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MHC Class II-Associated Invariant Chain Linkage of Antigen
Dramatically Improves Cell-Mediated Immunity Induced by
Adenovirus Vaccines1

Peter Johannes Holst,* Maria Rathmann Sorensen,* Camilla Maria Mandrup Jensen,*
Cathrine Orskov,† Allan Randrup Thomsen,2* and Jan Pravsgaard Christensen*

The ideal vaccine induces a potent protective immune response, which should be rapidly induced, long-standing, and of broad
specificity. Recombinant adenoviral vectors induce potent Ab and CD8� T cell responses against transgenic Ags within weeks of
administration, and they are among the most potent and versatile Ag delivery vehicles available. However, the impact of chronic
infections like HIV and hepatitis C virus underscore the need for further improvements. In this study, we show that the protective
immune response to an adenovirus-encoded vaccine Ag can be accelerated, enhanced, broadened, and prolonged by tethering of
the rAg to the MHC class II-associated invariant chain (Ii). Thus, adenovirus-vectored vaccines expressing lymphocytic chorio-
meningitis virus (LCMV)-derived glycoprotein linked to Ii increased the CD4� and CD8� T cell stimulatory capacity in vitro and
in vivo. Furthermore, mice vaccinated with a single dose of adenovirus-expressing LCMV-derived glycoprotein linked to Ii were
protected against lethal virus-induced choriomeningitis, lethal challenge with strains mutated in immunodominant T cell epitopes,
and systemic infection with a highly invasive strain. In therapeutic tumor vaccination, the vaccine was as efficient as live LCMV.
In comparison, animals vaccinated with a conventional adenovirus vaccine expressing unmodified glycoprotein were protected
against systemic infection, but only temporarily against lethal choriomeningitis, and this vaccine was less efficient in tumor
therapy. The Journal of Immunology, 2008, 180: 3339–3346.

T he world depends critically on improved vaccine systems
to combat intractable infectious diseases and tumors. So
far, adenoviral vectors have emerged as potent vehicles

for delivery of vaccine Ags and for induction of CD8� T cell and
Ab responses, but the challenges of chronic infections, such as
those caused by HIV and hepatitis C virus (HCV),3 have high-
lighted the need for further improvements (1, 2). Additionally,
problems remain concerning high levels of pre-existing immunity
to adenoviral vectors derived from previous encounters with wild-
type (WT) adenoviruses (3). DNA priming before boosting with
adenovirus, shifting to different serotypes of adenovirus or modi-
fications of the adenoviral capsid proteins, have addressed these

challenges (4, 5). However, the use of boosted immunizations,
though capable of inducing high numbers of virus-specific T cells,
tends to drive the differentiation of responding lymphocytes to-
ward a committed effector memory phenotype that may be inap-
propriate for protection against chronic infections, and may result
in a narrowing of the ensuing T cell response (6–8). Accordingly,
there is a need to generate broad and qualitatively improved mem-
ory from one or a limited number of immunizations. We have
recently found that immune responses to Ags expressed by the use
of adenovirus vectors could benefit from modification of the en-
coded Ag (9). In the present study, we attempted to increase Ag
presentation to CD4� T cells, as their activation is normally lim-
ited after adenoviral vaccination and triggering of this subset is
critical for the control of chronic infections and required for an
optimal response to unmodified adenoviral Ag (9, 10). To increase
CD4� T cell responses, we chose to link Ag to the MHC class
II-associated invariant chain (Ii) as the ability of Ii to increase
presentation in the context of MHC class II is well-established
(11–15). This strategy was found to accelerate, enhance, and pro-
long vaccine-induced protection against acute or chronic viral in-
fection. Additionally, this vaccine provides efficient protection
against viral escape variants due to an increased breadth of the
vaccine-induced CD8� T cell response. In therapeutic vaccination
against melanomas expressing a viral neoantigen, the modified
vaccine was as efficient as live lymphocytic choriomeningitis virus
(LCMV).

Materials and Methods
Mice

C57BL/6 and matched MHC class II-deficient mice were obtained from
Taconic Farms. C57BL/6.SJL mice were bred locally from breeder pairs
originally obtained from The Jackson Laboratory. Transgenic mice
(TCR318 and SMARTA) expressing a TCR for LCMV gp33–41 or gp61–
80, respectively, were the progeny of breeding pairs provided by H.
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Pircher, A. Oxenius, and R. M. Zinkernagel (University of Zürich, Zürich,
Switzerland). All mice used in this study were between 7 and 10 wk old
and housed in a specific pathogen-free facility. All experimental proce-
dures were approved by the local animal ethics council and performed
according to local experimental guidelines.

