatsu, H., S. Sierro, V. C. A, and P. Klenerman. 2003. Population analysis 584 of antiviral T cell responses using MHC class I-peptide tetramers. Clinical 585 
and experimental immunology 134: 9-12. 586 4. Gillespie, G. M., M. R. Wills, V. Appay, C. O'Callaghan, M. Murphy, N. Smith, 587 P. Sissons, S. Rowland-Jones, J. I. Bell, and P. A. Moss. 2000. Functional588 heterogeneity and high frequencies of cytomegalovirus-specific CD8(+) T589 lymphocytes in healthy seropositive donors. Journal of virology 74: 8140-590 8150.591 5. Holtappels, R., M. F. Pahl-Seibert, D. Thomas, and M. J. Reddehase. 2000.592 Enrichment of immediate-early 1 (m123/pp89) peptide-specific CD8 T593 cells in a pulmonary CD62L(lo) memory-effector cell pool during latent594 murine cytomegalovirus infection of the lungs. Journal of virology 74:595 11495-11503.596 6. O'Hara, G. A., S. P. Welten, P. Klenerman, and R. Arens. 2012. Memory T597 cell inflation: understanding cause and effect. Trends in immunology 33:598 84-90.599 7. Sierro, S., R. Rothkopf, and P. Klenerman. 2005. Evolution of diverse600 antiviral CD8+ T cell populations after murine cytomegalovirus infection.601 
European journal of immunology 35: 1113-1123.602 8. Gallimore, A., A. Glithero, A. Godkin, A. C. Tissot, A. Pluckthun, T. Elliott, H.603 Hengartner, and R. Zinkernagel. 1998. Induction and exhaustion of604 lymphocytic choriomeningitis virus-specific cytotoxic T lymphocytes605 visualized using soluble tetrameric major histocompatibility complex606 class I-peptide complexes. The Journal of experimental medicine 187:607 1383-1393.608 9. Zajac, A. J., J. N. Blattman, K. Murali-Krishna, D. J. Sourdive, M. Suresh, J. D.609 Altman, and R. Ahmed. 1998. Viral immune evasion due to persistence of610 activated T cells without effector function. The Journal of experimental611 
medicine 188: 2205-2213.612 10. Hutchinson, S., S. Sims, G. O'Hara, J. Silk, U. Gileadi, V. Cerundolo, and P.613 Klenerman. 2011. A dominant role for the immunoproteasome in CD8+ T 614 cell responses to murine cytomegalovirus. PloS one 6: e14646. 615 11. Torti, N., S. M. Walton, T. Brocker, T. Rulicke, and A. Oxenius. 2011. Non-616 hematopoietic cells in lymph nodes drive memory CD8 T cell inflation 617 during murine cytomegalovirus infection. PLoS pathogens 7: e1002313. 618 12. Smith, C. J., H. Turula, and C. M. Snyder. 2014. Systemic hematogenous619 maintenance of memory inflation by MCMV infection. PLoS pathogens 10: 620 e1004233. 621 



