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ARTICLE INFO ABSTRACT

Keywords: Cross-presentation is thought to require transport of proteasome-generated peptides by the TAP transporters into
Transporter MHC class I loading compartments for most antigens. However, a proteasome-dependent but TAP-independent
Peptide pathway has also been described. Depletion of the pool of recycling cell surface MHC class I molecules available
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for loading with cross-presented peptides might partly or largely account for the critical role of TAP in cross-
presentation of phagocytosed antigens. Here we examined a potential role of the homodimeric lysosomal TAP-
like transporter in cross-presentation and in presentation of endogenous peptides by MHC class II molecules. We
find that TAP-L is strongly recruited to dendritic cell phagosomes at a late stage, when internalized antigen and
MHC class I molecules have been degraded or sorted away from phagosomes. Cross-presentation of a receptor-
targeted antigen in vitro and of a phagocytosed antigen in vivo, as well as presentation of a cytosolic antigen by
MHC class II molecules, is not affected by TAP-L deficiency. However, accumulation in vitro of a peptide opti-
mally adapted to TAP-L selectivity in purified phagosomes is abolished by TAP-L deficiency. Unexpectedly, we
find that TAP-L deficiency accelerates phagosome maturation, as reflected in increased Lamp2b recruitment and
enhanced proteolytic degradation of phagocytosed antigen and in vitro transported peptides. Although additional
experimentation will be required to definitely conclude on the role of TAP-L in transport of peptides presented by
MHC class I and class II molecules, our data suggest that the principal role of TAP-L in dendritic cells may be
related to regulation of phagosome maturation.

beads, targeted to different DC surface receptors, or added as soluble
protein (Cruz et al., 2017). It is thought that TAP can import peptide
fragments derived by cytosolic degradation of internalized antigens
produced either into the perinuclear endoplasmic reticulum (ER) or

1. Introduction

Presentation of exogenous antigens by the major histocompatibility
complex class I (MHC-I) molecules, referred to as cross-presentation,

allows dendritic cells (DCs) to initiate cytotoxic CD8" T responses
against pathogens and tumors as well as to induce tolerance to self-
proteins (Kurts et al., 2010). Several intracellular pathways mediating
cross-presentation have been described. Although definite evidence on
the relative impact of the different pathways is missing, most authors
assume that the dominant pathways require the heterodimeric trans-
porters associated with antigen processing (TAP) (Amigorena and
Savina, 2010). In support of this concept, genetic invalidation of TAP
compromises cross-presentation of the model antigen ovalbumin (OVA)
internalized by DCs in various forms including OVA coated on latex
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into phagosomes and/or endosomes having acquired TAP through
Sec22b-mediated fusion with the ER (Cebrian et al., 2011). In support
of the latter, selective TAP inhibition in endosomes inhibited cross-
presentation of receptor-targeted antigen (Burgdorf et al., 2007, 2008).

Interpretation of cross-presentation assays with TAP-deficient DCs is
complicated by the fact that such cells express low numbers of MHC-I
molecules on the surface due to quality control mechanisms that retain
empty MHC-I in the ER (Van Kaer et al., 1992). Given that recycling of
cell surface molecules is thought to be an important source for cross-
presenting MHC-I molecules (van Endert, 2016), it is conceivable that a
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dearth of such molecules contributes to the effect of TAP deficiency on
cross-presentation. This consideration prompted our group previously
to re-examine the role of TAP in cross-presentation, using an experi-
mental setup that allowed to examine separately the role as transporter
of cross-presented peptides and the role in providing cell surface class I
molecules for recycling (Merzougui et al., 2011). Using TAP-deficient
cells expressing near-normal levels of cell surface MHC-I molecules
following an overnight incubation at low temperature, we found that
reconstitution of surface MHC-I levels was sufficient to normalize cross-
presentation of phagocytosed but not of receptor-targeted OVA. Re-
markably, reconstituted cross-presentation was proteasome-dependent,
suggesting antigen degradation in the cytosol (Merzougui et al., 2011).
This raised the possibility of a TAP-independent mechanism allowing
the transport of peptides from the cytosol into phagosomes. Consistent
with this, we demonstrated recently that the OVA epitope SIINFEKL
(S8L), recognized by OT-I T cells used in most studies of cross-pre-
sentation, can be imported in vitro into crude phagosomes in an ATP-
dependent but TAP-independent manner, while phagosome accumula-
tion of another epitope was strictly TAP-dependent (Lawand et al.,
2016).

