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ABSTRACT

CD4* T lymphocytes play a central role in the immune system and mediate their function after recognition of their respective
antigens presented on major histocompatibility complex II (MHCII) molecules on antigen-presenting cells (APCs). Convention-
ally, phagocytosed antigens are loaded on MHCII for stimulation of CD4* T cells. Certain epitopes, however, can be processed
directly from intracellular antigens and are presented on MHCII (endogenous MHCII presentation). Here we characterized the
MHCII antigen presentation pathways that are possibly involved in the immune response upon vaccination with modified vac-

cinia virus Ankara (MVA), a promising live viral vaccine vector. We established CD4™" T-cell lines specific for MVA-derived
epitopes as tools for in vitro analysis of MHCII antigen processing and presentation in MVA-infected APCs. We provide evi-
dence that infected APCs are able to directly transfer endogenous viral proteins into the MHCII pathway to efficiently activate
CD4™ T cells. By using knockout mice and chemical inhibitory compounds, we further elucidated the molecular basis, showing
that among the various subcellular pathways investigated, proteasomes and autophagy are key players in the endogenous MHCII
presentation during MVA infection. Interestingly, although proteasomal processing plays an important role, neither TAP nor
LAMP-2 was found to be involved in the peptide transport. Defining the molecular mechanism of MHCII presentation during
MVA infection provides a basis for improving MVA-based vaccination strategies by aiming for enhanced CD4* T-cell activation

by directing antigens into the responsible pathways.

IMPORTANCE

This work contributes significantly to our understanding of the immunogenic properties of pathogens by deciphering antigen
processing pathways contributing to efficient activation of antigen-specific CD4* T cells. We identified autophagosome forma-
tion, proteasomal activity, and lysosomal integrity as being crucial for endogenous CD4"* T-cell activation. Since poxvirus vec-
tors such as MVA are already used in clinical trials as recombinant vaccines, the data provide important information for the fu-
ture design of optimized poxviral vaccines for the study of advanced immunotherapy options.

lymphocytes are major components of the adaptive immune

system and mediate their function upon recognition of their
respective antigens presented on the surfaces of antigen-present-
ing cells (APCs) by major histocompatibility complex class I/II
(MHCI/IT) molecules (1). Cytotoxic CD8" T cells that mediate
killing of infected or tumor cells are activated by antigen presen-
tation on MHCI (2). Also referred to as the “leader of the immu-
nological orchestra,” CD4* T cells possess more regulatory func-
tions and are induced by antigen presentation on MHCII. There
are several subsets of CD4" T cells with different effector func-
tions, such as T} 1 or T}2 cells, which fight intracellular as well as
extracellular pathogens by activating macrophages, CD8™ T cells,
and B cells. Furthermore, CD4™ subsets are involved in antimi-
crobial and autoimmune responses (T, 17 cells), and they regulate
the immune response and maintain self-tolerance (nT,,, iT
Trl, and T, cells) (3, 4).

The proper processing and presentation of antigens by APCs
are key steps in the induction of cell-mediated immunity. Con-
ventionally, intracellular cytosolic antigens are presented on
MHCI while phagocytosed extracellular antigens are loaded on
MHCII to stimulate CD8* and CD4™ T cells, respectively (1).
However, it is now generally accepted that besides these two clas-
sical pathways, extracellular antigens are also loaded on MHCI in
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a process called cross-presentation (5). Conversely, several studies
over the past 2 decades have also provided evidence that intracel-
lular antigens can be processed for presentation on MHCII. The
first hint that intracellular antigens are loaded on MHCII was
obtained by sequence analysis of peptides bound to MHCII,
showing that the majority of those ligands were derived from en-
dogenous proteins (6). Since then, endogenous MHCII presenta-
tion has been shown to occur not only for self-antigens to mediate
tolerance (7, 8) but also for viral antigens (like measles virus ma-
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trix and nucleocapsid protein, influenza A hemagglutinin, HCV
core protein, and EBV nuclear antigen 1) as well as tumor antigens
(suchas MUC-1 and mutated CDC27) to broaden the spectrum of
immunogenic MHCII ligands (9). Moreover, classical presenta-
tion seems to play a relatively minor role, while alternative presen-
tation pathways seem to contribute substantially to MHCII pep-
tide presentation (10).

Different pathways have been suggested to be involved in
MHCII presentation of intracellular antigens (9). First, secreted or
transmembrane proteins can be translocated by the Sec61 translo-
con into the endoplasmic reticulum (ER), where they associate
with MHCII and are further guided to endosomal compartments
(11). Second, similar to the classical MHCI pathway, protea-
somally degraded cytosolic peptides can be transported into the
ER by TAP (transporter associated with antigen processing) to
bind MHCII complexes (12). Third, cytosolic peptides can also be
directly imported into endosomal MHCII loading compartments
mediated by the peptide transporter LAMP-2 through a process
called chaperone-mediated autophagy (13). Finally, macroau-
tophagy has recently attracted more and more attention as an
important pathway in the processing of endogenous MHCII pre-
sentation (14). Macroautophagy is a homeostatic degradation
process that enables the cell to survive in case of stresses like accu-
mulation of misfolded proteins and damaged organelles and star-
vation and energy deprivation. Cytoplasmic proteins and organ-
elles are engulfed and self-digested within autophagic vacuoles
that fuse with lysosomes to catabolize the autophagic cargo. Thus,
nutrients for energy metabolism as well as new proteins and mem-
brane components are provided to enable cellular survival (15).
The delivery of cytosolic components into the endosomal/lyso-
somal compartment via autophagy also enables the degradation of
intracellular cytosolic antigens making them accessible for MHCII
presentation (16-18). In this context, autophagy also plays an im-
portant role in immunity and inflammation (19). Irrespective of
the pathway used, endogenous MHCII presentation in APCs ex-
pands the repertoire of MHCII ligands, thereby increasing the
source of antigens that can trigger CD4 ™ T-cell responses.

Modified vaccinia virus Ankara (MVA) is a highly attenuated
poxvirus that was developed by growth selection from its ancestral
vaccinia strain (chorioallantois vaccinia virus Ankara [CVA]) in
chicken embryo fibroblasts (20). MVA possesses a broad cell tro-
pism, causing self-limiting infections without genomic integra-
tion into the host cell genome. Importantly, infections are abor-
tive, since replication is blocked in most mammalian cell types due
to deletions and mutations that have been acquired during atten-
uation (21, 22). Nevertheless, upon infection the full cascade of
vaccinia virus gene expression occurs, characterized by three dis-
tinct phases orchestrated by viral promoters with early, interme-
diate, or late expressional activity during infection. Protein syn-
thesis is unimpaired, as the late block in morphogenesis during
viral replication allows abundant expression of genes. Given the
high capacity for packaging DNA into the genomic deletion sites
and the excellent safety profile combined with the high immuno-
genicity of the virus, MVA is a potent and versatile vector system
for development of recombinant vaccines based on expression of
heterologous antigens (23).