Adenoviral vectors and vaccination

LCMV glycoprotein, Ii glycoprotein, LCMV nucleoprotein (NP), IiNP,
and LCMV glycoprotein fused with the C-terminal LAMP-1-sorting motif
and transmembrane region (glycoprotein Lamp-1) were amplified by single
or overlapping PCR from plasmid or cDNA templates and cloned into a
pacCMV-based shuttle vector (Ii plasmid was a gift from N. Koch (Uni-
versity of Bonn, Bonn, Germany); plasmid expressing the LCMV glyco-
protein and NP was a gift from M. B. Oldstone (The Scripps Research
Institute, La Jolla, CA); LAMP-1 was amplified from splenic cDNA). From
all shuttle plasmids, human type 5 recombinant adenovirus vectors were
then produced from homologous recombination by standard methods (16).
After purification, adenoviral stocks were immediately aliquoted and fro-
zen at �80°C in 10% glycerol, and the infectivity of adenovirus stocks was
determined with the Adeno-X Rapid Titer kit (BD Clontech). Mice to be
vaccinated were anesthetized and injected with 2 � 107 HEK293 infectious
units in the right footpad.

Virus infection

Mice were infected intracerebrally (i.c.) with 20 PFU of LCMV Armstrong
clone 53b, Armstrong gp33 nil, Armstrong gp276 nil, Armstrong gp33/
gp276 nil, or Armstrong NP396 nil (17); for i.v. infection, mice were
inoculated with 105 PFU of highly invasive LCMV Armstrong clone 13.
For infection of bone marrow-derived dendritic cells (BMDCs) with ade-
novirus, the infectability of the cells was first determined using Ad-GFP,
and an optimal multiplicity of infection (MOI) of 250 was determined as
nontoxic and capable of transducing �60% of the DCs (data not shown).
All viruses were produced, quantified, and stored as previously described
(17, 18).

Culture of BMDCs

Single-cell suspensions of bone marrow cells were prepared from femurs,
and the cells were cultured in the presence of recombinant murine GM-
CSF for 10 days as described previously (19).

T cell stimulation assay

Two-fold dilutions of DCs transduced with adenoviral vectors 24 h previ-
ously were cultured in 96-well plates with whole splenocytes (106 cells/
well) or enriched CD8� T cells (105 cells/well) from TCR318, SMARTA
or C57BL/6 mice; 68 h later, all cultures were pulsed with 1 �Ci of
[3H]thymidine for 6 h.

CD8� T cell enrichment

CD8� T cells were enriched through negative selection of CD4�, Ig�, and
MHC class II� cells using mAbs and magnetic beads (Dynabeads; Dynal).

Enumeration of Ag-specific T cells

Single-cell suspensions of splenocytes were obtained by pressing the or-
gans through a fine steel mesh, followed by centrifugation and resuspen-
sion in RPMI 1640 cell culture medium. Epitope-specific CD8� T cell
responses were enumerated by intracellular cytokine staining after a 5-h
incubation with 1 �g/ml relevant peptide as described (20).

CFSE labeling, transfer of TCR-transgenic splenocytes, and
CFSE dilution analysis

Spleen cells from TCR318-transgenic or SMARTA (both CD45.2�) mice
were mixed with CFSE at a concentration of 1 �M and incubated 10 min
at 37°C. The reaction was stopped with a one-tenth volume of FCS; the
cells were subsequently washed three times and finally resuspended in PBS
and counted. A total of 9 � 107 CFSE-labeled cells were adoptively trans-
ferred into B6.SJL (CD45.1�) recipients. The following day, recipients
were vaccinated with 107 infectious units of the indicated virus in both hind
footpads and, 68 h later, the popliteal lymph nodes and spleens were har-
vested and subjected to flow cytometric analysis. Cells were stained with
Abs against CD45.2, CD4, or CD8, and TCR V�2 (CD4� TCR transgenic)
or TCR V�8.1/2 (CD8� TCR transgenic).

Survival study

Mortality was recorded for 14 days after i.c. inoculation.

Organ virus titers

Organs were homogenized as a 10% organ suspension, and viral titers were
determined using an immune focus assay as previously described (21).

Assessment of liver steatosis

Frozen sections were fixed in paraformaldehyde and stained with oil Red-O
solution and counterstained with hematoxylin. The relative area of oil
Red-O staining was measured in four randomly selected visual fields from
each slide using Image Pro, and the mean percentage � SEM was then
calculated for each slide.

