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1. Summary
Transgenic (Tg) mice expressing HLA class I alleles and lacking murine MHC class I represent a
useful model for the pre-clinical evaluation of human vaccines, which focus on induction of CD8+

T-cell responses. We have developed a platform to be used in Tg mice for exploring the
immunogenicity of T-cell targets, whose immunologic epitopes have yet to be defined. To test the
attributes of the evaluation system in the context of an important human pathogen, we have explored
multiple antigens from cytomegalovirus (CMV). A panel of recombinant modified vaccinia Ankara
vectors, expressing various CMV proteins (CMV-MVA) was used to immunize HLA-A*0201,
B*0702 and A*1101 Tg mice. Immune splenocytes were in vitro stimulated (IVS) either using
syngeneic lipo-polysaccharide activated lymphoblasts or Tg HLA-I matched human EBV-
transformed B-lymphoblastoid cells (LCL), both loaded with peptide libraries, encompassing the
CMV protein under investigation. IVS performed with peptide library loaded lymphoblasts failed to
provide a reliable stimulation. In contrast, the usage of LCL as antigen presenting cells of CMV
peptide libraries resulted in a consistent and specific amplification of the Tg T-cell response in
animals immunized with CMV-MVAs. The LCL IVS method reliably allowed defining the
immunogenicity and immunodominant CD8+ T-cell regions of uncharacterized CMV antigens. The
combination of CMV-MVA vectors, unbiased pools of CMV-specific peptide libraries presented by
Tg HLA-I matched LCL constitutes a valid tool for the pre-clinical evaluation of model candidate
vaccines. This convenient method could find application to investigate the immunogenicity profile
of cancer antigens or proteins from infectious human pathogens.
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2. Introduction
HLA trangenic (Tg) mice have applicability for the study, development and pre-clinical testing
of vaccines and immunotherapies[1]. Cellular immune responses to model antigens can be
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studied in an easily manipulated vertebrate system based on the incorporation of the HLA
receptor and antigen processing similarities to humans[2].

HLA class I Tg mice have been extensively used as pre-clinical models to test candidate
vaccines for cancer and for many viral pathogens, among which human cytomegalovirus
(CMV) is prominent [3–9]. It has been established that cellular immune responses are essential
for limiting CMV viraemia during persistent infection, though it remains to be defined the
correlation between response to CMV antigens and protective immunity[10–12]. While several
studies have focused on the T-cell response to the immunodominant pp65 and IE1 antigens, a
limited number of investigations have been carried out for viral proteins whose
immunogenicity is less immunodominant[12–15]. Studies of alternative CMV proteins are
warranted, since it has been demonstrated that CD8+ T-cell recognition in CMV positive
individuals is complex, often very broad, and poorly approximated by responses to any one or
two CMV ORFs [12;15].

Highly attenuated modified vaccinia Ankara (MVA) engineered with CMV antigens is an
efficient vehicle to present CMV full-length proteins to the immune system, and constitutes
an attractive tool to test new candidate CMV antigens, to expand CMV memory T-cells for
adoptive immunotherapy, or, as a vaccine, to prime or boost CMV immunity[7;16]. A crucial
advantage of this viral vector is its large capacity for foreign DNA, the ease of its construction,
and its demonstrated safety in the most susceptible populations[17;18]. Our group has
successfully developed several recombinant MVA vectors expressing multiple CMV proteins
(CMV-MVA)[7;9;19]. The level of specific activity towards HLA-I restricted CMV pp65 and
IE1 CTL nonamer peptide epitopes is used as a screening tool to assess the recombinant vector
ability to elicit a primary CMV-specific immune response in the mouse model. In cases in
which epitopes are not defined for specific pp65/IE1 HLA types or for newly identified CMV
candidate antigens, HLA-allele-specific algorithms based on MHC-binding affinity
predictions may be used for epitope discovery[15;20]. While immunogenicity predictions have
limits[8], screening tools that take advantage of unbiased pools of overlapping peptide libraries,
encompassing the full sequences of antigenic proteins under investigation, greatly facilitate
and enhance immune assessments[21]. In fact, libraries can be used without knowledge of
specific HLA-restricted T-cell epitopes[22].