25

13. Bolinger, B., S. Sims, G. O'Hara, C. de Lara, E. Tchilian, S. Firner, D. Engeler, 622 B. Ludewig, and P. Klenerman. 2013. A new model for CD8+ T cell623 memory inflation based upon a recombinant adenoviral vector. J Immunol624 190: 4162-4174.625 14. Overwijk, W. W., D. R. Surman, K. Tsung, and N. P. Restifo. 1997.626 Identification of a Kb-restricted CTL epitope of beta-galactosidase: 627 potential use in development of immunization protocols for "self" 628 antigens. Methods 12: 117-123. 629 15. Oukka, M., M. Cohen-Tannoudji, Y. Tanaka, C. Babinet, and K.630 Kosmatopoulos. 1996. Medullary thymic epithelial cells induce tolerance 631 to intracellular proteins. J Immunol 156: 968-975. 632 16. Holst, P. J., C. Orskov, A. R. Thomsen, and J. P. Christensen. 2010. Quality of633 the transgene-specific CD8+ T cell response induced by adenoviral vector 634 immunization is critically influenced by virus dose and route of 635 vaccination. J Immunol 184: 4431-4439. 636 17. Krebs, P., E. Scandella, B. Odermatt, and B. Ludewig. 2005. Rapid637 functional exhaustion and deletion of CTL following immunization with 638 recombinant adenovirus. J Immunol 174: 4559-4566. 639 18. Finn, J. D., J. Bassett, J. B. Millar, N. Grinshtein, T. C. Yang, R. Parsons, C.640 Evelegh, Y. Wan, R. J. Parks, and J. L. Bramson. 2009. Persistence of 641 transgene expression influences CD8+ T-cell expansion and maintenance 642 following immunization with recombinant adenovirus. Journal of virology 643 83: 12027-12036. 644 19. Bassett, J. D., T. C. Yang, D. Bernard, J. B. Millar, S. L. Swift, A. J. McGray, H.645 VanSeggelen, J. E. Boudreau, J. D. Finn, R. Parsons, C. Evelegh, D. 646 Damjanovic, N. Grinshtein, M. Divangahi, L. Zhang, Z. Xing, Y. Wan, and J. L. 647 Bramson. 2011. CD8+ T-cell expansion and maintenance after 648 recombinant adenovirus immunization rely upon cooperation between 649 hematopoietic and nonhematopoietic antigen-presenting cells. Blood 117: 650 1146-1155. 651 20. Bolinger, B., S. Sims, L. Swadling, G. O'Hara, C. de Lara, D. Baban, N. Saghal,652 L. N. Lee, E. Marchi, M. Davis, E. Newell, S. Capone, A. Folgori, E. Barnes,653 and P. Klenerman. 2015. Adenoviral Vector Vaccination Induces a654 Conserved Program of CD8 T Cell Memory Differentiation in Mouse and655 Man. Cell Rep.656 21. Barnes, E., A. Folgori, S. Capone, L. Swadling, S. Aston, A. Kurioka, J. Meyer,657 R. Huddart, K. Smith, R. Townsend, A. Brown, R. Antrobus, V. Ammendola,658 M. Naddeo, G. O'Hara, C. Willberg, A. Harrison, F. Grazioli, M. L. Esposito, L.659 Siani, C. Traboni, Y. Oo, D. Adams, A. Hill, S. Colloca, A. Nicosia, R. Cortese,660 and P. Klenerman. 2012. Novel adenovirus-based vaccines induce broad661 and sustained T cell responses to HCV in man. Science translational662 
medicine 4: 115ra111.663 22. Green, C. A., E. Scarselli, C. J. Sande, A. J. Thompson, C. M. de Lara, K. S.664 Taylor, K. Haworth, M. Del Sorbo, B. Angus, L. Siani, S. Di Marco, C. 665 Traboni, A. Folgori, S. Colloca, S. Capone, A. Vitelli, R. Cortese, P. 666 Klenerman, A. Nicosia, and A. J. Pollard. 2015. Chimpanzee adenovirus- 667 and MVA-vectored respiratory syncytial virus vaccine is safe and 668 immunogenic in adults. Science translational medicine 7: 300ra126. 669 