Tumor cell inoculation

Mice were injected s.c. in the flank with 106 B16.F10 melanoma cells
expressing the LCMV gp33–41 epitope; these cells were donated by H.
Pircher (22). Five days later, when tumors were palpable, the mice were
vaccinated and tumor growth was measured every 2–3 days. Mice bearing
tumors �12 mm or showing ulceration were sacrificed in accordance with
local ethical rules for animal experiments.

Statistical evaluation

Quantitative results were compared using the Mann-Whitney U test. Sur-
vival curves after tumor challenge were compared using Mantel-Cox sta-
tistical analysis.

Results
Ii-linked Ag induces enhanced proliferation of naive CD4� and
CD8� T cells

To study the effect of increased Ag presentation to CD4� T cells,
we made adenoviral vectors expressing the LCMV glycoprotein
(Ad-glycoprotein) and vectors expressing the LCMV glycoprotein
fused to the C terminus of the murine Ii (Ad-Ii glycoprotein) (9).
Previously, this strategy has been shown to increase presentation to
CD4� T cells (12). However, the majority of studies that have used
Ii-coupled Ag for T cell stimulation only evaluated ex vivo prim-
ing of naive cells, and either report enhancement of CD4� T cell
responses only, or—if CD8� T cell activation was actually eval-
uated—reveal modest if any effect (11–15).

To address whether Ii-linked LCMV glycoprotein functioned as
previously reported for Ii-linked Ags, we studied the early activa-
tion of naive CD4� and CD8� TCR-transgenic cells in vivo. To
this end, we transferred CFSE-labeled splenocytes from C57BL/6
SMARTA (CD4� T cells) or C57BL/6 TCR318 (CD8� T cells)
mice into C57BL/6.SJL mice. The C57BL/6 SMARTA mice ex-
press a V�2/V�8.3-transgenic TCR directed against a MHC class
II-restricted epitope of LCMV glycoprotein (gp61–80) on �90%
of their CD4� T cells whereas the C57BL/6 TCR318 mice express
a V�2/V�8.1-transgenic TCR directed against a MHC class I-re-
stricted epitope of the LCMV glycoprotein (gp33–41) on �60% of
their CD8� T cells. Twenty-four hours after receipt of donor cells,
the C57BL/6.SJL mice were vaccinated with Ad-Ii glycoprotein or
Ad-glycoprotein in both hind paws, and popliteal lymph nodes
were harvested 68 h after vaccination (Fig. 1A). As expected, a
robust induction of CD4� T cell proliferation could be observed in
the draining lymph node of Ad-Ii glycoprotein-vaccinated mice. In
contrast, vaccination with the Ad-glycoprotein vector induced only
limited proliferation of CD4� T cells in the draining lymph nodes.
When looking at the proliferation of TCR-transgenic CD8� T cells
in the draining lymph nodes, it was found that Ad-Ii glycoprotein
induced a higher fraction of the recruited cells to proliferate, but
also that a substantial fraction of CD8� T cells in the lymph nodes
of animals primed with Ad-glycoprotein had begun to divide (Fig.
1A). These observations suggest a moderate enhancement of direct
CD8� T cell priming and a more pronounced enhancement of
CD4� T cell priming by Ii linkage.

3340 IMPROVED IMMUNITY BY ADENOVIRUS-BASED VACCINES
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The enhanced induction of CD8� T cell proliferation contrasts
with previous reports in the literature that showed similar prolif-
eration of OT-I cells in vitro and in vivo (11, 12). To address this
issue, we expanded BMDCs in GM-CSF ex vivo and infected
these cells with Ad-Ii glycoprotein, Ad-glycoprotein, or control
vectors (Ad-IiOVA and Ad-GFP) at a predetermined MOI of
250. Twenty-four hours later, 2-fold dilutions of these cells
were mixed with splenocytes from TCR318, SMARTA, or WT
mice, and the induced proliferation was measured 68 h later by
a 6-h [3H]thymidine pulse. As can be seen in Fig. 1B, Ad-Ii
glycoprotein transduced DCs were on a cell-for-cell basis mark-
edly more efficient in stimulating the proliferation of both
SMARTA and TCR318 cells— but not WT cells (data not
shown)—than were matched Ad-glycoprotein-transduced cells;
little stimulation was noted with Ad-IiOVA- or Ad-GFP-trans-
duced DCs used for control.