Since the successful application of MVA as a smallpox vaccine
in over 120,000 humans during the eradication of smallpox, it has
been further developed as vector system and is now widely used
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for prophylactic or therapeutic vaccination against infectious dis-
eases and cancer in preclinical and clinical trials (24).

To further elucidate the immunogenic properties of MVA, we
were interested in identifying the cellular and molecular pathways
leading to efficient antigen presentation in infected APCs. Given
the importance of CD4™ T cells in adaptive immune responses we
investigated a possible role of endogenous MHCII presentation
and the underlying cellular pathways in MVA-infected primary
murine dendritic cells, which constitute a major fraction of target
cells after MVA application in vivo (25). Using an in vitro cocul-
ture system of MVA-infected bone marrow-derived dendritic cells
(BMDCs) and antigen-specific CD4* T-cell lines recognizing vi-
ral and recombinant antigens we provide clear evidence that en-
dogenous MHCII presentation occurs and is highly efficient to
stimulate CD4™" T cells. By manipulating target cells using chem-
ical inhibitors and BMDCs from ATG7~'~, TAP™/~, and Lamp-
27/ mice, we found that autophagy and proteasomal processing
play an important role. Interestingly, neither TAP nor LAMP-2
was involved in these pathways.

MATERIALS AND METHODS

Animals. C57BL/6 and BALB/c mice were derived via in-house breeding.
Genetically modified mice were kindly provided as follows: ATG71o¥/flox
mice, Thomas Misgeld (Institute of Neuroscience, TUM Munich, Ger-
many); CD11c-Cre mice, Thomas Brocker (Institute for Immunology,
LMU Munich, Germany); TAP™/~ mice, Cytos Biotechnology AG
(Schlieren, Switzerland); Lamp—27/ ~ mice, Paul Saftig (Department of
Biochemistry, University of Kiel, Germany). ATG719¥10% mice were
crossed with CD11c-Cre mice to obtain ATG7%°¥°X CD11c-Cre '~
(WT), ATG7 19X CD11¢-Cre ™~ (ATG7 ™/~ [heterozygous knockout])
and ATG71°¥fox CD11¢c-Cre™ ™ (ATG7 ™/~ [homozygous knockout])
mice. Mouse husbandry was conducted under specific-pathogen-free
conditions according to the Federation of European Laboratory Animal
Science Associations protocols (FELASA). Experiments were performed
with the approval of the responsible animal welfare authority.

Viruses. Wild-type or recombinant modified vaccinia virus Ankara
(MVA) expressing ovalbumin and/or enhanced green fluorescent protein
(EGFP) under the control of the early (PKIL) or early/late (P7.5) pro-
moter was used in this study (MVA, MVA-OVAPKIL [26], MVA-
EGFPPKIL, and MVA-OVAP7.5/EGFPPKIL). All viruses were propa-
gated and titrated in chicken embryonic fibroblasts (CEFs) according to
standard methods (27). All viruses were purified by two consecutive ul-
tracentrifugation steps through a 36% (wt/vol) sucrose cushion.

Antibodies and peptides. Anti-mouse CD4 conjugated to eFluor450,
anti-mouse interleukin 2 (IL-2)—Alexa Fluor647, and anti-mouse MHC
class I (I-A/I-E)—eFluor450 were purchased from eBioscience (Frank-
furt, Germany). Rat anti-mouse gamma interferon conjugated to fluores-
cein isothiocyanate (IFN-y—FITC) was obtained from BD Pharmingen
(Heidelberg, Germany). For Western blot analysis, rabbit anti-LC3B an-
tibody and rabbit anti-ovalbumin (anti-OVA) antibody were purchased
from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), rabbit an-
ti-H3 antibody from Genesis Biotech Inc. (Taiwan), mouse anti-f-actin
antibody from Abcam (Cambridge, United Kingdom), and peroxidase-
conjugated goat anti-rabbit or goat anti-mouse IgG from Jackson
ImmunoResearch Europe (Suffolk, United Kingdom). MVA-specific
(AdLgs_g00 A33R116 1300 B2Ryg_ 600 B5R 46600 D13Lyge_s000 L1790 103
F15Ls5_go» H3Ly75 o560 1117 515 111y 55 L4R 76100 OVAsy3 330, and
OVA, 5 550) and control (Flu-NP;,,_5,5) peptides were produced by Bio-
syntan GmbH (Berlin, Germany). Peptides were dissolved in dimethyl
sulfoxide (DMSO) in a stock concentration of 1 pg/pl.

Inhibitors. 3-Methyladenine (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany), epoxomicin, MDL28170, Z-Leu-Leu-CHO (Enzo Life Sciences
GmbH, Lorrach, Germany), bafilomycin A, (BioViotica, Dransfeld, Ger-
many), PD150,606 (AdipoGen AG, Liestal, Switzerland), and chloroquine
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diphosphate (BioVision, Milpitas, CA, USA) were purchased and pre-
pared according to the manufacturer’s recommendations.

Vaccination of mice. Female C57BL/6 mice at the age of 8 to 10 weeks
were vaccinated by intraperitoneal application of 1 X 10® TU MVA-
OVAPKIL in 500 pl phosphate-buffered saline (PBS). Vaccination was
performed in a short-term prime-boost regimen with the second vaccina-
tion at day 5 (26). Mice were sacrificed at day 6 postvaccination, spleens
were harvested, and either immune responses were analyzed by intracel-
lular cytokine staining (ICS) for selection of immunogenic epitopes or
splenocytes were cultured for generation of CD4™ T-cell lines as described
below.

Selection of immunogenic epitopes. For selection of immunogenic
epitopes, 4 X 10° freshly isolated splenocytes from vaccinated mice
were plated at 200 pl per well (96-well E-bottom plates). Cells were
incubated with a 2-pg/ml final concentration of MVA-specific or con-
trol peptides and 1 wg/ml brefeldin A (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) for 14 h. Thereafter, ICS was performed as
described below.

Generation of T-cell lines. CD4™ T-cell lines were established by
stimulation of splenocytes from vaccinated mice with peptides and main-
tained by periodical restimulation.