We have found that CMV libraries of overlapping 15mer peptides generally provide a much
weaker stimulant and unreliable readout than single CTL nonamer peptides, when used to
evaluate the primary CMV-specific response in CMV-MVA immunized HLA-I Tg mice. To
overcame this limitation we have developed and validated a robust approach to explore the
immunogenicity of MVA vectors expressing a panel of poorly defined, but frequently
recognized CMV proteins in HLA-A*0201[23], HLA-B*0702[24] and HLA-A*1101[25] Tg
mice. This convenient model system can make feasible the immune-profiling of any
uncharacterized antigen of clinical interest.

3. Materials and Methods
3.1 Mice and immunizations

HLA-A2.1 HHD II (A2 Tg)[23] and HLA-B*0702 H-2KbDb double knockout (B7 Tg)[24]
transgenic mice were obtained from F. Lemonier (Institut Pasteur, France). HLA-A* 1101
H-2KbDb double knockout (A11 Tg) mice were derived at the AAALAC-approved animal
care facility at City of Hope (COH) by cross-breeding HLA-A* 1101/Kb[26] with
commercially available C57BL/6 KbDb knockout mice (Taconic, model 004215, Hudson, NY)
[27]. Correct genotype and Tg expression was confirmed by PCR on tail DNA and blood by
FACS analyses using FITC-anti human HLA A, B, C mAb (BD Biosciences, San Jose, CA)
[23]. All Tg mice were bred and maintained under pathogen-free conditions at COH AAALAC-
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approved animal care facility. Ten- to twelve-weeks HLA-I Tg mice were immunized intra-
peritoneally (i.p.) for 3 weeks, with 50×106 i.u. of various CMV-MVA vectors (as described
in Figure legends).

3.2 CMV-MVA immunogens
The following CMV-MVA vectors were produced and used as immunogens for the current
study: CMV-MVA dually expressing full-length pp65 and IE1 proteins (pp65/IE1 MVA)
obtained as described [9]; CMV-MVA dually expressing full-length pp65 and IE1-IE2fusion
proteins (pp65/IE1-IE2fusion MVA, unpublished results); CMV-MVA expressing full-length
pp28 antigen (pp28 MVA; Figure 1); CMV-MVA expressing full-length US32 antigen (US32
MVA; Figure 1). The CMV pp28 gene was amplified from HCMV genomic DNA, and cloned
into MVA transfer plasmid pMCO3 to yield pp28-pMCO3. The CMV US32 gene was also
amplified from HCMV genomic DNA, and a 6 x His Tag was added to the C-terminus by PCR
approach. The gene product resulted from this PCR was cloned into pMCO3 to yield US32-
pMCO3. pp28 and US32 MVA were generated on BHK-21 cells via homologous
recombination, followed by eight consecutive rounds of screening[7;9]. The protein expression
levels of pp28 and US32 (Figure 1 B) were detected by western blot using ECL
chemiluminscence detection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK)[7;9].
After electro-transfer of proteins from the gel onto PVDF membranes (Bio-Rad, Hercules,
CA), they were incubated first with purified monoclonal antibody (Ab) 41–18 (kind gift of Bill
Britt, University of Alabama) against pp28 or His-Tag for US32 (EMD Chemicals, San Diego),
and then followed with HRP-labeled goat anti–mouse Ab according to the manufacturer’s
instructions. All CMV-MVA used in this study were expanded and purified by 36% sucrose
density untracentrifugation, resuspended in PBS containing 7.5% lactose and frozen at −80 °
C.

3.3 Peptides and peptide libraries
HLA-A*0201 pp65495–503[13], HLA-B*0702 pp65265–275[28], HLA-A*1101 pp6513–24[28],
HLA-A*0201 IE-1316–324[29], HLA-B*0702 IE1307–321[30], HLA-B*0702 IE1308–317[30]
restricted CMV peptides were generated as previously described[31]. Overlapping 15 amino
acid (AA) peptides (PepMix™) spanning full-length CMV pp65 and IE1 proteins were
purchased from JPT Peptide Technologies GmbH (Berlin, Germany). IE2, pp28 and US32
libraries were formulated and generated in house. The 581 AA sequence from the IE2 protein,
the 154 AA sequence from the pp28 protein, the 183 AA sequence from the US32 protein were
divided into 15mer stretches that overlap successive peptides by four AA, using an online
program which excludes impermissible AA at the amino and carboxyl terminus of each 15mer
peptide, based on synthetic consideration
(http://www.hiv.lanl.gov/content/hiv-db/PEPTGEN/Explanation.html). For the IE2 library,
121 peptides divided into 20 peptides/pool were generated. For the pp28 and US32 libraries,
46 peptides divided into 12 peptides/pool and 48 peptides divided into 12 peptides/pool were
respectively produced. Peptide pools (composed on average of 15mers) were subsequently
combined into one single super-pool at a concentration of 200 µg/ml, dissolved in 50% DMSO/
water.