The augmented stimulation of CD8� T cells by DCs infected
with Ad-Ii glycoprotein could reflect increased costimulation as
well as increased Ag expression. To address the first possibility,

we compared the capacity of Ad-Ii glycoprotein and Ad-glycop-
rotein to induce expression of CD40 on BMDCs over a wide range
of particle-to-cell ratios. As can be seen in Fig. 2A, incubation with
both constructs led to increased DC activation with increased par-
ticle-to-cell ratio, highlighting the capacity of adenovirus particles
to induce DC activation (23). However, no marked difference in
the dose-response curves was observed using these constructs,
and this was the case also if the constructs were compared based
on the content of infectious virus.

To further look for differences in the expression of cell surface
molecules known to play a role in T cell activation, we subjected
a sample of DCs (MOI of 250), similar to those used for T cell
stimulation to an extended phenotypic analysis using Abs to a
range of relevant surface molecules (MHC class I and II, CD80,
CD86, and CD40). It is evident from this analysis (Fig. 2B) that no
differences in the expression of these molecules could be detected,
when cells infected with the two adenovirus constructs were
compared.

Although the above results strongly suggested that the aug-
mented CD8� T cell response following stimulation with Ad-Ii
glycoprotein-infected DCs resulted from increased expression
of Ag in association with MHC class I, we could not formally
exclude the possibility that the increased proliferation somehow
reflected increased CD4� T cell help. To explore this possibility
experimentally, we repeated the in vitro proliferation experi-
ment using CD8� T cells as responders (enriched by negative
selective of CD4�, Ig�, and MHC class II� cells) and included
DCs derived from MHC class II-deficient mice for comparison
(Fig. 3). Similar to whole spleen cell responders, CD8� T cells
clearly responded more vigorously to stimulation with Ad-Ii

FIGURE 1. Capacity of adenoviral vectors to stimulate CD4� and
CD8� T cell responses in vivo and in vitro. A, Splenocytes from CD4�

or CD8� TCR-transgenic mice (CD45.2) were labeled with CFSE and
transferred into C57BL/6.SJL (CD45.1) recipients on day �1. On day
0, mice were vaccinated with the indicated adenoviral vaccines, and
popliteal lymph nodes were removed for analysis 68 h later. The his-
tograms show the dilution of CFSE on TCR-transgenic cells from pop-
liteal lymph nodes at 68 h postvaccination; cells were gated for CD45.2,
CD4, and TCR V�2 (CD4� TCR) or CD45.2, CD8 and TCR V�8.1/2
(CD8� TCR). R1 depicts the percentage of cells that have undergone at
least one cell division; R2 depicts percentage of cells that have not
divided (average � SD, n � 4 mice in each group). B, Splenocytes from
CD4� TCR-transgenic, CD8� TCR-transgenic, or WT (data not shown)
mice were cocultured with 2-fold dilutions of adenovirus-transduced
BMDCs starting at splenocyte-DC ratio of 10:1. Shown is the induced
[3H]thymidine incorporation (cpm, average of duplicate cultures) dur-
ing a 6-h pulse after 68 h of coculture.

FIGURE 2. Phenotypic analysis of adenovirus-transduced BMDCs.
A, BMDCs were transduced with increasing amounts of AD-II glyco-
protein or Ad-glycoprotein and surface stained 24 h later with anti-
MHC class II and anti-CD40. Mean fluorescence intensity (MFI) for
expression of CD40 on mature (MHC class II high (MHC high)), cf part
B) and immature (MHC class II intermediate (MHC int)) DCs are pre-
sented as a function of either particle-to-cell ratio or infectious unit-
to-cell ratio; an arbitrary scale is applied. B, BMDCs were transduced
with Ad-Ii glycoprotein or Ad-glycoprotein at a MOI of 250 and, 24 h
later, the cells were surface stained with a combination of Abs against
MHC class II and CD40, CD80, CD86, or MHC class I; untransduced
and LPS stimulated BMDCs were included for comparison. Plots are
representative of three independent experiments.

3341The Journal of Immunology
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glycoprotein-infected DCs, and this pattern was observed irre-
spective of whether MHC class II was expressed on the DCs
or not.