In this study, we examined the possibility that the lysosomal
transporter TAP-Like (TAP-L, also ABCB9) is responsible for TAP-in-
dependent import of S8L into phagosomes and consequently involved in
cross-presentation. TAP-L is a homodimeric protein homologous to TAP
that belongs to the family of ATP-binding cassette transporters (Demirel
et al., 2007). In contrast to the ER-localized TAP complex, TAP-L is
found in late endosomal or lysosomal compartments, where it co-lo-
calizes with, and is stabilized by physical interaction with, Lampl and
Lamp2 (Demirel et al., 2012). TAP-L is thought to transport peptides
from the cytosol into Lamp* compartments (Zhao et al., 2008), how-
ever a functional role has not been described so far (Bangert et al.,
2011). TAP-L transports peptides with higher capacity but lower affi-
nity than TAP and displays a broad peptide specificity, transporting 6-
to 59-mers with a preference for 23-mers (Wolters et al., 2005). TAP-L
is strongly up-regulated during GM-CSF-driven differentiation of
human monocytes to “inflammatory” DCs (Demirel et al., 2007). Thus
localization, specificity and regulation of TAP-L are compatible with a
potential role in cross-presentation and MHC-II presentation of peptides
produced in the cytosol (Bangert et al., 2011), a hypothesis subjected to
initial examination in this paper.

2. Material and methods
2.1. Mice and cells

Production of TAP-L ™/~ mice has been described previously (van
Endert and Lawand, 2015). TAP-L ™/~ mice were crossed with TAP ™/~
mice to obtain homozygous TAP/TAP-L double KO mice along with
their C57/BL6 WT littermates. Bone marrow-derived DCs (BM-DCs)
generated by incubation with GM-CSF were used on day 6 or 7 of dif-
ferentiation for experiments, as described (Lawand et al., 2016). Where
indicated, BM-DCs were pre-incubated overnight for 16 h at 26 °C. For
antigen presentation assays, lymph node cells from C57BL/6 RAG ™/~
OT-I T cell receptor-transgenic mice, recognizing the peptide OVA,s;.
264 (S8L), were used as readout (Hogquist et al., 1994).

2.2. Cell phenotyping

Spleens and thymuses were subjected to red blood cell lysis and then
labeled for 20 min at 4 °C with 2 pg/ml of antibodies with the following
specificities in FACS buffer (PBS with 0.5% bovine serum albumin):
CD4 (clone RM4-5), CD8 (clone 53.6.7), CD19 (clone 6D5), NK1.1
(NKR-P1B and NKR-P1C), CD11b (clone M1,/70) (all from BD
Biosciences), T cell receptor B chain (clone H57-597), CD11c (clone
N418) (ebioscience), MHC-II (clone M5/114.15.2) (Biolegend). After
washing in FACS buffer the cells were analyzed on a FACSCanto
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machine (BD Biosciences). Data was processed using FlowJo software.

BM-DCs were stained with MHC class 1I, H2-L¢ (Fig. 3) and H2-KP
(Fig. 4) antibodies: 64.3.7 (free H2-14 heavy chains), 30.5.7 (H2-LY/
peptide complexes), AF6.88.5 (H2-K°, conformational) and clone
B8.24.3 (H2-K", non-conformational).