26

23. Ledgerwood, J. E., A. D. DeZure, D. A. Stanley, L. Novik, M. E. Enama, N. M.670 Berkowitz, Z. Hu, G. Joshi, A. Ploquin, S. Sitar, I. J. Gordon, S. A. Plummer, L.671 A. Holman, C. S. Hendel, G. Yamshchikov, F. Roman, A. Nicosia, S. Colloca,672 R. Cortese, R. T. Bailer, R. M. Schwartz, M. Roederer, J. R. Mascola, R. A.673 Koup, N. J. Sullivan, and B. S. Graham. 2014. Chimpanzee Adenovirus674 Vector Ebola Vaccine - Preliminary Report. The New England journal of675 
medicine.676 24. Arita, E., M. Kondoh, K. Isoda, H. Nishimori, T. Yoshida, H. Mizuguchi, and677 K. Yagi. 2008. Evaluation of promoter strength in mouse and rat primary678 hepatocytes using adenovirus vectors. European journal of pharmaceutics679 
and biopharmaceutics : official journal of Arbeitsgemeinschaft fur680 
Pharmazeutische Verfahrenstechnik e.V 70: 1-6.681 25. Zheng, C., and B. J. Baum. 2005. Evaluation of viral and mammalian682 promoters for use in gene delivery to salivary glands. Molecular therapy : 683 
the journal of the American Society of Gene Therapy 12: 528-536. 684 26. Chen, P., J. Tian, I. Kovesdi, and J. T. Bruder. 2008. Promoters influence the685 kinetics of transgene expression following adenovector gene delivery. The 686 
journal of gene medicine 10: 123-131. 687 27. Yamamoto, T., B. de Crombrugghe, and I. Pastan. 1980. Identification of a688 functional promoter in the long terminal repeat of Rous sarcoma virus. 689 
Cell 22: 787-797. 690 28. Kim, D. W., T. Uetsuki, Y. Kaziro, N. Yamaguchi, and S. Sugano. 1990. Use of691 the human elongation factor 1 alpha promoter as a versatile and efficient 692 expression system. Gene 91: 217-223. 693 29. Uetsuki, T., A. Naito, S. Nagata, and Y. Kaziro. 1989. Isolation and694 characterization of the human chromosomal gene for polypeptide chain 695 elongation factor-1 alpha. The Journal of biological chemistry 264: 5791-696 5798. 697 30. Mizushima, S., and S. Nagata. 1990. pEF-BOS, a powerful mammalian698 expression vector. Nucleic acids research 18: 5322. 699 31. Fehling, H. J., W. Swat, C. Laplace, R. Kuhn, K. Rajewsky, U. Muller, and H.700 von Boehmer. 1994. MHC class I expression in mice lacking the 701 proteasome subunit LMP-7. Science 265: 1234-1237. 702 32. Gilbert, S. C., J. Schneider, C. M. Hannan, J. T. Hu, M. Plebanski, R. Sinden,703 and A. V. Hill. 2002. Enhanced CD8 T cell immunogenicity and protective 704 efficacy in a mouse malaria model using a recombinant adenoviral 705 vaccine in heterologous prime-boost immunisation regimes. Vaccine 20: 706 1039-1045. 707 33. Zarrin, A. A., L. Malkin, I. Fong, K. D. Luk, A. Ghose, and N. L. Berinstein.708 1999. Comparison of CMV, RSV, SV40 viral and Vlambda1 cellular 709 promoters in B and T lymphoid and non-lymphoid cell lines. Biochimica et 710 
biophysica acta 1446: 135-139. 711 34. Schaack, J., M. L. Bennett, G. S. Shapiro, J. DeGregori, J. L. McManaman, and712 J. W. Moorhead. 2011. Strong foreign promoters contribute to innate 713 inflammatory responses induced by adenovirus transducing vectors. 714 
Virology 412: 28-35. 715 35. Qin, J. Y., L. Zhang, K. L. Clift, I. Hulur, A. P. Xiang, B. Z. Ren, and B. T. Lahn.716 2010. Systematic comparison of constitutive promoters and the 717 doxycycline-inducible promoter. PloS one 5: e10611. 718 