Linkage of vaccine-encoded Ag to the HLA-associated Ii induces
enhanced, sustained, and polyfunctional T cell responses

Prompted by the ability of Ii-linked Ag to augment the prolifera-
tion of both CD4� and CD8� TCR-transgenic T cells, we next
studied the effects of immunization with this construct on the poly-
clonal T cell response of nontransgenic mice. For that purpose,
cohorts of C57BL/6 mice were vaccinated and the ensuing func-
tional CD4� and CD8� T cell immune responses were evaluated
through staining for intracellular IFN-� following brief ex vivo
stimulation with relevant peptides. We found that Ad-Ii glycopro-
tein induced an augmented and accelerated CD4� T cell response
to gp61–80, whereas the response following vaccination with the
unmodified Ad-glycoprotein vector was barely discernible (Fig.
4A). With regard to CD8� T cells, we evaluated the response to
four MHC class I-restricted epitopes, and found accelerated, en-
hanced and protracted responses (Fig. 4B). This was particularly
apparent for the normally subdominant epitopes gp276–284,
gp92–100, and gp118–126, against which Ad-glycoprotein in-
duced only minimal responses. Indeed, gp276–284 became a
codominant epitope as a result of vaccination with the linked
construct.

Some studies have indicated that long-term protection against
chronic viral infection requires the existence of CD8� T cells ca-
pable of coproducing several effector cytokines, in particular
IFN-�, IL-2, and TNF-� (24–26). To address whether such cells
were maintained in Ad-Ii glycoprotein-vaccinated mice, we eval-
uated CD8� T cell responses in mice vaccinated 1 year previously
and found that a substantial fraction of the cells responding to
peptide stimulation with IFN-� production ex vivo also produced
IL-2 and TNF-� (Fig. 4C). Similar analysis could not be per-

formed on cells from Ad-glycoprotein-vaccinated mice as the fre-
quencies of virus-specific cells were too low (cf. Fig. 4B).

Ad-Ii glycoprotein induces fast and prolonged protection
against LCMV infection

Next, we compared the protective capacity of the responses in-
duced by the Ad-glycoprotein and Ad-Ii glycoprotein vectors. To
this end, vaccinated mice were challenged i.v. with 105 PFU of
LCMV clone 13 either 3 wk or 9 mo after vaccination, and spleens,

FIGURE 3. Ad-Ii glycoprotein-induced augmentation of CD8� T cell
proliferation does not require CD4� T cell help. CD8� TCR-transgenic
cells (enriched through negative selection of CD4�, Ig�, and MHC class
II� cells) were cocultured with 2-fold dilutions of adenovirus-transduced
BMDCs from WT and MHC class II-deficient mice. Shown is the induced
[3H]thymidine incorporation (cpm, average of duplicate cultures) during a
6 h pulse after 68 h of coculture.

FIGURE 4. Immune responses induced by adenoviral vaccine vectors.
A, Total number of splenic CD4� T cells responding with IFN-� produc-
tion to the gp61–80 peptide at the indicated times after vaccination with
either Ad-glycoprotein or Ad-IiGP. B, Total number of splenic CD8� T
cells responding with IFN-� production to the immunodominant gp33–41
and gp276–286 peptides (top) or subdominant gp92–101 and gp118–125
peptides (bottom) at the indicated times after vaccination. C, Splenocytes
from animals vaccinated 1 year previously with Ad-Ii glycoprotein were
stimulated ex vivo with a pool of peptides (gp33–41, gp92–101, gp118–
125, and gp276–284) and stained for surface CD8, intracellular IFN-�, and
TNF-� or IL-2. Shown are the percentages of the IFN-�-producing CD8�

T cells that also produce either TNF-� or IL-2. For Ad-glycoprotein-vac-
cinated mice similar analyses could not be performed due to too low num-
bers of Ag-specific cells.
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lungs, and livers were harvested 5 days later. In this setting, both
vaccine vectors induced accelerated immune responses that could
control the infection early after vaccination (Fig. 5A). However, by
9 mo postvaccination, the Ad-glycoprotein-vaccinated mice
showed a reduction in virus titers when compared with controls
vaccinated with an empty vector, but infectious virus was readily
detectable. In contrast, hardly any infectious virus was recovered
from Ad-Ii glycoprotein-vaccinated animals even when challenged
this long after vaccination (Fig. 5B). Furthermore, it was found that
Ad-glycoprotein-vaccinated mice, but not Ad-Ii glycoprotein-vac-
cinated mice (no virus left) or control vaccinated mice (T cells not
yet generated) exhibited enhanced immunopathology as evidenced
by increased hepatic steatosis (Fig. 5C) (27).