Briefly, for the first round of stimulation, lipopolysacharide (LPS)-
activated B cells (referred to as LPS-blasts) were generated by cultivation
of splenocytes from naive mice with 25 pg/ml LPS and 7 pg/ml dextran
sulfate for 3 days at 37°C, 5% CO,, and 90% humidity. LPS-blasts were
irradiated with 30 Gy and pulsed with 5 pg/ml of peptides for 30 min at
37°C. Thereafter, 3 X 10° irradiated and peptide-pulsed LPS-blasts were
cocultivated with 7 X 10° pooled splenocytes from 2 MVA-OVAPKIL-
vaccinated mice per well in 24-well plates with RPMI 1640 (Lonza, Co-
logne, Germany) containing 10% fetal calf serum (FCS), 100 U/ml peni-
cillin, and 100 g/ml streptomycin for 7 days.

For maintenance of T-cell lines, the cultures were restimulated every 7
days for the first 20 weeks and thereafter every 14 days according to the
following scheme. Splenocytes from naive mice were irradiated with 30
Gy and pulsed with 2 pwg/ml of peptide for 30 min at 37°C. Peptides were
washed away, and 6 X 10° irradiated and peptide-pulsed splenocytes were
plated per well in 24-well plates. T-cell cultures were divided in half, and to
one half of T cells 2 X 10° to 3 X 10° cells were added per well and
incubated in RPMI 1640 medium containing 10% FCS, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, and 5% TCGF (conditioned medium ob-
tained as supernatant from rat splenocytes stimulated with 5 wg/ml con-
canavalin A as previously described [28]). The remaining half of the T-cell
culture was used for experiments.

Preparation of BMDCs. Bone marrow was collected from femurs and
tibias from C57BL/6, BALB/c, ATG7"1* CDl1lc-Cre™'~ (WT),
ATG7 1% CD11c-Cre*’™ (ATG7'7), ATG71¥1°x CD11c-Cre*/~
(ATG7 /"), TAP™/~, and Lamp-2~/~ mice, and cells were incubated
with TAC medium (0.144 M NH,Cl and 0.017 M Tris [pH 7.65]) for 2
min at 37°C. Cells were washed, filtered through a 100-pwm cell strainer,
seeded in 94- by 16-mm petri dishes (5 X 10° cells per dish), and culti-
vated with 10 ml RPMI 1640 containing 10% FCS, 100 U/ml penicillin,
100 pg/ml streptomycin, and 10% granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) (conditioned medium obtained as supernatant
from B16 cells expressing GM-CSF; cells were a kind gift from Georg
Hicker, Freiburg, Germany). At day 3, 10 ml of fresh medium was added
(final volume of 20 ml per petri dish), and at day 6, 10 ml of medium was
replaced by 10 ml of fresh medium. BMDCs were used for experiments at
day 7.

Cell culture assay. Cell culture assays were performed with BMDCs as
antigen-presenting cells for the stimulation of T cells according to the
following protocol.

Briefly, 1.5 X 10° BMDCs were incubated in 500 pl RPMI containing
10% FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin and were left
untreated or were treated with inhibitors at various concentrations for 90
min at 37°C. Inhibitors remained in the culture, and cells were infected
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with MVA at various multiplicities of infection (MOIs). Where indicated,
MVA was treated with 0.3 pug/ml psoralen plus UVA (PUVA) for 10 min
on ice and then exposed to UVA for 30 min (corresponding to 0.6 J/cm?)
on ice prior to infection. Infection was performed for 60 min at 37°C.
Thereafter 1 X 10° cells were plated in 96-well F-bottom plates and incu-
bated for 5 h at 37°C. Additionally, uninfected cells were plated at the same
density and were pulsed with peptide (2 pg/ml), fed with full-length OVA
protein (10 pg/ml) as positive controls for stimulation of T cells, or
treated with DMSO as negative controls to assess the background activity
of T cells.

T cells were added (3 X 10° per well; effector-to-target ratio, 3:1),
including brefeldin A in a final concentration of 1 wg/ml. The cultures
were incubated for 14 h at 37°C, and the stimulation of the T cells was
analyzed by ICS as described below.

ICS. Cells were transferred into 96-well V-bottom plates and incu-
bated with blocking buffer (PBS plus 1% bovine serum albumin [BSA])
containing 1 pg/ml ethidium monoazide bromide (Life Technologies
GmbH, Darmstadt, Germany) for 20 min under light exposure. Thereaf-
ter, ICS was performed with a BD Cytofix/Cytoperm fixation/permeabi-
lization kit according to the manufacturer’s protocol (BD Pharmingen,
Heidelberg, Germany). Briefly, cells were washed twice with blocking buf-
fer, and surface staining was performed with anti-CD4 antibodies for 30
min at 4°C. Cells were washed, and permeabilization was performed with
Cytofix/Cytoperm solution for 15 min at 4°C. Thereafter, cells were
washed again and incubated with anti-IFN-y and anti-IL-2 for 30 min at
4°C. Finally, cells were washed and fixed with 1% paraformaldehyde
(PFA). Flow cytometry was performed with BD FACSCanto II (BD Bio-
sciences, Heidelberg, Germany).

Western blotting. For detection of LC3, BMDCs were left untreated
(negative control), treated with 50 wM chloroquine for 2 h (positive con-
trol), or infected with MVA-EGFPP7.5 for 8 h. For detection of virus-
derived proteins (H3 and OVA) BMDCq were left untreated (positive
control) or were treated with indicated inhibitors and then infected with
MVA or MVA-OVAPKIL for 14 h. Untreated BMDCs were used as neg-
ative controls. Cells were washed with ice-cold PBS and harvested with
lysis buffer containing 10% glycerol, 20 mM Tris-HCI (pH 7), 137 mM
NaCl, 2 mM EDTA, 0.5% Triton X-100, complete miniprotease inhibitor
(Roche Diagnostics GmbH, Mannheim, Germany), and PhosSTOP phos-
phatase inhibitor (Roche Diagnostics GmbH, Mannheim, Germany) for
15 min on ice. Cell lysates were sonicated on ice for 30 s and centri-
fuged at 13,000 rpm for 30 min at 4°C to remove cellular debris. Pro-
tein concentrations of cell extracts were determined using Bradford
assay. Samples (40 pg) were mixed with 2X Laemmli loading buffer
(Bio-Rad GmbH, Munich, Germany) and subjected to 12% SDS-
PAGE. Proteins were transferred to nitrocellulose membranes (Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany) overnight at a con-
stant 25 V and 4°C with a Mini-Trans blot system (Bio-Rad GmbH,
Munich, Germany). Membranes were blocked with 5% BSA in Tris-
buffered saline supplemented with 0.1% Tween 20 (TBST) for 30 min
at room temperature. Rabbit anti-LC3B, rabbit anti-OVA, rabbit anti-
H3, and mouse anti-B-actin antibodies were diluted in TBST and in-
cubated with membranes for 2 h at room temperature. Primary anti-
bodies were intensively washed away and peroxidase-conjugated goat
anti-rabbit or goat anti-mouse IgG was incubated with membranes for
30 min. Chemiluminescence detection was done with Super Signal
West Dura chemiluminescent substrate (Thermo Scientific, Rockford,
IL, USA). For determination of LC3, bands of LC3-I, LC3-II, and
B-actin were quantified by Image] software.