27

36. Bachmann, M. F., P. Wolint, K. Schwarz, P. Jager, and A. Oxenius. 2005.719 Functional properties and lineage relationship of CD8+ T cell subsets720 identified by expression of IL-7 receptor alpha and CD62L. J Immunol 175:721 4686-4696.722 37. Sridhar, S., A. Reyes-Sandoval, S. J. Draper, A. C. Moore, S. C. Gilbert, G. P.723 Gao, J. M. Wilson, and A. V. Hill. 2008. Single-dose protection against 724 Plasmodium berghei by a simian adenovirus vector using a human 725 cytomegalovirus promoter containing intron A. Journal of virology 82: 726 3822-3833. 727 38. Draper, S. J., S. Biswas, A. J. Spencer, E. J. Remarque, S. Capone, M. Naddeo,728 M. D. Dicks, B. W. Faber, S. C. de Cassan, A. Folgori, A. Nicosia, S. C. Gilbert,729 and A. V. Hill. 2010. Enhancing blood-stage malaria subunit vaccine730 immunogenicity in rhesus macaques by combining adenovirus, poxvirus,731 and protein-in-adjuvant vaccines. J Immunol 185: 7583-7595.732 39. Swadling, L., S. Capone, R. D. Antrobus, A. Brown, R. Richardson, E. W.733 Newell, J. Halliday, C. Kelly, D. Bowen, J. Fergusson, A. Kurioka, V. 734 Ammendola, M. Del Sorbo, F. Grazioli, M. L. Esposito, L. Siani, C. Traboni, A. 735 Hill, S. Colloca, M. Davis, A. Nicosia, R. Cortese, A. Folgori, P. Klenerman, 736 and E. Barnes. 2014. A human vaccine strategy based on chimpanzee 737 adenoviral and MVA vectors that primes, boosts, and sustains functional 738 HCV-specific T cell memory. Science translational medicine 6: 261ra153. 739 40. Hansen, S. G., J. C. Ford, M. S. Lewis, A. B. Ventura, C. M. Hughes, L. Coyne-740 Johnson, N. Whizin, K. Oswald, R. Shoemaker, T. Swanson, A. W. Legasse, 741 M. J. Chiuchiolo, C. L. Parks, M. K. Axthelm, J. A. Nelson, M. A. Jarvis, M.742 Piatak, Jr., J. D. Lifson, and L. J. Picker. 2011. Profound early control of743 highly pathogenic SIV by an effector memory T-cell vaccine. Nature 473:744 523-527.745 41. Hodgson, S. H., K. J. Ewer, C. M. Bliss, N. J. Edwards, T. Rampling, N. A.746 Anagnostou, E. de Barra, T. Havelock, G. Bowyer, I. D. Poulton, S. de 747 Cassan, R. Longley, J. J. Illingworth, A. D. Douglas, P. B. Mange, K. A. Collins, 748 R. Roberts, S. Gerry, E. Berrie, S. Moyle, S. Colloca, R. Cortese, R. E. Sinden,749 S. C. Gilbert, P. Bejon, A. M. Lawrie, A. Nicosia, S. N. Faust, and A. V. Hill.750 2015. Evaluation of the efficacy of ChAd63-MVA vectored vaccines751 expressing circumsporozoite protein and ME-TRAP against controlled752 human malaria infection in malaria-naive individuals. The Journal of753 
infectious diseases 211: 1076-1086.754 42. Lubaroff, D. M., B. R. Konety, B. Link, J. Gerstbrein, T. Madsen, M. Shannon,755 J. Howard, J. Paisley, D. Boeglin, T. L. Ratliff, and R. D. Williams. 2009.756 Phase I clinical trial of an adenovirus/prostate-specific antigen vaccine757 for prostate cancer: safety and immunologic results. Clinical cancer758 
research : an official journal of the American Association for Cancer759 
Research 15: 7375-7380.760 43. Chapman, B. S., R. M. Thayer, K. A. Vincent, and N. L. Haigwood. 1991.761 Effect of intron A from human cytomegalovirus (Towne) immediate-early 762 gene on heterologous expression in mammalian cells. Nucleic acids 763 
research 19: 3979-3986. 764 44. Shastri, N., S. Schwab, and T. Serwold. 2002. Producing nature's gene-765 chips: the generation of peptides for display by MHC class I molecules. 766 
Annual review of immunology 20: 463-493. 767 