To determine the ability of the vaccine to protect mice against
infection of a solid, nonlymphoid organ, vaccinated mice were
challenged i.c. with a lethal dose of 20 PFU of LCMV Arm-
strong clone 53b at various time points between 1 day and 1
year after vaccination. In this setting, the outcome of infection
is decided by a race between virus replication in the CNS and
the local accumulation of antiviral CD8� T cells, and naive
mice invariably die (28). When tested under these conditions,
Ad-glycoprotein-vaccinated mice were never more than par-
tially protected. In contrast, the Ad-Ii glycoprotein vaccine in-
duced virtually complete protection as early as 3 days and as
late as 1 year after vaccination (Table I). As expected, protec-
tion correlated with the ability of Ad-Ii glycoprotein-vaccinated
mice to rapidly abort the infection in the brain (Fig. 5D). No-
tably, Ii-linked irrelevant Ag did not induce any protection
demonstrating that the rapid protection was Ag specific.

Ad-Ii glycoprotein is as efficient as LCMV in protecting against
melanomas expressing LCMV-derived Ag

We also wanted to evaluate the ability of our vaccine construct to
provide protection against a nonviral challenge. To this end, mice
were injected s.c. with 106 LCMV glycoprotein-expressing mela-
noma cells and 5 days later, when tumors were palpable, the mice
were vaccinated with adenovirus-encoding Ii-linked irrelevant Ag
(Ad-IiOVA), Ad-glycoprotein, Ad-Ii glycoprotein, or live LCMV,
and tumor growth was recorded. Vaccination with Ad-glycopro-
tein was found to be able to delay tumor growth significantly as
compared with Ad-IiOVA, this delay could be further significantly
increased by Ad-Ii glycoprotein and, remarkably, no significant

FIGURE 5. Protective efficacy of adenoviral vaccines. A, Spleen and
lung virus titers 5 days after infection with 105 PFU of LCMV clone 13
in mice vaccinated with Ad-glycoprotein, Ad-Ii glycoprotein, or a con-
trol vector (Ad-nil) 21 days previously. B, Spleen and lung virus titers
5 days after infection with 105 PFU of LCMV clone 13 in mice vac-
cinated with Ad-glycoprotein, Ad-Ii glycoprotein, or Ad-nil 9 mo pre-
viously. Points represent individual mice; dotted line denotes limit of
detection. C, Hepatic steatosis in animals, 5 days after infection with
105 PFU of LCMV clone 13 in mice vaccinated with Ad-glycoprotein,
Ad-Ii glycoprotein, or Ad-nil 9 mo previously; one representative tissue
section from each group is shown with the average percentages � SEMs
of liver area stained for fat droplets inserted. D, Mice were vaccinated
with Ad-glycoprotein, Ad-Ii glycoprotein, or Ad-nil and challenged i.c.
60 days later with 20 PFU of LCMV Armstrong clone 53b. Five animals
from each group of mice were sacrificed on days 3, 5, and 7 after
infection, and brain virus titers were determined by plaque assay; a line
connects median viral titers. The indicated percentages show the mor-
talities of control groups in which the infection was allowed to follow
its own course. Points represent individual mice; dotted line denotes
limit of detection.

Table I. Protection against lethal LCMV challenge

% Surviving Animals after i.c. Challengea

Days p.v. Ad-GP Ad-IiGP

1 0% (5)b 20% (5)
3 0% (10) 100% (10)c

5 0% (5) 100% (5)
7 6% (18) 100% (5)
14 53% (15) ND
21 20% (5) 100% (5)
60 0% (5) 100% (5)
90 0% (5) 100% (5)
180 0% (5) 100% (5)
270 0% (5) 100% (9)
360 0% (10) 90% (10)d

a Mice were vaccinated with Ad-GP or Ad-IiGP, and on the indicated days after
vaccination, some of the mice were challenged with a lethal dose (20 PFU) of LCMV
Armstrong clone 53.

b Number of animals in each group.
c Five of five mice vaccinated with an adenovector encoding an irrelevant Ag

linked to Ii died.
d One animal died without symptoms of LCMV.
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difference could be seen when Ad-Ii glycoprotein was compared
with live LCMV (Fig. 6).

Broad CD8� T cell response induced by the Ad-Ii glycoprotein
vaccine protects against viral escape variants

Apart from magnitude and quality of a vaccine-induced immune
response, a critical issue is the breadth of the induced response. To
functionally evaluate the breadth of the induced protection, we
infected naive, Ad-glycoprotein-vaccinated, or Ad-Ii glycopro-
tein-vaccinated mice i.c. with LCMV variants carrying muta-
tions in the gp33– 41 (gp33 nil) epitope, the gp276 –284 (gp276
nil) epitope, or both (gp33/gp276 nil) (17) and monitored sur-
vival. The Ad-Ii glycoprotein-vaccinated mice were completely
protected against challenge with either the gp33 nil or the
gp276 nil variant, and 70% of Ad-Ii glycoprotein-vaccinated
mice were protected against challenge with the gp33/gp276 nil
variant (Fig. 7A). Analysis of the secondary immune response
in the surviving Ad-Ii glycoprotein-vaccinated mice disclosed
that survival was associated with robust expansion of CD8� T
cells directed against epitopes shared between the vaccine and
the challenge virus (Fig. 7A).