Statistical analysis. All results are expressed as means and standard
errors of the mean (SEM) for a given sample size (n), either pooled or
representative of independent experiments. The statistical significance
was tested by applying the unpaired ¢ test (two tailed) using GraphPad
Prism 5. P values of <0.05 were considered significant.
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FIG 1 Simulation of CD4™" T-cell lines and presentation of virion-incorporated versus de novo-synthesized antigens. (A and B) Kinetics of cytokine expression
of CD4" T-cell lines. BMDCs were pulsed with different concentrations of peptide. CD4%*® (A) and CD4°V* (B) were added to the culture for 14 h, and the
numbers of IFN-y- and IL-2-expressing CD4" T cells were quantified by ICS and FACS analysis. Data are means and SEM (n = 3, pooled from three
experiments). (C) Recognition of infected BMDCs by CD4 " T-cell lines. BMDCs were treated with DMSO (— B5R pep. and — OVA pep.), pulsed with peptide
(+ B5R pep. and + OVA pep.), or infected with MVA-OVA (MOI, 10). CD4%°® and CD4°V4 were added to the culture for 14 h, and the numbers of IFN-y- and
IL-2-expressing CD4™ T cells were determined by ICS and FACS analysis. Data are means and SEM (n = 4, pooled from 3 experiments). (D) Presentation of
virion-incorporated versus de novo-synthesized antigens. BMDCs were infected with MVA-OVA (MOI, 10) for 6 h. MVA was either pretreated with psoralen plus
UVA (+ PUVA) for 30 min on ice or left untreated (— PUVA). CD4"® and CD4°V* were added to the culture for 14 h, and the numbers of IFN-y- and
IL-2-expressing CD4 ™ T cells were quantified by ICS and FACS analysis. Data are means and SEM (n = 5, pooled from 3 experiments). ***, P < 0.001 (unpaired

t test, two tailed).

RESULTS

Establishment of CD4™" T-cell lines. To select appropriate MVA-
derived MHCII epitopes suitable for the establishment of antigen-
specific CD4™" T-cell lines, we analyzed the CD4 " T-cell response
in MVA-OVAPKIL prime-boost-vaccinated C57BL/6 mice (I-
AP) to 13 potential MHCII antigens and found B5R,,_, (extra-
cellular enveloped virus [EEV] type I membrane glycoprotein)
and OVA, 45,5, to be the most immunogenic (data not shown).
Based on these findings, we established B5R,_¢,- and
OVA,45_s50-recognizing CD4" T-cell lines (referred to here as
CD4%® and CD4°Y*) by weekly restimulation of splenocytes
from MVA-OVAPKIL prime-boost-vaccinated C57BL/6 mice
with the respective antigens. The development and quality of the
cell lines were assessed based on the percentage of cells in the
culture expressing IFN-y and IL-2 in response to the correspond-
ing peptide and to stimulation with DMSO as a negative control.
After 20 weeks (day 140) of periodical restimulation, the propor-
tion of cells expressing cytokines in response to their cognate an-
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tigen was at maximum for both cell lines with almost no back-
ground activity in the negative controls (data not shown). To use
both T-celllines as a read-out system for determining strength and
quality of antigen presentation in infected APCs, they were further
characterized with respect to their cytokine expression profile.
Using BMDCs that were pulsed with different amounts of peptide
as target cells for the CD4" T-cell lines, we found a direct corre-
lation between the amount of antigen presented on the surfaces of
APCs and the strength of cytokine expression (Fig. 1A and B). The
more antigen was present, the higher the number of cells express-
ing one or more cytokines was. Importantly, a higher antigen den-
sity on APCs was needed to induce the production of IL-2 than
IFN-v.

MHCII presentation by MVA-infected BMDCs. Next we es-
tablished an in vitro cell culture assay for the investigation of
MHCII presentation and related pathways during MVA infection.
Cocultivation of MVA-OVA-infected BMDCs as target cells for
antigen-specific CD4"°® and CD4°V* revealed that viral infection
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enables APCs to stimulate both CD4™ T-cell lines at a magnitude
that is comparable to that of stimulation with peptide-pulsed
BMDOC:s (positive control) (Fig. 1C). In contrast to OVA, the viral
protein B5 is incorporated into the virion and therefore may serve
as exogenous antigen. In order to determine whether B5R,_¢,
was presented on MHCII after de novo synthesis in MV A-infected
cells or whether B5 was brought into the cell as part of the virion
for exogenous antigen processing, we investigated MHC class 1I
presentation while preventing the de novo synthesis of viral pro-
teins. Inhibition of protein synthesis in infected cells by cyclohex-
imide and anisomycin proved to be impractical, as both inhibitors
also completely prevented expression of IFN-vy and IL-2 in CD4 ™"
T cells (data not shown). Therefore, PUVA treatment of MVA
prior to infection was applied to prevent viral gene expression and
thus de novo viral protein synthesis. Quantitative PCR (qPCR)
determining viral gene expression for B5R or OVA confirmed the
effectiveness of PUVA treatment with a 2'°-fold decrease in gene
expression after 15 min of treatment (data not shown). We ob-
served a strong difference in the effect between both CD4™ T-cell
lines (Fig. 1D). PUVA treatment completely abolished the OVA-
specific IFN-y and IL-2 production by CD4°V4, indicating that
the presentation of OVA depends exclusively on the endogenous
route. In contrast, there was a significant but far less pronounced
effect on B5 presentation (e.g., about a 4-fold reduction of IL-2 by
CD4%®), indicating that endogenous presentation of newly syn-
thesized B5 contributes but that the dominant presentation path-
way seems to be the exogenous route for this antigen.

Validation of the cell culture system. In the in vitro cell culture
assay, CD4™ T cells could be stimulated only by infected BMDCs
derived from MHC-matched C57BL/6 mice (MHCII: I-A®), while
no cytokine expression was obtained using BMDCs from MHC-
mismatched BALB/c mice (MHCII: I-AY) (Fig. 2A), indicating
MHCII restriction of CD4 ™ stimulation.