3.4 In vitro stimulation (IVS) using Tg HLA-I matched LCL as antigen presenting cells (APC)
Three weeks after immunization, spleens were aseptically removed, and splenic suspensions
were teased through a sterile nylon mesh[6] using PBS containing 2 mM EDTA (pH 7.4). To
remove cell debris, 120 Kunitz units of DNase I (Sigma, St. Louis, MO) per ml of splenic
suspension were then added for 15 minutes at 18–25 °C, mixing vigorously. Cell suspensions
were further washed with PBS/EDTA and passed once more through a nylon mesh. In cases
in which enriched CD8+ T-cell populations were stimulated, a Dynal Mouse CD8 Negative
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Isolation Kit containing Mouse Depletion Dynabeads® and Antibody Mix with monoclonal
antibodies towards CD4, CD14, CD16 (a and b), CD19, CD36, CD56, CDw123, Glycophorin
A was used, following the manufacturer procedures. Tg HLA-I matched EBV-lymphoblastoid
cell lines (LCL) derived as described[31] from HLA-A*0201, HLA-B*0702 and HLA-A*1101
consented healthy CMV positive volunteers[7] were used as APC to stimulate the splenic
suspensions. Briefly, 5×106 LCL in 0.2 ml serum free RPMI medium[6] were loaded either
with the relevant CMV-CTL epitope[6] or CMV-peptide library (4µg/ml) or CMV sub-library
pools (4µg/ml) for 2½ hours in a 37°C incubator. One million of peptide loaded and irradiated
LCL (5000 rads)[6] were co-cultured in a 24-well plate with 3×106 splenic cells in 2 ml of
RPMI containing 10% T-Stim Culture Supplement [6] for 8 days. For CD8+ T-cell enriched
IVS, 1×106 negatively isolated CD8+ T-cell together with 2×106 feeder syngeneic irradiated
(2500 rads) splenocytes were co-cultered with LCL, as described above. Marked cell growth
was generally obtained by day 3–4, requiring cell splitting and addition of 10% T-stim/RPMI
media.

3.5 IVS using syngeneic lymphoblasts
Splenic single-cell suspensions from immunized mice were also stimulated for 7 days
following IVS standard methods[6;7;32] with syngeneic lipo-polysaccharide (LPS)
lymphoblasts as APC, loaded either with the relevant CMV-CTL epitope[6] or CMV-peptide
library (4µg/ml).

3.6 Immunophenotyping and intracellular cytokine staining (ICS)
Stimulated splenic cell suspensions were phenotyped and evaluated following IVS[7;16] using
anti-CD8-FITC (Clone Ly-2) and anti-IFN-γ-APC (Clone XMG1.2) monoclonal antibodies
(BD Biosciences, San Jose, CA). Briefly, cell cultures from standard 7-day lymphoblast IVS
[6] were harvested and layered over a Ficoll gradient (1:2) to remove cell debris, then 1×106

cells in 1ml of RPMI were stimulated for 10–12 hours with either the relevant CMV-CTL
epitope or CMV-peptide library or sub-library peptide pools during ICS assay[7;16;33]. The
peptide library diluent was used as control[34]. As for the LCL IVS, 8 day-cultures were starved
of 10% T-Stim culture supplement 24 hours prior of ICS stimulation and procedure[7;16]. To
assess CMV-specific CD8 T-cell activation state, IVS cultures were incubated for 10–12 hours
with either the relevant CMV-CTL epitope, CMV-peptide library, sub-library peptide pools or
peptide library diluent [7;16;33]. After re-stimulation, LCL IVS cultures were washed and
stained for 30 minutes on ice with CD8-APC[16] antibody. Flow cytometric acquisition was
performed on a FACSCanto™ (BD Immunocytometry Systems). Between 0.5 to 1×106 events
were acquired for each sample. FACS analysis was performed using FCS Express version 2
software (De Novo, Ontario, Canada). The number of double-positive cells is expressed as a
percentage of the CD8+ or CD4+ T-cell population. CD8− T-cells were used as surrogate for
CD4+ T-cells, which is an acceptable approximation for this type of study[35].