2.3. TAP-L-GFP cloning

E-GFP was amplified from pEGFP-N1 (Clontech) with the following
primers:

5" TA GGA TCC GGC GGA AGC GGC GGA TCT GTG AGC AAG GGC
GAG GAG 3’ (forward) and 5 TA GGTACC TTA CTT GTA CAG CTC GTC
CA 3’ (reverse) and cloned in pcDNA3.1-hygro between the BamHI and
Kpnl sites, generating plasmid pcDNA3.1-hygro-EGFP. Human TAP-L
was amplified from HeLa cDNA with the following primers: 5 TA GCT
AGC ACC ATG CGG CTG TGG AAG GCG GT 3’ (forward) and 5’ TA
GGATCC TCC GGC CTT GTG ACT GCC GTT GG 3’ (reverse). The PCR
product was cloned in pcDNA3.1-hygro-EGFP between the Nhel and
BamHI sites, generating plasmid pCDNA/TAP-L-GFP. For inducible
expression, the TAP-L cDNA was fused to a carboxyterminal he-
magglutinin tag cloned in the doxycyclin-inducible plasmid pTREtight
(Clontech), as described previously (Hsu et al., 2014), generating
plasmid pTREtight/TAP-L-HA.

2.4. Microscopy

Hela tet-on cells were transfected by electroporation with
pTREtight/TAP-L-HA, using described conditions (Hsu et al., 2014),
followed by induction of TAP-L expression by addition of 100 ng/ml
doxycycline 24 h later. BM-DCs (2 X 10°) were transfected on day 6
with 2 ug of pCDNA/TAP-L-GFP using an AMAXA kit (Lonza, Ger-
many). Transfected HeLa cells and BM-DCs were seeded on fibronectin
coated slides 24h or 36h later, respectively, fixed with 4% paraf-
ormaldehyde, permeabilized with saponine 0.2%, BSA 0.2% in PBS, and
stained for analysis by confocal microscopy. HeLa cells were stained
with rat anti-HA tag (Roche, clone 3F10), mouse anti-human EEA1-
FITC (BD Biosciences, clone 14) and mouse anti-human Lampl-FITC
(BD Biosciences, clone H4 A3) monoclonal antibodies (mAbs). BM-DCs
were stained with a rat anti-Lampl mAb (BD Biosciences, clone 1D4B)
and polyclonal rabbit antibodies against syntaxin 6 (Proteintech), in-
sulin-regulated aminopeptidase (IRAP; a gift from S. Keller) and Rab14
(Sigma Aldrich). To monitor TAP-L localization during phagocytosis,
PCDNA/TAP-L-GFP transfected BM-DCs were seeded in IBIDI™ (Bio-
valley) slides and fed with yeast expressing OVA (Saveanu and van
Endert, 2013) for 10, 20 or 60 min. Cells were fixed and permeabilized
as described above and stained with rat anti- Lamp1 (clone 1D4B) and
rabbit polyclonal antibodies against OVA (Sigma-Aldrich). For the
staining of cell surface MHC-I, cells were incubated before phagocytosis
with B22 antibody at 4 °C for 15 min. Images were acquired on a Leica
DMI 6000 microscope equipped with a piezoelectric-driven stage and
Optophotonics XF202 (FITC narrow) and XF102-2 (Texas Red) filters.
Images were deconvoluted using Metamorph™ 6.3.7. The percentage of
TAP-L co-localizing with other markers was calculated using Image J
software. The percentage of co-localization is reported as the propor-
tion of fluorescence of marker one overlaying with marker two. MHC
class I and class II staining of TAP-L-GFP transfected steady-state BM-
DCs was analyzed using a Leica SP8 confocal microscope.