28

 Figure legends 768 769 
Figure 1: Inflation is seen following immunisation with Ad-LacZ vectors utilising 770 
different transgenic promoters. 771 
C57BL/6 mice were immunised with Ad-LacZ constructs, which had either of an 772 
HCMV (short) promoter (2x109 iu/mouse), RSV (Rous sarcoma virus) promoter 773 
(1x109 iu/mouse) or an EF1-α (mammalian elongation factor 1-α) promoter (1x109 774 
iu/mouse). A control group of naïve mice has been tested alongside all constructs. (A) 775 
Shows the tetramer-specific responses for D8V/βgal96 and I8V/βgal497, which were 776 
tracked in blood over a time course of day 14, 21, 50 and 100-post immunisation. The 777 
naïve control background responses are undetectable. (B) Demonstrates representative 778 
phenotyping of the D8V-specific populations in blood from day 100 immunised mice. 779 
(C) Demonstrates the distribution data at day 100-post immunisation. Individual D8V780 
and I8V-specific responses are shown for each of the Ad-LacZ constructs with 781 
varying promoters in the liver, lung and spleen. (D) Demonstrates the functional 782 
(IFNγ and TNFα production in ICS) data at day 100-post immunisation (in 783 
splenocytes). (E) Demonstrates comparison of a long and short HCMV promoter 784 
(immunised at 1x109 and 2x109 iu/mouse respectively), with D8V tetramer-specific 785 
responses in blood shown at day 21 and 50-post immunisation (n=4/group with results 786 
showing the mean ± SEM. All work has been performed twice independently showing 787 
the same results). 788 789 
Figure 2: An Ad-I8V minigene construct switches a non-inflating response to 790 
inflation. 791 
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C57BL/6 mice were immunised with either of Ad-LacZ (2x109 iu/mouse), Ad-D8V 792 
(1x108 iu/mouse) or Ad-I8V (1x108 iu/mouse) (or left naïve). Tetramer-specific 793 
responses were tracked in blood over a time course of day 14, 28, 50, 76 and 98-post 794 
immunisation. (A) Shows (left to right) the conventional Ad-LacZ immunisation, with 795 
the inflating D8V (blue) and the non-inflating I8V (red) responses; Ad-D8V 796 
immunisation; Ad-I8V immunisation. Naïve control responses are undetectable. (B) 797 
Representative results for the phenotypic markers (CD44, CD62L, CD127 and CD27) 798 
from tetramer-specific responses in blood at day 50-post immunisation in the 799 
minigene constructs, compared to naïve CD8+ T cells as well as the full phenotypic 800 
data at an early and late time-point. (C) Individual D8V and I8V-specific day 100 801 
responses are shown for each of the constructs in the liver, lung and spleen. (D) IFNγ 802 
and TNFα production from peptide stimulated day 75-post immunisation splenocytes, 803 
from each of the 3 constructs alongside naïve controls. (n=5/group with results 804 
showing the mean ± SEM. All work has been performed at least twice independently 805 
showing the same results.) 806 807 
Figure 3: Short N-terminal extensions show effective trimming, whilst C-808 
terminal extensions do not allow for tetramer-specific responses in vivo. 809 
(A) I8V tetramer-specific responses from Ad-10aa-I8V (1x108 iu/mouse) (left) in810 
both C57BL/6 (purple) and LMP7ko (red) mice, in blood, compared to Ad-I8V (blue) 811 
alone. Responses from Ad-7aa-I8V (1x108 iu/mouse) are also shown (right) from 812 
experiments in C57BL/6 mice only. (B) I8V tetramer-specific responses from Ad-813 
10aa-I8V-10aa (1x108 iu/mouse) compared to Ad-I8V and naïve controls in blood at 814 
day 21-post immunisation. (C) Shows Ad-ICD (Ad-I8V-linker-D8V) and Ad-DAI 815 
(Ad-D8V-linker-I8V) (both immunised at 1x108 iu/mouse) responses in blood 816 
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compared to Ad-D8V and Ad-I8V. No in vivo responses could be tracked from these 817 
dual constructs. (n=4/group with results showing the mean ± SEM.) 818 819 
Figure 4: M45, a further “non-inflating” epitope, can also show a switch to 820 
inflation in a minigene construct (Ad-M45). 821 
C57BL/6 mice were immunised intravenously with Ad-M45 (1x108 iu/mouse) 822 
alongside control groups of MCMV-infected (2x106 iu/mouse) and naïve mice. (A) 823 
Time-course of M45-specific responses in blood for Ad-M45 compared to MCMV. 824 
(B) Phenotypic data for CD44, CD62L, CD27 and CD127 shown in blood at day 7825 
and day 75-post immunisation, compared to naive. (C) Distribution in peripheral 826 
tissues (liver, lung and spleen at day 75-post immunisation). (D) IFNγ production 827 
from peptide stimulated day 75-post immunisation splenocytes. (n=8/group – data 828 
pooled from 2 experiments - with results showing the mean ± SEM.) 829 830 
Figure 5: A single host is able to accommodate responses from multiple minigene 831 
constructs. 832 
C57BL/6 mice were co-immunised with Ad-I8V and Ad-D8V or given a single 833 
immunisation (individual Ad-I8V or Ad-D8V) (all at 1x108 iu/mouse). (A) Tetramer-834 
specific responses in blood for D8V and I8V in mice immunised intravenously with 835 
relevant constructs (B) Responses in blood following co-immunisation via the 836 
intramuscular route. Ad-I8V and Ad-D8V were combined in the same mouse, but 837 
administered (at the same time) at separate sites. (n=5/group with results showing the 838 
mean ± SEM. All work has been performed twice independently showing the same 839 
results.) (C) C57BL/6 mice were co-immunised with Ad-I8V, Ad-D8V and Ad-M45 840 
(all at 1x108 iu/mouse) alongside individually immunised animals. (n=8/group – data 841 
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pooled from 2 experiments - with results showing the mean ± SEM. Statistical 842 
analysis on M45: ***p <0.0005.) 843 
 844 
 845 