We also compared the abilities of uninfected and infected
BMDC:s to phagocytose and present exogenous soluble antigen as
well as exogenous cell-associated antigen on MHCIIL. We therefore
tested the stimulation of CD4°Y* by uninfected or MVA-
EGFPPK1L-infected and sorted BMDCs from C57BL/6 mice that
had been preincubated with ovalbumin (soluble antigen) or pre-
viously cocultured with MVA-OVAPKIL-infected but MHC-
mismatched BMDCs from BALB/c mice which had been addi-
tionally treated with PUVA to induce apoptosis and to inactivate
the virus (cell-associated antigen). As shown in Fig. 2B, uninfected
BMDCs were able to stimulate CD4°V* efficiently after incuba-
tion with soluble ovalbumin and less efficiently after incubation
with cell-associated antigen. In contrast, there was only marginal
stimulation of CD4°V* by MVA-infected BMDCs preincubated
with soluble ovalbumin and no stimulation after cocultivation
with cell-associated antigen.

When an MOI of 10 was used for infection of BMDCs, about 20
to 30% of cells were uninfected, as determined by fluorescence-
activated cell sorting (FACS) analysis of MVA-EGFPPKIL in-
fected BMDCs (data not shown). Given that uninfected BMDCs
were able to stimulate CD4* by uptake of soluble and—although
quite inefficiently— cell-associated antigens, we determined the
actual contribution of exogenous antigen presentation by unin-
fected cells within the coculture assay (Fig. 2C). We therefore
compared the capacity of target cell cultures consisting of MVA-
OVAP7.5/EGFPPK1L-infected and sorted BMDCs from C57BL/6
mice with uninfected BMDCs from either BALB/c (not allowing
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exogenous presentation due to MHC mismatch) or C57BL/6 (al-
lowing exogenous presentation) mice to stimulate CD4™ T cells.
As depicted in Fig. 2C, there was comparable CD4™" T-cell activa-
tion in both target cell cultures, indicating no significant role for
exogenous presentation by uninfected cells. Taken together, these
data show that (i) the antigen presentation in the culture system is
MHCII restricted, (ii) infected cells are unable to present exoge-
nous cell-associated antigens, and (iii) uninfected cells do not
contribute to the stimulation of CD4" T cells within the assay
system.

Autophagy mediates endogenous MHCII presentation in
MVA-infected BMDCs. To identify the intracellular pathways
that might be involved in endogenous MHCII presentation dur-
ing MVA infection, we modified the assay system. MVA-infected
BMDCs pretreated with chemical inhibitors or derived from
knockout mice to block candidate pathways were used to stimu-
late CD4™ T cells.

First, we analyzed whether autophagy is induced upon MVA
infection in BMDCs. LC3 is a biochemical marker for this path-
way, and the conversion of the cytosolic 18-kDa LC3-I to the
membrane-bound 16-kDa LC3-1I isoform indicates the induction
of autophagy. Western blot analysis revealed that the amount of
LC3-1I was significantly increased in BMDCs upon MVA infec-
tion, reaching a level that is comparable to that in chloroquine-
treated BMDCs that were used as positive controls for detection of
LC3-I/LC3-II conversion (Fig. 3A and B). The possible role of
autophagy for endogenous MHCII presentation in MVA-infected
BMDCs was determined by using 3-methyladenine (3-MA) to
block this pathway. Therefore, BMDCs were treated with the in-
hibitor, infected, and then used in the coculture system as APCs
for stimulation of CD4"°® and CD4°Y*, As shown in Fig. 3C, we
observed a dose-dependent highly significant decrease in the stim-
ulation of both CD4 ™" T-cell lines. For CD4%°R, the effect affected
only the expression of IL-2, whereas for CD4°V4, the expression of
IL-2 as well as IFN-vy was reduced (for IFN-y only at the highest
concentration [5 mM 3-MA]). The weaker inhibitory effect of
3-MA on CD4%*® was most likely due to the strong contribution of
exogenous presentation for BSR peptide derived from virion-in-
corporated B5, which is not affected by 3-MA treatment. Of note,
3-MA did not impair viability, infection rates, MHCII surface ex-
pression, or the synthesis of virus-derived proteins like OVA and
H3 in MVA-infected BMDCs (Fig. 3D and E). As depicted in Fig.
3F, 3-MA at the highest concentration did not affect the synthesis
of IFN-y but led to a reduction of IL-2 in CD4™ T cells. However,
the decrease in IL-2 production by the direct effect of 3-MA on
CD4™" T cells was considerably less than the reduction seen in the
assay.

We could corroborate the results obtained with 3-MA by using
hetero- or homozygous ATG7 knockout BMDCs (ATG7"/~ and
ATG7'7) as APCs in the coculture system (Fig. 4A and B). Com-
pared to wild-type littermates, BMDCs with a heterozygous ATG7
knockout exhibited a significant reduction in the stimulation of
CD4™" T cells, and an even more pronounced reduction was ob-
served in homozygous ATG7 knockout BMDCs. Of note, reverse
transcription-qPCR (RT-qPCR) analysis revealed that the expres-
sion of ATG7-specific mRNA in ATG7 '~ BMDCs was not com-
pletely absent but was reduced by 70 to 80% compared to the
expression level in WT BMDCs, indicating that ATG7 was
knocked out in only 70 to 80% of the cells, presumably due to
inefficient Cre-mediated excision (data not shown). As with
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FIG 2 Validation of the cell culture system. (A) MHCII restriction of CD4™ T-cell lines. Peptide-pulsed or MVA-infected BMDCs from C57BL/6 and BALB/c
mice were used as APCs for stimulation of CD4"%. (B) Ability of uninfected and infected BMDCs to phagocytose soluble or cell-associated antigens. Uninfected
or MVA-EGFP-infected (and sorted) BMDCs from C57BL/6 mice were incubated 5 h postinfection with full-length ovalbumin or were cocultured with
MVA-OVA-infected MHC-mismatched BMDCs from BALB/c mice that have been additionally treated with psoralen plus UVA for 30 min 5 h postinfection to
induce apoptosis. The ability to process and present soluble or cell-associated antigen on MHCII was assessed by analyzing the cytokine expression in CD4°V#
cells that were added to these cultures for 14 h. (C) Determination of exogenous antigen presentation by uninfected cells in the cell culture system. Cocultures
with equally increasing numbers of MVA-OVA/EGFP-infected and sorted BMDCs from C57BL/6 mice with uninfected BMDCs from either BALB/c mice (“inf.
B6 + uninf. BALB/c” indicates endogenous presentation) or C57BL/6 mice (“inf. B6 + uninf. B6” indicates endogenous and exogenous presentation) were used
for stimulation of CD4%°® and CD4°V4, The activation of both CD4 " T-cell lines after 14 h was analyzed by ICS and FACS analysis for IFN-y and IL-2. Data are
means and SEM (n = 3, pooled from three experiments). No significant differences (unpaired t test, two-tailed) were found between cocultures allowing only

endogenous presentation and cultures allowing endogenous as well as exogenous presentation in all cell density-matched groups. All infections were performed
with an MOI of 10.