That Ii linkage of Ag increases the protective efficacy of the
broadened response is perhaps the most important finding in a real
world vaccination scenario and, accordingly, we wanted to deter-
mine whether this could be generalized by using another Ag.
Given the accessibility of a mutated variant for challenge, we fo-
cused on the LCMV NP and constructed adenoviral vectors ex-
pressing NP with (Ad-IiNP) and without (Ad-NP) linkage to Ii.
Groups of animals were then vaccinated with one of these con-
structs and challenged with either LCMV Armstrong 53b or the
NP396 nil variant (17) 90 days later. Five of five animals survived
challenge with LCMV 53b if they had been vaccinated with either
Ad-NP or Ad-IiNP. This is perhaps not surprising as NP has pre-
viously been reported to be markedly superior to glycoprotein as a
viral Ag with respect to affinity of the dominant epitope, affinity of
the responding T cells for bound peptide, amount of bound peptide
needed for lysis of target cells, and the protective capacity of the
induced T cells and, finally, as has become relevant during chal-
lenge, the kinetics of protein synthesis in LCMV-infected cells
(29–32). However, the response toward NP is also highly focused
on the dominant NP396–404 epitope and consequently, 5 of 10 of
the Ad-NP-vaccinated animals succumbed after challenge with the
LCMV NP396-nil variant. In contrast, 10 of 10 of the Ad-IiNP-

vaccinated animals survived lethal challenge with this variant
( p � 0.05, Fig. 7B). As expected, analysis of the surviving
animals revealed a much more prominent recall response against

FIGURE 6. Vaccination protects against growing melanomas. Shown
are survival of animals injected with 106 gp33–41 expressing B16.F10
melanoma cells and vaccinated 5 days later—when tumors were palpa-
ble—with Ad-Ii glycoprotein, Ad-glycoprotein, or Ad-IiOVA or 103 PFU
LCMV Armstrong. Mean survival times are shown next to the graphs; n �
7–8 mice/group. Bars denoting statistical significance between Ad-IiOVA
and Ad-glycoprotein, as well as between Ad-Ii glycoprotein and Ad-gly-
coprotein are inserted (Mantel-Cox test).

FIGURE 7. Survival and anamnestic CD8� T cell responses after chal-
lenge with virus escape variants. A, Survival of animals that were vacci-
nated with Ad-glycoprotein, Ad-Ii glycoprotein, or sham-vaccinated and
challenged i.c. 90 days later with 20 PFU LCMV Armstrong variants that
carry mutations in gp33–41 (gp33-nil, upper panel), gp276–286 (gp276-
nil, middle panel) or both epitopes (gp33/gp276-nil, lower panel). B, An-
imals were vaccinated with Ad-NP, Ad-IiNP, or sham-vaccinated and chal-
lenged i.c. 90 days later with 20 PFU LCMV Armstrong variants that carry
mutations in the NP396–404 epitope (NP396-nil). For all panels, �, sta-
tistical significance relative to animals vaccinated with relevant Ag without
Ii. The total numbers of splenic T cells responding to the epitopes of the
vaccine Ag, or the immunodominant epitope not included in the vaccine
(NP396 for Ad-Ii glycoprotein-vaccinated, gp33 for Ad-NP, and Ad-IiNP-
vaccinated) were determined in the surviving mice 14 days after challenge
and are shown to the right of the respective survival curves.
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the subdominant epitopes NP205–212, NP163–175, and NP238–
243 in Ad-IiNP-vaccinated mice as compared with Ad-NP-vacci-
nated mice (Fig. 7B).