0 14 21 50
100

10

20

30

40

0 14 21 50
100

5

10

15

20

25

0 14 21 50
100

5

10

15

20

I8V 

D8V 

Days post immunisation

A

A
d-

La
cZ

 (
E

F
1-

al
ph

a)
A

d-
La

cZ
 (

C
M

V
)

A
d-

La
cZ

 (
R

S
V

)

%
 te

tr
am

er
+
 C

D
8+

 T
 C

el
ls

B

Ad
-L

ac
Z 

(C
M

V)
Ad

-L
ac

Z 
(R

SV
)

Ad
-L

ac
Z 

(E
F 1

-a
l p

ha
)

Total CD8+ 

 T cells

D8V+CD8+ 

 T cells

CD127

C
D

6
2

L

Liver

%
te

tr
a

m
e

r
+
 C

D
8

+
 T

 C
e

ll
s

0

20

40

60
EF1a

CMV
RSV

Naive

Lung

%
te

tr
a

m
e

r
+
 C

D
8

+
 T

 C
e

ll
s

0

20

40

60

Spleen

0

20

40

60

%
te

tr
a

m
e

r
+
 C

D
8

+
 T

 C
e

ll
s

IFN

%
 C

D
8
+
 I
F

N
+
 c

e
ll
s

D
8V I8

V

0

5

10

15
EF1a
CMV
RSV
Naive

TNF

D
8V I8

V

0

2

4

6

8

10

%
 C

D
8
+
 T

N
F

+
 c

e
ll
s

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

10.5 80.9

5.323.32

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

6.42 43.5

20.729.3

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

9.47 56.9

1221.6

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

12.1 57.8

12.717.4

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

10.3 70.5

10.38.97

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

0.337 0.535

36.662.5

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

0.608 1.22

24.973.3

010
2

10
3

10
4

10
5

<PE-Cy7-A>: CD127

0

10
2

10
3

10
4

10
5

<
A

le
xa

 F
lu

o
r 

7
0

0
-A

>
: 

C
D

6
2

L

1.36 3.12

32.663

N
ai

ve

0

10

20

30

40

Days post immunisation

%
g

a
l9

6
 t
e

tr
a

m
e

r
+  

C
D

8
+  

T
 c

e
lls

 