2.5. In vitro cross-presentation of OVA

Complexes between the fusion protein P3UOVA (Kratzer et al.,
2010) and CD11c antibodies (clone N418) were formed by a 30 min
incubation at 4°C of equimolar amounts of the two components.
CD11c-targeted complexes (6 pg/ml, 2 ug/ml and 0.7 pg/ml) were then
added for 4h at 37 °C to BM-DCs pre-incubated at 37 °C or 26 °C. Then
BM-DCs were fixed and incubated with OT-I cells at a ratio 1:1 for 24 h
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Fig. 1. Immune cell populations in TAP-L "/~ mice. Percentages of CD4* and CD8" T cells in the thymus (A) and the spleen (B-C) of WT, TAP~/~, TAP-L™/~ and
TAP/TAP-L double KO mice were determined by flow cytometry. (D) Percentages of splenic CD11c"CD11b*CD8~ and CD11c¢"CD11b~CD8* DCs and expression of
MHC-1I molecules in WT and TAP-L ™/~ mice. The results are representative of 3 independent experiments.

at 37°C. The IL-2 concentration in supernatants was analyzed by
sandwich ELISA, as described (Merzougui et al., 2011).

2.6. MHC class II presentation assay

BM-DCs and antigen-specific CD4* T cell lines were generated as
earlier described (Thiele et al., 2015).

Briefly, BM-DCs were infected with either modified vaccinia Ankara
(MVA) or vaccinia virus (VACV) at an MOI 1 or 10 for 7h at 37 °C.
Additionally, uninfected BM-DCs were plated at the same density and
pulsed with ova peptide (2 ug/ml) as positive or negative controls, re-
spectively. 1 x 10° infected BM-DCs were plated in 96-well F-bottom
plates and 3 x 10° OVA-specific-CD4™ T cells were added per well
(effector:target ratio 2:1) in the presence of 1 ug/ml brefeldin A. After
incubation for 14 h at 37 °C, the cells were transferred into V-bottom
96-well plates and incubated with blocking buffer (PBS + 1% BSA +
1 pg/ml ethidium monoazide bromide) for 20 min under light exposure
to exclude dead cells. Thereafter, intracellular cytokine staining of
CD4™ T cells for IFN-y was performed using the BD Cytofix/Cytoperm™
Fixation / Permeabilization Kit following the manufacturer’s protocol
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(BD Pharmingen™, Heidelberg, Germany). Briefly, cells were washed
twice with blocking buffer and surface staining was performed with
CD4 antibodies for 30 min at 4 °C. Cells were washed and permeabili-
zation was performed with Cytofix/Cytoperm™ Solution for 15 min at
4 °C. Thereafter, cells were washed again and incubated with anti-IFN-y
for 30 min at 4 °C. Flow cytometric analysis of cells fixed with 1% PFA
was performed on a BD FACSCanto II equipment (BD Biosciences,
Heidelberg, Germany). Anti-Mouse CD4 eFluor®450 and Anti-Mouse
IL2 APC were purchased from eBioscience (Frankfurt, Germany). Rat
Anti-Mouse IFN-y FITC was from BD Pharmingen™ (Heidelberg,
Germany). Antigen-specific peptides (B5R46.60, OVA2g5.280) Were pro-
duced by Biosyntan GmbH (Berlin, Germany).

2.7. In vivo cross-presentation of OVA

Lymph node cells from OT-I mice cells were labeled with 5uM
CellTrace ™ Cell Proliferation Kit (Life Technologies) for 10 min at 37 °C
in PBS with 0.1% BSA, washed, resuspended in PBS with 0.5% BSA and
injected intravenously at 1 x 105/100 pl. The next day, 4 x 10° sple-
nocytes from Balb/c mice depleted of red blood cells were
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Fig. 2. Expression of MHG-I molecules. WT, TAP~/~ and TAP-L™/~ BM-DCs were pre-incubated at 26 °C or 37 °C before flow cytometric analysis of MHC-I ex-
pression using conformational (AF6.88.5.3) and non-conformational (B8.24.3) MHC-I mAbs. Unlabelled cells are used as negative control. The geometric mean of
fluorescence is represented in the table. The results are representative of 3 independent experiments.

electroporated with 1.5 mg/ml OVA protein using a GenePulser Xcell
electroporator (Biorad) at 300V and 500pF. The electroporated and
washed cells were exposed to ultraviolet radiation at 2 x 10° pJoule
(UV-Stratalinker, Stratagene), resuspended in PBS with 0.5% BSA and
injected i.v. at 1 x 10° in 100 ul. BM-DCs loaded with 10~”M SSL
peptide were injected as a positive control to WT mice. After another 3
days, the splenocytes of the injected mice were recovered, labeled with
mAbs against CD8 (clone 53.6.7) and Vf5.1-5.2 (clone MR9-4) (BD
Biosciences) at 5 pg/ml for analysis of CFSE dilution by flow cytometry.