4. Results
4.1 Comparing CMV-libraries vs. CMV-CTL epitopes

Peptide libraries are indispensable tools to evaluate viral antigens for which HLA-I restricted
CTL epitopes are not described[12;34]. In a pilot experiment, we compared the levels of CMV-
specific IFN-γ produced by splenic T-cells after in vitro re-stimulations using commercially
available pp65 and IE1 Pep-Mix™ libraries with those obtained using the corresponding HLA-
A*0201 pp65495–503[13] and HLA-A*0201 IE-1316–324[29] CTL immunodominant epitopes.
A2 Tg mice were immunized with a recombinant MVA co-expressing both pp65 and IE1 full-
length proteins. In a standard syngeneic LPS blast IVS followed by ICS assay[7], the HLA-
A*0201 pp65495–503[13] and HLA-A*0201 IE- 1316–324[29] CTL epitopes[6;7] or the
corresponding Pep-Mix™ peptide library spanning the whole pp65 and IE1 proteins were used
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during the stimulation. As shown in Figure 2 A–B, stimulations by pp65 and IE1 libraries
resulted in a significantly lower CMV-specific CD8 T-cell activity than those in which CTL
epitopes were used. In particular, stimulations performed with IE1 library produced almost
undetectable levels of CMV-specific IFN-γ+ CD8+ T-cells, in mice in which a concomitant
strong activity to HLA-A* 0201 IE-1316–324 peptide was detected, when this epitope was used
as stimulant. In the case of pp65 library, the significantly reduced CMV-specific CD8 T-cell
activity was accompanied by an enhanced murine class II response (Figure 2 A, lower left
plot). Both CD4 and CD8 T-cell activation are expected with the usage of libraries composed
of 15mer peptides[22]. A similar pattern of diminished CD8 reactivity was found using pp65
library instead of the HLA-B*0702 pp65265–275[28] and HLA-A*1101 pp6513–24[28] epitopes
for stimulation in both B7 and A11 Tg mice immunized with pp65/IE1 MVA. Levels of IFN-
γ+ CD8+ T-cells were generally undetectable in both B7 and A11 Tg mice, though no
comparison could be done with the corresponding epitopes since IE1 HLA-A* 1101 epitope
has not been defined, while the HLA-B*0702 IE1307–321[30] and the HLA-B*0702
IE1308–317[30] putative CTL epitopes are minimally recognized in B7 Tg mice (data not shown
and [36]). Our results indicated that pp65 and IE1 peptide libraries are less effective and reliable
than CTL epitopes as a read-out to assess CMV-specific CD8 T-cell primary response in HLA-
I transgenic mice.

4.2 Tg HLA-I matched LCL loaded with CMV-libraries are potent APC for IVS
Since human LCL are powerful APC for PBMC stimulations[13;37], we loaded HLA-A* 0201
LCL either with pp65 or IE1 peptide libraries to assess whether there would be enhanced
recognition of MVA expressing both pp65 and IE1 proteins. Loading of LCL with CMV-
peptide libraries greatly amplified in vitro proliferation (>20X) of immune splenocytes,
generating a strong HLA class I restricted response to MVA expressing pp65 and IE1, as shown
in Figure 2 C–D. A concomitant strong class II murine-specific response was also detected
(Figure 2 C, upper left quadrants of left plots)[22]. The applicability of the approach was
extended to B7 and A11 Tg mice, using corresponding Tg HLA-I matched LCL as APC, loaded
with either the pp65 or IE1 libraries. LCL as APC during the IVS, increased the activity of the
pp65 library in all tested Tg mice (Figure 2 D).