3-MA, in ATG7 knockout mice CD4°V* showed significant re-  we tested the effect of the lysosomotropic agent bafilomycin A. We

duction for both IL-2 and IFN-y expression, while CD4%}
showed only reduction of IL-2 expression. Importantly, both
CD4" T-cell lines had a comparable response to peptide-pulsed
WT, ATG7"/", and ATG7 '~ BMDCs.

Taken together, our results indicate that autophagy is induced
in MVA-infected BMDCs, which in turn contributes to the gen-
eration of antigenic peptides for presentation on MHCII and
blockade of autophagy-impaired MHCII presentation.

Given that autophagosomes fuse with lysosomes for degrada-
tion of the autophagic cargo, making it accessible for MHCII load-
ing in late endosomal MHC class II loading compartments
(MIIC), we hypothesized that blocking fusion of autophagic vac-
uoles with the lysosomal compartment would decrease presenta-
tion of endogenously expressed antigens on MHCII. To this end,
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found a strong and concentration-dependent inhibition of CD4 ™"
T-cell stimulation for both specificities which was even more pro-
nounced than 3-MA-induced inhibition of MHCII presentation
(Fig. 5A). CD4"°® cells were less affected, indicating that the B5
antigen is predominantly presented by an exogenous route in in-
fected APCs. In contrast, no significant impairment was observed
in the controls, since bafilomycin A did not affect viability, in-
fectibility, MHCII surface expression, synthesis of viral derived
proteins in BMDCs, or the cytokine expression in the CD4* T-cell
lines (Fig. 3D, E, and F).

The proteasome but neither TAP nor LAMP-2 is important
for endogenous MHCII presentation of MVA-derived antigens
in infected BMDC:s. As a further candidate pathway, proteasomal
degradation was assessed for endogenous MHCII presentation us-
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FIG 3 Autophagy for endogenous MHCII presentation and effects of inhibitors on viability, infectibility, protein expression, and CD4 " T-cell activity. (A and
B) MVA infection induces autophagy in BMDCs. (A) Western blot analysis revealed an increase of LC3-II in MVA-infected BMDCs (MOI, 10) compared to
uninfected BMDC:s (chloroquine treatment was used as a positive control). (B) The experiment whose results are presented in panel A was repeated 5 times (1 =
5), and the increase in LC3-II/LC3-I ratio was quantified using Image J software. Error bars indicate SEM. (C) Inhibition of autophagy decreases endogenous
MHCII presentation. BMDCs were treated with different concentrations of 3-MA followed by infection with MVA-OVA (MO, 10). CD4"°® and CD4°V* were
added to the culture for 14 h and the number of IFN-vy- and IL-2-expressing cells was quantified by ICS and FACS analysis. Data are means and SEM (n = 3,
pooled from three experiments). (D) Inhibitors do not influence viability, infectibility, or MHCII expression in BMDCs. BMDCs were treated with the indicated
inhibitors and then infected with MVA-OVA/EGFP (MOI, 10) for 6 h. Cells were subjected to live/dead staining and also stained for MHCII expression on their
surfaces, and infection was assessed based on EGFP expression. FACS analysis was performed to quantify the percentage of cells that were living or infected or
MHCII positive. (E) Inhibitors do not influence protein expression in BMDCs. BMDCs were treated with the indicated inhibitors (5 mM 3-MA, 100 nM BafAl,
and 5 uM Epoxo) and then infected with MVA-OVA or MVA-wt (MO, 10) for 14 h. Western blot analysis for expression of virus-derived ovalbumin and H3
was performed with B-actin as control. The blot is representative from three experiments. (F) 3-MA and epoxomicin exert a minimal effect on IL-2 expression
in CD4" T cells. BMDCs were treated with the indicated inhibitors (5 mM 3-MA, 100 nM BafA1, and 5 uM Epoxo) and pulsed with peptides. CD4"°® and
CD4°V* were added to the culture for 14 h, and the numbers of IFN-y- and IL-2-expressing CD4™ T cells were quantified by ICS and FACS analysis. Data are
means and SEM (n = 3, pooled from three experiments). *, P =< 0.05; **, P < 0.01; ***, P < 0.001 (unpaired ¢ test, two tailed).
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FIG 4 ATG7-deficient BMDCs possess an impaired ability to stimulate CD4 ™ T cells after infection with MVA. BMDCs from either ATG77¥°* CD11c-Cre ™'~
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and FACS analysis. Data are means and SEM (n = 5 pooled from at least three experiments). *, P =< 0.05; **, P =< 0.01 (unpaired f test, two-tailed).

ing epoxomicin to block the proteasome. As depicted in Fig. 5B,
epoxomicin decreased the ability of infected APCs to stimulate
CD4"°® and CD4°Y* in a concentration-dependent manner. This
effect was much stronger for CD4°V* than CD4®°%, since the pro-
duction of both IL-2 and IFN-y was significantly reduced in these
cells, indicating that the processing of OVA as a de novo-synthe-
sized antigen was strictly dependent on proteasomal degradation.
In contrast, the proteasomal processing of newly synthesized B5
contributed to a lesser extent to the overall presentation of this
antigen. Epoxomicin did not adversely affect BMDCs within the
cell culture assay (Fig. 3D and E) and had no significant influence
on cytokine expression in CD4™" T cells even at the highest con-
centration of 5 wM (Fig. 3F).