Discussion
Based on the results presented in this report, we conclude that
adenoviral vectors can benefit profoundly from Ag engineering,
thus improving breadth, kinetics, potency, quality, and stability of
ensuing CD8� T cell responses. We found these improvements to
be functionally relevant both in a peripheral and a systemic chal-
lenge model, in which effector memory and central memory T
cells, respectively, would be expected to play the most important
roles. We also found an effect in a therapeutic tumor vaccination
model that rivals live LCMV. In this therapeutic tumor vaccination
model system, protection has previously been demonstrated to de-
pend on CD8� T cell cytokine production (22). Such suggested
cytokine-producing competence may also be important in vacci-
nation against chronic infections such as HIV where long-term
nonprogression has been associated with the frequency of poly-
functional CD8� T cells capable of coproducing cytokines such as
IFN-�, TNF-�, and in particular IL-2 (24). In mice vaccinated 1
year previously, we found that a substantial fraction of IFN-�-
producing Ag-specific CD8� T cells also produced TNF-� and
IL-2 whereas similar responses could not be detected in Ad-gly-
coprotein-vaccinated mice. Even though it remains to be deter-
mined to what extent other Ags will benefit from Ag engineering,
we have observed accelerated, broadened, and augmented CD8� T
cell responses for a clear majority of the Ags that we have eval-
uated so far (data not shown). Thus, it seems safe to conclude that
adenovirus vaccines expressing Ii-linked Ags may be used suc-
cessfully in situations where unmodified vaccines have failed. In
particular, the ability to induce protective immunity from subdomi-
nant epitopes, which we have verified for both the LCMV glyco-
protein and NP, could be relevant for mutating and highly variable
viruses like HCV and HIV (33, 34). Even if a protective HIV or
HCV vaccine remains elusive, at the very least, the strategy de-
scribed should be applicable to make improved protective vaccines
for the related arenaviruses Lassa, Junin, Sabia, Machupo, and
Guanorito which infect humans with high case-fatality rates, or the
filoviruses Ebola and Marburg toward which unmodified adeno-
virus vaccines have already proved effective (35–38). Apart from
the ability to provide protection in endemic areas, the marked ac-
celeration of protective efficacy provided by Ii fusion vaccines
would be particularly useful if some of these viruses were intro-
duced as bioterrorist weapons in a previously unvaccinated popu-
lation, as is indeed speculated by the U.S. Centers for Disease
Control and Prevention (www.bt.cdc.gov/agent/agentlist-category.
asp). In such a setting, there would be a need for immediately
protective vaccines to protect local health care workers and ex-
posed individuals.

Although we have not yet established the special property of the
Ii sequence that confers superior vaccine protection to the glyco-
protein Ag, some lessons can be drawn from this study. First, most
of the previous observations with Ii-linked Ags have focused on
the ability of Ii to increase stimulation of transgenic CD4� T cells
in vitro. We have now verified this mechanism in vivo. We also
observed that Ii-linked glycoprotein stimulates CD8� T cells more
efficiently both in vitro and in vivo. Although this is consistent
with the accelerated and increased vaccine efficacy, it is not as easy
to explain. Indeed, the in vitro effect contrast to what has previ-
ously been shown studying the SIINFEKL epitope of OVA (12).
The reason for this discrepancy is not entirely clear, but may
derive from differences in TCR or epitope affinity, or perhaps
reflect saturation in the previous experiments, as a titration of

APCs was not presented. What we can say from preliminary
experiments is that the sorting signal from LAMP-1 cannot sub-
stitute for Ii (data not shown). We also find that the effect can be
recapitulated in vitro, which suggests a direct interaction between
the transduced APCs and Ag-specific T cells. Thus, on a per-cell
basis Ad-Ii glycoprotein-transduced DCs were more efficient stim-
ulators of naive CD8� T cells. Combined with our results dem-
onstrating that key costimulatory molecules are equally up-regu-
lated on Ad-Ii glycoprotein and Ad-glycoprotein-transduced cells,
and that CD4� T cell help is not required for a better stimulation
in vitro, the mechanism appears to be related to a more efficient
pathway for presentation of MHC class I-restricted antigenic pep-
tides. Getting closer to a mechanistic understanding is challenging,
as Ii has multiple domains with a possible involvement in T cell
stimulation. These include domains involved in endosomal sorting,
MHC class I and II association, and intramembrane as well as
exoplasmic trimerization, binding, and signaling through CD44
and MIF in surrounding cells and through NF-�B p65/RelA ho-
modimers in Ii-expressing cells (39–43). Given this multitude of
options, it will probably require extensive mutagenesis mapping of
domains within the Ii sequence to identify regions important for
increased CD8� T cell stimulation to guide experimental studies
pinpointing the function. Such analysis is beyond the scope of this
study, and we are currently in the initial phases of such studies.

In conclusion, our results point to Ii linkage of the Ag expressed
from adenoviral vectors as a simple way to improve critical aspects
of T cell-mediated immunity against both viruses and tumors.
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