4.3 IE2 specific CD8+ T-cells in A2, B7 and A11 Tg mice
The immediate-early 2 (IE2) regulatory protein stimulates a CD8+ T-cell memory response by
a large percentage of asymptomatic CMV-positive adults[12]. IE2 protein has been implicated
in the development of coronary restenosis and in the disruption of the transactivation function
of p53[38;39]. We investigated the immunogenic property of the IE2 protein incorporated in
a MVA co-expressing pp65 and IE1 antigens on the same viral vector (pp65/IE1-IE2fusion
MVA). The construct, preliminary tested in A2 Tg mice for response to HLA-A*0201 restricted
pp65495–503 and IE-1316–324 epitopes[7], was found to be immunogenic (data not shown). Next,
A2 Tg, B7 Tg and A11 Tg mice were injected with pp65/IE1-IE2fusion MVA to compare
immune activity upon either LPS blast or LCL IVS. APC were loaded with either an IE2 library
synthesized in our lab (see Materials and Methods) or the relative HLA-I restricted pp65 CTL
epitope. In all immunized mice there was a strong recognition of the pp65 epitope[7], which
was markedly higher when the LCL were used compared to the LPS blast, IVS assay (Figure
3 A). IE2 specific IFN-γ production by CD8+ T-cells was minimal when the IVS was performed
using the LPS blast as APC. In contrast, it was always detectable (>5%) when LCL were used
as APC during the stimulation (Figure 3 B). The difference in antigen specific IFN-γ
stimulation between the two techniques was significant (Figure 3 A–B). We also found that
the CD8 activity was concentrated in the overlapping 15mer pool spanning IE2351–472 for both
A2 Tg and A11 Tg mice (Table 1 and Figure 3 Ci, middle plot). Using the overlapping 15mers
spanning IE2351–472 for ICS stimulation (Figure 3 Ci, middle plot) or performing LCL IVS
using a CD8 negative isolation kit (Figure 3 Cii) strongly reduced the murine CD4 response.
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Attempts to narrow down the CD8+ T-cell response showed that the activity was present in
multiple 15mers. In the case of B7 Tg mice, the 15mer IE2493–507 was the best peptide
recognized of all components of the IE2 library by the CD8+ T-cells (Table 1 and Figure 3
Ciii, middle plot). These data show that IE2 expressed from rMVA generates a relevant class
I primary immune response in Tg mice, which could be consistently detected using the LCL/
peptide library stimulation.

4.4 CMV-MVA pp28 and US32 elicit a primary immune response in Tg mice
pp28 and US32 are two additional CMV antigens that are frequently recognized by healthy,
CMV positive individuals[12], and whose immunogenicity have not yet explored. pp28,
encoded by a CMV genome sequence called unique long region 99 (UL99), is a structural
phosphoprotein essential for assembly of infectious virus[40]. Encoded by a cluster of CMV
genes called unique short region 32 (US32), US32 was found to be dispensable for viral growth
and replication, however its functional profile has not been assessed[41]. We produced MVA
either expressing full-length pp28 or full-length US32 (Figure 1) and synthesized peptide
libraries of overlapping 15mers, respectively encompassing the whole pp28 and US32 antigens.
No specific activity was detected in Tg mice immunized with either pp28 or US32 MVA when
the murine splenocytes were stimulated respectively with pp28 or US32 pulsed syngeneic LPS
lymphoblasts (data not shown). In contrast, pp28 specific IFN-γ was detected in cell cultures
from A2 and B7 Tg mice immunized with either pp28 MVA and stimulated with the respective
library loaded Tg HLA-I matched LCL (Table 1 and Figure 4 A). As for US32 MVA immunized
and peptide loaded LCL stimulated mice, the vector induced marked US32-specific IFN-γ
response in B7 and A11 Tg mice, while minimal IFN-γ production was elicited in A2 Tg mice
(Table 1 and Figure 4 B). By using pp28 or US32 sub-library peptide pools we narrowed the
responsive region to subpools composed of overlapping 15-mers for each HLA Tg mouse strain
evaluated (Table 1 and Figure 4). Our data are the first evidence that the pp28 and US32
antigens can be immunogenic in a pre-clinical model for CMV vaccine studies.

5. Discussion
Tg mice represents a useful model for preclinical discovery and quality control testing of
vaccines designed to induce cellular immune responses in humans[1;4;5].We have described
a reliable approach to be used in HLA-I Tg animals for delineating the immune properties of
viral proteins for which immunogenicity profiles and/or HLA-I restricted CTL epitopes have
not yet been defined[12], or whose immunodominance requires further investigation[15;30;
36].

We exclusively used H-2 class I knock out Tg mice, since they can direct a more focused
CD8+ T-cell repertoire than classical Tg animal[27], and consequently have an improved
ability to utilize the HLA class I molecule as a restriction element[24].

We chose CMV as a prominent pathogen model to explore and validate our experimental
platform. CMV is a large double-stranded DNA virus encoding 213 open reading frames of
which 70% are immunogenic for T-cells[12]. In healthy individuals, CMV establishes a life-
long asymptomatic infection, however it can cause severe disease in the setting of cellular
immune deficiency or immaturity, including transplant recipients, individuals with late-stage
HIV infection, and congenitally infected neonates[42]. Developing a vaccine to both prevent
CMV infection and control its intensity has been the object of investigation for over three
decades, no licensed product has resulted[43;44]