(HCMV LP) Ad-LacZ
(HCMV SP) Ad-LacZ
Naive

C

D E



CD44 CD62L CD127 CD27

%
 o

f M
ax

CD44 CD62L CD127 CD27

B

0 102 103 104 105
0

20

40

60

80

100

0 102 103 104 105
0

20

40

60

80

100

0 102 103 104 105
0

20

40

60

80

100

0 102 103 104 105
0

20

40

60

80

100

Naive
Ad-D8V
Ad-I8V

Blood day 50-post immunisation

C DD8V responses

Liver Lung Spleen
0

20

40

60

%
ga

l96
 te

tr
am

er
+  C

D
8+

 T
 c

el
ls

 

Ad-LacZ 
Naive

Ad-D8V 

I8V responses

Liver Lung Spleen
0

20

40

60

%
ga

l49
7  t

et
ra

m
er

+  C
D

8+
 T

 c
el

ls
 

Ad-LacZ 
Naive

Ad-I8V 

D8V responses

IFN TNF
0

2

4

6

8

10

%
 C

D
8+

 T
 C

el
ls

Ad-D8V 
Ad-LacZ 
Naive

I8V responses

IFN TNF
0

2

4

6

8

10

%
 C

D
8+

 T
 C

el
ls

Ad-I8V 
Ad-LacZ 
Naive

I8
V 

re
sp

on
se

s
D

8V
 re

sp
on

se
s

14 98
0

20

40

60

80

100

%
 C

D
44

+  
ce

lls
 

Days post immunisation

Ad-I8V 
Ad-LacZ 
Naive

14 98
0

20

40

60

80

100

%
 C

D
62

L
+  

ce
lls

 

Days post immunisation
14 98

0

200

400

600

Days post immunisation

G
eo

. M
ea

n
 C

D
12

7+
 c

el
ls

Days post immunisation

G
eo

. M
ea

n
 C

D
27

+ 
ce

lls

14 98
0

500

1000

1500

2000

14 98
0

20

40

60

80

100

%
 C

D
44

+ 
 c

el
ls

Days post immunisation

Ad-D8V 
Ad-LacZ 
Naive

Days post immunisation

%
 C

D
62

L
+  

ce
lls

 

14 98
0

20

40

60

80

100

14 98
0

200

400

600

G
eo

. M
ea

n
 C

D
12

7+
 c

el
ls

Days post immunisation
14 98

0

500

1000

1500

2000

G
eo

. M
ea

n
 C

D
27

+ 
ce

lls

Days post immunisation

Ad-LacZ

0 14 28 50 76 98

10

20

30

40

% 
te

tra
me

r+  C
D8

+  T
 C

ell
s

Days post immunisation

D8V
I8V

Ad-D8V

0

5

10

15

Days post immunisation

%
ga

l96
 te

tra
me

r+  C
D8

+  T
 ce

lls
 

Ad-I8V

0

10

20

30

Days post immunisation%
ga

l49
7  te

tra
me

r+  C
D8

+  T
 ce

lls
 

A



A

B C

0 14 21 50

5

10

15

%
ga

l49
7  t

et
ra

m
er

+  C
D8

+  T
 c

el
ls

 

Days post immunisation

B6 Ad-7aa-I8V
B6 Ad-I8V

0 13 22 49 98

10

20

30

%
ga

l49
7  t

et
ra

m
er

+  C
D

8+  T
 c

el
ls

 

Days post immunisation

Ad-10aa-I8V (B6)
Ad-10aa-I8V (LMP7ko)
Ad-I8V (B6)

D8V responses

0

5

10

15

20

25

Days post immunisation

%
ga

l96
 te

tra
m

er
+  C

D8
+  T

 c
el

ls
 

Ad-ICD
Ad-DAI
Ad-I8V
Ad-D8V
Naives

I8V responses

0 14 28 53

5

10

15

20

25

Days post immunisation%
ga

l49
7  te

tra
m

er
+  C

D8
+  T

 c
el

ls
 

Ad-I8V Ad-10aa
-I8V-10aa

Naive
0

5

10

15

20

%
ga

l49
7  te

tra
me

r+  C
D8

+  T 
ce

lls
 

Ad-I8V 
Ad-10aa-I8V-10aa
Naive

Day 21-post immunisation

n.d. n.d.