To test the role of further cytosolic proteolytic enzymes for
endogenous MHCII presentation, we used PD150,606 to block
calpains. However, no difference was observed for the activation
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of CD4" T-cell lines between inhibitor-treated and untreated
BMDC:s. This result could be confirmed by using two other potent
calpain inhibitors, MDL28170 (calpain inhibitor IIT) and Z-Leu-
Leu-CHO (data not shown). Given that proteasome inhibition
decreases endogenous CD4 ™ T-cell stimulation, we tried to iden-
tify the route which degraded cytosolic peptides might follow to be
loaded on MHCII. We prepared BMDCs from knockout mice
lacking expression of either the transporter associated with anti-
gen presentation (TAP) or lysosome-associated membrane pro-
tein 2 (LAMP-2). TAP™'~ (Fig. 6A) and Lamp-2~'~ (Fig. 6B)
BMDCs were able to stimulate CD4%°® and CD4°V* comparably
to WT BMDC:s after being pulsed with the corresponding pep-
tides, indicating that MHCII expression on the surface is not al-
tered in the absence of TAP or LAMP-2. Surprisingly, after infec-
tion with MVA-OVA, no inhibition of T-cell stimulation was
observed for TAP™/~ and Lamp-2~/~ BMDCs for both CD4 "
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FIG 5 Lysosomotropic agent and proteasome inhibitor decrease endogenous MHCII presentation. BMDCs were treated with different concentrations of
bafilomycin A1 (BafA1) (A) or epoxomicin (B) and then infected with MVA-OVA (MOI, 10). CD4%°® and CD4°V* were added to the culture for 14 h, and the
numbers of IFN-y- and IL-2-expressing CD4" T cells were quantified by ICS and FACS analysis. Data are means and SEM (n = 3, pooled from three
experiments). **, P < 0.01; ***, P < 0.001 (unpaired ¢ test, two-tailed).
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FIG 6 TAP and LAMP-2 are not involved in endogenous MHCII presentation. BMDCs from TAP ™/~ mice (A) and Lamp-2~/" mice (B) were either pulsed with
B5R or OVA peptide as a control or infected with MVA-OVA (MOI, 10). CD4"°® and CD4°V* were added to the culture for 14 h, and the numbers of IFN-vy-
and IL-2-expressing CD4™" T cells were quantified by ICS and FACS analysis. Data are means and SEM (n = 4, pooled from at least 2 experiments). No significant
differences (unpaired f test, two-tailed) were found for the stimulation of CD4" T cells between WT and TAP~/~ BMDCs and between WT and Lamp2 ™/~
BMDC:s in peptide-pulsed or MVA-OVA-infected groups for both CD4™ T-cell lines.

T-cell lines. Of note, Western blot analysis revealed no obvious
reduction in LC3-II conversion upon starvation, chloroquine
treatment, or MVA infection of BMDCs from Lamp-2~/~ mice
compared to WT control, arguing for no significant alterations of
autophagy in Lamp-2~/~ BMDCs (data not shown).

DISCUSSION

Due to their multiple functions the activation of CD4* T cells is a
key step in adaptive immunity and has broad-ranging conse-
quences for the immune response. To date, two mechanistically
distinct antigen presentation pathways have been identified for
CD4" T-cell activation. Apart from the classical pathway with
presentation of phagocytosed exogenous antigens, there is emerg-
ing evidence for endogenous MHCII presentation by processing
of cytosolic antigens in different infection models as well as for self
and tumor antigens (9).

Several studies have investigated a possible role of endogenous
MHCII presentation for antigens expressed by vaccinia viral vec-
tors, but the results were quite inconsistent and may reflect differ-
ences in the vector backbone, choice of antigen, and detection
systems used. One study investigating EBV nuclear antigens ex-
pressed by recombinant MVA in LCL cells found that CD4* T-cell
activation was not mediated via endogenous presentation but
rather by intercellular antigen transfer (29). In contrast, other
studies using recombinant vaccinia viruses expressing distinct
forms of the M1 matrix protein from influenza A virus showed
that endogenous MHCII presentation occurred and was indepen-
dent of the proteasome for a long-lived form of M1 antigen (30,
31). Another study provides evidence that proteasome and TAP
were important for endogenous MHCII presentation in MVA in-
fection (32).

In this study, we characterized the molecular pathways of en-
dogenous MHCII presentation in MVA infection using CD4™ T-
cell activation by MVA-infected APCs which had been treated
with inhibitors or were genetically modified to block intracellular
antigen presentation pathways as a highly sensitive read-out
system.

Given that ~25% of MVA-infected cells in vivo are dendritic
cells (25) which may serve as APCs for CD4™ T cells, BMDCs were
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chosen as APCs for the cell culture assay to closely resemble the in
vivo situation. Since MVA is a widely applied boost vector in het-
erologous prime-boost vaccination strategies (33), we wanted to
mimic the boost situation in vivo characterized by the presence of
activated antigen-specific memory T cells. Thus, we generated
CD4™ T-cell lines that do not need priming signals for activation
as a read-out system. According to the CD4™ T-cell response in
MVA-OVA-vaccinated mice, two immunodominant epitopes
(among the 13 peptides tested) were used to establish CD4 " T-cell
lines recognizing virus- and ovalbumin-derived epitopes, namely,
B5R4_60 and OVA,45_,50, respectively. Both epitopes have been
described as eliciting strong I-A°-dependent CD4" T-cell re-
sponses (34, 35). The CD4* T-cell lines proved to be sensitive and
specific indicators of the strength and quality of antigen process-
ing and presentation by BMDCs, since we found a direct correla-
tion between the CD4" T-cell cytokine production and the anti-
gen density on the APCs. This result is consistent with the
observation that CD4 " T-cell lineage development and thus cyto-
kine expression are regulated by different factors, like cytokine
milieu, costimulatory signals, and TCR affinity, but also by anti-
gen dose and ligand density (36). It has been shown that the anti-
gen dose affects the level of cytokine production in primary CD4 ™
T-cell cultures (37). Interestingly, a higher MHCII-Ag density on
the surface of BMDCs was required for induction of IL-2 expres-
sion than for induction of expression of [IFN-vy.

Comprehensive validation of the assay system revealed that
although uninfected cells were generally able to present soluble
and to a much lesser extent cell-associated antigens via exogenous
uptake and presentation, they did not contribute to the stimula-
tion of CD4™ T cells in our assay system. This might be due to the
fact that antigen or apoptotic BMDCs required for exogenous
presentation by uninfected cells were not present in abundant
amounts within the given assay time. More importantly, infected
cells were completely unable to present exogenous cell-associated
antigens. Presentation of soluble antigen, even when provided in
abundant amounts, was significantly lower in infected cells.

Importantly, the results obtained with PUVA-treated virions
indicate the existence and active involvement of distinct antigen
presentation pathways for CD4™ T cell stimulation during MVA
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infection, differentiating between (i) virion-incorporated anti-
gens such as B5 brought into the cell as part of the virion and (ii)
ovalbumin-requiring de novo synthesis in infected cells. Psoralen
intercalates into DNA and induces chemical cross-links upon ex-
posure to UVA radiation (PUVA treatment) (38). Vaccinia virus
treated with PUVA can still infect cells, but expression of larger
early genes and late genes as well as replication is completely
blocked (39). Given that B5R and OVA are not expressed upon
PUVA treatment, the reduced but still existing response of
CD4"R after infection of BMDCs with PUVA-treated MVA indi-
cates that the main antigenic source of B5 for the response is viri-
ons, and only a small proportion of the response is due to newly
synthesized B5. This is conceivable, as B5R is a type I membrane
glycoprotein incorporated into the membrane of the enveloped
forms of vaccinia virus (intracellular enveloped virus [IEV], cell-
associated enveloped virus [CEV], and EEV) (40). In contrast,
when PUVA-treated MVA was used for infection, CD4°V re-
sponses were completely abolished. This finding argues for the
requirement of de novo synthesis of recombinant ovalbumin after
infection to provide antigen for endogenous MHCII presentation.
Therefore, CD4°V# activation seems to be completely based on
endogenous MHCII presentation of de novo-synthesized OVA in
the viral-vector-infected cell. In contrast, endogenous MHCII
presentation of B5 which has been newly synthesized after infec-
tion is measurable but by far less efficient than B5 entering the cell
via virions, which is likely to be processed via the classical route of
MHCII presentation.