A panel of commercially available or in house synthesized CMV-specific 15-mer overlapping
peptide libraries was used to evaluate the immune response of Tg mice injected with
recombinant MVAs expressing CMV proteins pp65, IE1, IE2, pp28 or US32[6;7;9;19;45].
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While for pp65 immunodominant epitopes have been defined for several HLA types[28],
epitope knowledge for the IE1 antigen is mainly restricted to the HLA A*0201 type, while
immunodominance in other HLA types remain controversial [29;30;36]. In the case of IE2,
pp28 and US32 proteins[12], no putative T-cell domains or HLA-I restricted CTL epitopes
have been described. Using overlapping peptides spanning an entire protein sequence, CD8+

T-cell responses can be detected to multiple epitopes, regardless of HLA type[22]. Peptide
libraries corresponding to specific antigens are increasingly been used to identify T-cell
immune responses to vaccines or pathogens since there is mounting evidence that the
correlation of particular restricting HLA alleles and epitope immunodominance is either not
absolute or not adequately represented by the response to a single epitope, and that individual
HLA I alleles do not predict an immunodominant response restricted by that allele [12;21;
22;46–48]. Therefore, reactivity to single immunodominant epitopes may not be representative
or predictive of the total response to the entire antigen[46]. In addition, predicting
immunodominant CD8+ T-cell responses in humans is complex, given the high diversity of
MHC class I haplotypes found within the general population and the likely similar
heterogeneity among non-MHC class I genes influencing this process[49]. These results call
into question the validity of using the response to a single viral epitope as a surrogate measure
of the total virus-specific CD8+ T-cell response. Thus, an appreciation of the overall immune
response to a viral pathogen and its relationship to parameters of viral infection it is supposed
to be best achieved by examining the response to every potential viral epitope in the absence
of assumptions of immunodominance[50].

The classical approach of using peptide-pulsed LPS induced, syngeneic lymphoblasts[6;7;9;
23;24;51–53] showed inconsistent results and significantly reduced antigen-specific response
when overlapping 15mer peptide pp65 or IE1 libraries were used, instead of the corresponding
HLA-I restricted CTL-epitopes in pp65 or IE1 immunized A2 Tg mice (Figure 2 A–B). In the
case of A2, B7 and A11 Tg mice, immunized with MVA expressing either IE2 (Figure 3 B),
pp28 or US32 (data not shown) CMV proteins, minimal to undetectable activity was found
when LPS lymphoblasts, used as APC in IVS, were sensitized with the corresponding 15mer
library. Our results showed a general inability of the 15mer library sensitized LPS lymphoblasts
to generate a consistent antigen-specific response. In contrast, unbiased pools of peptide
libraries covering full-length CMV proteins have been successfully used for studying both
CMV-specific CD4+ and CD8+ T-cell response ex-vivo and after IVS procedure with human
PBMC [12;16;21;22;34]. It has been shown that species-specific generation of peptide epitopes
may elicit a differential presentation of antigenic epitope by murine and human cells[54].
Differently from 8–11 AA CTL epitopes that can directly bind to their restricted HLA class I,
it is likely that 15-mers undergo internalization and processing [13;55]. Cytosolic proteases
digest antigens into fragments that contain a variable number of N-terminal flanking residues
[56]. The extra N-terminal residues are trimmed in the ER to generate the peptide repertoire
which will bind to the MHC I[57]. The protease for this function is called ERAAP, the
endoplasmic reticulum (ER) aminopeptidase associated with antigen processing in the mouse
[58], or ERAP1 in the human[59]. The two enzymes share 86% identity[56]. Differences
between these proteases may be partly responsible for this variation between the human and
Tg murine system.

Human LCL have been extensively used as professional APC in in vitro systems[7;16]. Human
cell lines, such as Jurkat and TAP deficient T2 cells have been previously used as APC for Tg
murine IVS procedures[60–63]. However, human LCL have never been described for
stimulation of Tg HLA-I splenocytes. LCL are professional APC and powerful stimulators
[7;37]. To evaluate their presentation properties in the Tg murine context, we used HLA-
A*0201, HLA-B*0702, HLA-A*1101 LCL, derived from CMV-positive volunteers, as APC
for CMV–peptide libraries during the IVS of splenocyte cultures from cognate Tg mouse
strains, MVA immunized. Both CMV epitope or library pulsed Tg HLA-I matched LCL
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induced much higher CD8+ T-cell activity than syngeneic LPS lymphoblast loaded with the
same epitope or library in the CMV MVA immunized mice (Figure 2 C–D,Figure 3,Figure 4).
The usage of human cells for processing in the context of the HLA class I complex could
facilitate the recognition by the HLA-Tg T-cells. In fact, it has been reported that LCL pulsed
with long overlapping peptides, or polypeptides (typically 15–30 AA) are able to present short
(8–11 AA) epitopes in the context of HLA class I molecules[64]. The marked post-IVS cell
expansions (>20X) mirrors what found using CMV-MVA in PBMC from healthy CMV
positive adults[7;37]. It is interesting to note that the high backgrounds generated by the EBV
proteins[7;16], which are usually detected when LCL stimulation are performed with human
PBMC, were not found in the case of LCL stimulated immune-splenocytes (Figure 2 C and
Figure 3 C). These results further increase the attractiveness of using LCL as APC in the Tg
murine IVS system.