A

C

B

D

Days post immunisation

%
C

D
44

+ 
ce

lls

7
0

20

40

60

80

100

M45 from MCMV
M45 from Ad-M45
Naive

Days post immunisation

G
eo

. M
ea

n
 C

D
27

+ 
ce

lls

7
0

500

1000

1500

7
0

20

40

60

80

100

%
 C

D
62

L
+  

ce
lls

Days post immunisation

Days post immunisation

G
eo

. M
ea

n
 C

D
12

7+
 c

el
ls

7
0

100

200

300

400

500

M38 peptide M45 peptide
0.0

0.5

1.0

1.5

2.0

2.5
%

 C
D

8+
 IF

N
+ 

ce
lls

MCMV
Ad-M45
Naive

Liver Lung Spleen
0

10

20

30

40

%
 M

45
 te

tr
am

er
+  

C
D

8+
 T

 c
el

ls

MCMV
Ad-M45
Naive

0 7 21 50 75

5

10

15

20

%
 M

45
 te

tra
m

er
+  C

D8
+ 

T 
ce

lls

Days post immunisation

MCMV
Ad-M45
Naive



A

B

Ad-D8V (i.v.)

0 14 28 50 76 98

5

10

15
%

ga
l96

 te
tra

m
er

+  C
D8

+  T 
ce

lls
 

Days post immunisation

Combined response
Single response

Ad-I8V (i.v.)

0 14 28 50 76 98

5

10

15

20

25

%
ga

l49
7  te

tra
m

er
+  C

D8
+  T 

ce
lls

 

Days post immunisation

Ad-D8V (i.m.)

0

1

2

3

4

5

Days post immunisation

%
ga

l96
 te

tra
m

er
+  C

D8
+  T

 ce
lls

 

Single response
Combined response

Ad-I8V (i.m.)

0

1

2

3

4

5

Days post immunisation

%
ga

l49
7  t

et
ra

m
er

+  C
D8

+  T
 ce

lls
 

C

M45

0 14 21 50

5

10

15

20

%
 M

45
 te

tra
m

er
+  C

D8
+ 

T 
ce

lls

Days post immunisation

Ad-M45/I8V/D8V
Ad-M45
Naive

***

I8V

0 21 50

10

20

30

%
ga

l49
7  t

et
ra

m
er

+  C
D8

+  T
 c

el
ls

 

Days post immunisation

Ad-M45/I8V/D8V
Ad-I8V
Naive

D8V

0 14 21 50

5

10

15

%
ga

l96
 te

tra
m

er
+  C

D8
+  T

 c
el

ls
 

Days post immunisation

Ad-M45/I8V/D8V
Ad-D8V
Naive



Table I: Summary of AdHu5 promoter constructs: 

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

Ad-LacZ 
(wildtype) 

HCMV (short) β-gal - 2x109 

Ad-LacZ 
(Jenner) 

HCMV (long) β-gal 30 1x109 

Ad-LacZ 
(RSV – 

Kerafast) 

RSV β-gal 20.4 1x109 

Ad-LacZ 
(EF1α) 

EF1α - mammalian β-gal 23 1x109 

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. 



Table II: Summary of AdHu5 processing constructs: 

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

Ad-I8V HCMV  β-gal497-504 17 1x108 
Ad-D8V HCMV  β-gal96-103 23 1x108 
Ad-M45 HCMV M45985-993 25 1x108 

Ad-7aa-I8V HCMV β-gal490-504 20 1x108 
Ad-10aa-I8V HCMV β-gal487-504 60 1x108 
Ad-10aa-I8V-

10aa 
HCMV β-gal487-514 42 1x108 

Ad-I8V-10aa HCMV β-gal497-514 28 1x108 
Ad-I8V-D8V 

(Ad-ICD) 
HCMV β-gal497-504-

GGGCCCGGG – 
β-gal96-103 

22 1x108 

Ad-D8V-I8V 
(Ad-DAI) 

HCMV β-gal96-103 -
GGGCCCGGG – 

β-gal497-504 

21 1x108 

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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