To elucidate the cellular pathways responsible for endogenous
MHCII presentation in MVA-infected BMDCs, we used chemical
inhibitors or BMDCs from genetically modified mice in which
specific antigen presentation pathways were impaired. In profes-
sional antigen-presenting cells, autophagy is constitutively active,
delivering antigens into MHCII loading compartments (41), and
autophagy has already been shown to be an important pathway in
endogenous MHCII presentation for intracellular self-antigens
(17), model antigens (16), and viral antigens (18). Given that ec-
tromelia virus (a related orthopoxvirus and the causative agent of
smallpox in mice) has been shown to induce autophagy (42), we
tested whether MVA also induces autophagy in BMDCs. LC3, the
mammalian homolog of yeast Atg8, serves as a marker for au-
tophagosome formation determined by the conversion of the cy-
tosolic LC3-Tinto the membrane-bound LC3-IIisoform (43). The
strong increase in LC3-1I in MVA-infected BMDCs revealed an
induction of autophagy. 3-MA is a known inhibitor of phospha-
tidylinositol 3-phosphate kinase (PI3K), which is needed for in-
duction of autophagy (44). The concentration-dependent de-
crease in the stimulation of both CD4" T-cell lines by 3-MA
indicates a contribution of autophagy for endogenous MHCII
presentation of MVA-derived antigens in infected BMDCs. Deg-
radation of autophagic cargo occurs by lysosomal proteases after
fusion of autophagosomes with lysosomes (15). Bafilomycin A
prevents lysosomal acidification, thereby inhibiting this fusion
process as well as the activation of lysosomal enzymes. The de-
crease of CD4™ T-cell responses in infected BMDCs treated with
this lysosomotropic agent strengthens the role of autophagy for
endogenous MHCII presentation in MVA infection and could be
confirmed by using infected ATG7-deficient BMDCs showing a
significantly reduced ability to stimulate CD4 " T cells.

In search of further pathways, we found a role for proteasomes
by using epoxomicin, a strong inhibitor highly specific for protea-
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somal degradation (45). Involvement of proteasomes in endoge-
nous MHCII presentation in MVA infection has recently been
demonstrated (32). Since B5R is expressed late and its expression
is blocked by proteasome inhibitors (46), the reduced but readily
detectable CD4"°® responses substantiate the idea that a high pro-
portion of the antigenic source of B5R for MHCII presentation is
brought into the cell as part of the virion. Beside the proteasome,
calpains have been shown to be involved in endogenous presen-
tation of a glutamate decarboxylase (GAD) epitope on MHCII
(47). Although we used the calpain inhibitor PD150,606 as well as
MDL28170 and Z-Leu-Leu-CHO, we could not detect any role for
calpains in endogenous MHCII presentation for MVA-derived B5
and ovalbumin (data not shown). This could be explained by the
different antigens used in both studies and the fact that calpains
exhibit greater substrate selectivity than proteasomes (47, 48).

The stronger effect of bafilomycin A on T-cell activation than
3-MA indicated that lysosomal degradation for endogenous
MHCII presentation occurs not only for autophagic cargo but also
for antigens derived from other cellular compartments. Thus, we
tested the hypothesis that proteasomally degraded antigens were
directly guided into the endosomal/lysosomal compartment by
investigating the role of different peptide transporters.

Proteasomally degraded proteins may be translocated into
early endosomes via TAP to be loaded on recycling MHCII (32).
However, we did not see involvement of TAP in endogenous pre-
sentation of the antigens investigated in this study, which could be
explained by the different nature of antigens used in our study
compared to the previously described antigens, considering the
peptide specificity of TAP (49). This also excludes the possibility
of TAP-mediated transfer of MHCII epitopes into the ER in our
assay system (12).

LAMP-2 represents another reasonable candidate peptide
transporter, since its role in endogenous MHCII presentation has
been demonstrated (13). However, we could not find any evidence
that LAMP-2 mediates endogenous MHCII presentation of the
antigens investigated. The lack of the pentameric signal peptide
sequence KFERQ, which is needed for recognition by LAMP-2
(14) in B5 and ovalbumin proteins, might explain this finding.
LAMP-2 hasbeen described as an important regulator of autopha-
gosome maturation, and in LAMP-2-deficient mice, accumula-
tion of autophagosomes is seen in many tissues, including liver,
kidney, spleen, pancreas, and skeletal and heart muscles, due to an
inefficient fusion with lysosomes (50). However, in macrophages
and fibroblasts, LAMP-2 deficiency has no significant adverse ef-
fects on lysosomal structure and function (51). For BMDCs from
Lamp-2-deficient mice, we also did not find a significant reduc-
tion of LC3-1I conversion by Western blot analysis after infection,
starvation, or chloroquine treatment in these cells, indicating no
significant alterations of autophagy in Lamp-2~'~ BMDCs. Given
that TAP and LAMP-2 were not involved in antigen presentation,
other peptide transporters, like TAPL (transporter associated with
antigen processing like) (52), might translocate the peptides into
the endosomal/lysosomal compartment and seem to be reason-
able candidates for further studies to address this hypothesis.

Taken together, our data show that in MVA-infected dendritic
cells, endogenous MHCII presentation of de novo-synthesized an-
tigens occurs via two distinct routes that involve autophagic pro-
cessing and/or proteasomal degradation, with further transloca-
tion into lysosomes. The involvement of calpain-mediated
proteolysis as well as TAP- and LAMP-2-dependent transport was
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not relevant for the endogenous MHCII presentation of antigens
used in this study, indicating that intrinsic features of antigens
additionally determine the processing pathways that mediate en-
dogenous MHCII loading.

The characterization of pathways contributing to presentation
of CD4™ T-cell epitopes on MHCII in APCs could lead to a better
understanding of immunogenic properties of pathogens. It may
provide the basis for improvement of vaccine systems like MVA
for enhanced CD4 ™" T-cell activation by directly targeting antigens
for relevant MHCII presentation pathways, e.g., by fusion to LC3
(41) or to the invariant chain Ii (53) or by integrating the LAMP-2
signal sequence KFERQ to increase endogenous antigen process-
ing and MHCII loading.
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