LCL IVS system allowed showing for the first time the immunogenicity of undefined antigens
of possible clinical interest such IE2, pp28 and US32[12;41;65]. CD8+ T-cell reactive domains
identified in the Tg mice analyzed (Table 1) could be of potential interest for further evaluation/
monitoring in humans. However, it has to be taken in consideration that our observations of
CD8+ T-cell immunodominance are made in inbred Tg mice and transposing these finding to
humans requires caution. In fact, in this controlled rodent model, contrary to the human
population, heterogeneity in the Tg HLA and non-MHC genes influencing T-cell receptor
repertoire is at a minimum. Relative dominance of HLA-B*07 restricted CD8+ T-cell responses
to pp65 in persons sharing HLA-A*02 and HLA-B*07 alleles has been reported [48]. Others
have shown that Tg mice appear unable to respond to some known HLA-I restricted epitopes
[2;5]. In a different study, some epitopes in the CMV IE1 protein were preferentially recognized
in Tg mice than in humans[66].

Using libraries composed of 15mer peptides both CD4+ and CD8+ T-cell activation are
expected to be found[22]. While the transgenic mice are a valuable tool to evaluate HLA Class
I restricted CD8 T cell responses, they have an intact full complement of murine MHC Class
II genes and cannot be directly compared to humans who possess a different repertoire of Class
II MHC. Our data showed that parallelisms between the mouse and the human class II responses
were not always possible for all the CMV-libraries tested. In fact sequences, such as IE1 and
IE2, that do not stimulate a human class II response [12;34;67] were optimal for murine class
II (Figure 2 C and Figure 3 C). Consequently, the murine T-helper evaluation was strictly a
means to assess the potential immunogenicity of the construct in a mammalian system rather
than direct comparison to humans.

In summary, the novel system described here for the identification of CMV vaccine candidates
permits to define the immune profile of any antigenic protein. Its application may result
instrumental for studies of human class I presentation in murine models of human diseases.
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Figure 1. pp28 MVA and US32 MVA vectors
(A) Schematic representation of MVA transfer pMCO3 plasmid and recombinant MVA vector.
The plasmid has a vaccinia synthetic promoter (Psyn) which drives the expression of pp28 or
US32 gene, indicated as X gene, and the synthetic promoter P7.5 for the expression of the
gus gene. pMCO3 plasmid targets MVA deletion region III via flanking (FL) regions 1 and 2.
pp28 MVA and US32 MVA were generated via homologous recombination by transfecting
pMCO3 plasmid into wild type MVA infected BHK-21 cells. gus bacterial marker gene was
used for color selection of recombinant MVA. (B) Western blot detection of US32 and pp28
from corresponding recombinant MVA infected BHK-21 cells. Lane 1 and 3: respectively, cell
lysates of US32 MVA and pp28 MVA infected BHK-21 cells. In lane 2 and 4: cell lysates of
wild type MVA infected BHK-21 cells, as negative controls.
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Figure 2. LPS lymphoblasts vs. LCL
(A) IFN-γ production after syngeneic LPS lymphoblast IVS and ICS stimulation using the
indicated CTL epitopes (upper plots) or peptide libraries (lower plots) in a representative A2
Tg mouse, immunized i.p. for 3 weeks with 50 M iu of an MVA construct expressing both
pp65 and IE1 proteins. (B) Average levels of IFN-γ produced by CD8+ T-cells upon LPS
lymphoblast IVS with either the epitope or peptide library as specified on the x axis, in five
A2 Tg mice immunized as described in A. Difference significance between groups (p values)
was tested by t test. (C) pp65 and IE1 specific IFN-γ production detected by ICS in a
representative A2 Tg mouse immunized as in A. IVS was performed using pp65 or IE1 peptide
library loaded HLA-A*0201 LCL. (D) Average levels of IFN-γ produced by CD8+ T-cells
following Tg HLA-I matched LCL IVS and ICS stimulation with the peptide library specified
on the×axis, in five A2 Tg (white histograms), five B7 Tg (black histograms) and five A11 Tg
(grey histograms) mice, immunized as in A. The MOCK plots in A and C indicate that no
epitope/library was used during the ICS stimulation. Numbers in the plots show percentages
of CD8+ (upper right) or CD4+ (as CD8−, upper left) T-cells producing IFN-γ In B and D, IFN-
γ production to mock stimulated cells during the ICS procedure was subtracted. Error bars
represent the SEM among the immunized mice.
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Figure 3. pp65/IE1-IE2fusion MVA immunogenic property
(A–B) Average levels of IFN-γ produced by CD8+ T-cells following either Tg HLA-I matched
LCL (grey bars) or syngeneic LPS lymphoblast (white bars) IVS in the Tg mice (5 mice/Tg
strain) showed on the x axes, immunized i.p. for 3 weeks with 50 M iu of pp65/IE1-IE2fusion
MVA. Error bars represent the SEM among the immunized mice. IFN-γ production to mock
stimulated cells during the ICS procedure was subtracted. Difference significance between
groups (p values) was tested by t test. In A, the following HLA-I restricted CTL peptide epitopes
were used for the cell stimulation: pp65495–503[13] for A2 Tg, pp65265–275[28] for B7 Tg,
pp6513–24[28] for A11 Tg mice. In B, the stimulation was performed with the IE2 peptide
library for all Tg mice. (C) IFN-γ production in representative Tg mice (i and ii, A2 Tg; iii, B7
Tg) immunized and stimulated as described in B. In ii, a CD8+ enriched cell population (see
Materials and Methods) was used during the IVS. The peptide library, sub-library or sequence
used during the ICS stimulation is reported under each plot. MOCK plots show IFN-γ
backgrounds (no epitope/library was used during the ICS stimulation). Numbers in the plots
indicate the percentages of CD8+ (upper right) or CD4+ (as CD8−, upper left) T-cells producing
IFN-γ.
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Figure 4. Response to pp28 and US32 CMV antigens
IFN-γ levels produced following IVS using either (A) pp28 full-length library loaded HLA-
A*0201 LCL in a A2 Tg mouse immunized i.p. for 3 weeks with 50 M iu of pp28 MVA or
(B) US32 full-length library loaded HLA-B*0702 LCL in a B7 Tg mouse immunized i.p. for
3 weeks with 50 M iu of US32 MVA. Numbers in the plots indicate the percentages of IFN-
γ+CD8+ (upper right) or CD4+ (as CD8−, upper left) T-cells. The peptide library, sub-library
or sequence used during the ICS stimulation is reported under each plot. MOCK plots (no
epitope/library used during the ICS stimulation) show IFN-γ backgrounds.
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Table 1
CD8+ T-cell recognition of CMV IE2, pp28 and US32 libraries in immunized Tg mice

CMV antigen
Tg mouse strain IE2 pp28 US32

A2 351–472
ND

IFN-γ average: 11.4%

134–148:
LDEEDTSIYLSPPPV
IFN-γ average: 18.5%

NONE

B7 493–507:
MIIHAATPVDLLGAL

IFN-γ average: 2.9%

153–166:
VVAKRLPRPDTPRT

IFN-γ average: 7.1%

48–62:
RAERRAANWRRQMRR

IFN-γ average: 70.1%
A11 351–472

ND
IFN-γ average: 1.4%

NONE 109–123:
TVRAFSRAYHHRINR

IFN-γ average: 17.1%
Tg mice were immunized with MVA vectors expressing the CMV antigen indicated. Following LCL IVS using the corresponding peptide library, mice

were evaluated by ICS for CMV antigen-specific IFN-γ+ production (see Material and Methods). In the 3 row cells, first line indicates the highest

recognized sub-library or 15mer from the corresponding CMV antigen peptide library; 2nd one shows the AA sequence of the 15mer (bold character)

when identified (ND=not defined); the 3rd one reports the average of IFN-γ + CD8+ T-cells detected upon stimulation with either the CMV sublibrary
or the 15mer indicated. NONE: minimal IFN-γ production (<0.1%). Backgrounds IFN-γ levels to mock stimulated cells during the ICS procedure were
subtracted
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