2.8. Mouse infection

TAP-L~/~ and TAP-L*/* littermates aged between 8 and 12 weeks
were anesthetized by intraperitoneal injection of ketamine (50 mg/kg)
and xylazine (10mg/kg) and challenged intranasally with 150 pfu
(DL50) or 300 pfu (lethal dose) of influenza/A/Scotland/20/74 (H3N2)
viral stocks prepared as described previously (Guillot et al., 2005). The
mice were monitored every day for weight, signs of illness and mor-
tality for up to 15 days. All experiments were performed in the animal
facilities of Tours University according to guidelines of the local ethical
committee.

2.9. Analysis of phagosomal OVA degradation
BM-DCs were incubated with 3 um polybeads coated with 0.5 mg/

ml OVA for 20 and 120 min to allow for formation early and late
phagosomes, respectively, before lysis for 1hr at 4°C in a buffer
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containing 50 mM Tris pH 7.4, 150 mM NacCl, 0.5% NP40, 1 mM DTT,
10 ug/ml DNase I. The beads were recovered by centrifugation at
2650 x g and a series of washes for 3 min at 4 °C, stained with rabbit
anti-OVA antibodies (5 pug/ml) followed by AlexaFluor 488-conjugated
anti-rabbit antibodies (Invitrogen, 5pg/ml) and analyzed by flow cy-
tometry.

2.10. Phagosomal maturation and peptide transport assays

Three um immunoglobulin (Ig)-coated polybeads, or streptavidin-
coupled beads were used to prepare crude phagosomes as previously
described (Lawand et al., 2016). To analyze phagosome maturation,
BM-DCs were stimulated with 100 ng/ml LPS (E.coli, 055:B5; Sigma
Aldrich) for 100 min before and during phagocytosis of Ig-coupled
beads. Then the phagosomes were purified and stained with anti-Lamp-
2b antibody, as described (Lawand et al., 2016). Accumulation of the
FITC-conjugated peptides RRYNACTEL (RIL-FITC) and S8L-FITC in
phagosomes containing Ig-coated beads was analyzed exactly as de-
scribed previously (Lawand et al., 2016). Here we also used the 23-mer
peptide FVALREIRRYNAC(FITC)TELLIRK(Biotin)LPR (F23R(Bio)-FITC)
(> 95% purity, Biosyntan, Germany) designed according to the speci-
ficity of TAP-L (Wolters et al., 2005).

F23R(Bio)-FITC was added at various concentrations to phagosomes
containing streptavidin-coated beads. Where indicated, transport assays
with F23R(Bio)-FITC were performed in the presence of EDTA-free
cOmplete protease inhibitors (Roche Diagnostics, Meylan, France). To
monitor accumulation of RIL-FITC and S8L-FITC, complete
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(A) BM-DCs were nucleofected with a plasmid encoding GFP-tagged TAP-L. Thirty-six hours later, the cells were stained with antibodies for LAMP1, Stx6, IRAP and
Rab14. Co-localization of TAP-L with the markers was analyzed for 5 cells from two independent experiments. Student t test was used for statistical analysis. (B) HeLa
cells were transfected with a doxycyclin-inducible plasmid encoding HA-tagged TAP-L. Twenty-four hours after doxycyclin addition, the cells (n = 6) were analyzed

for TAP-L (i.e. HA) co-localization with EEA1 and Lampl, as in (A).

phagosomes were analyzed, while phagosomes with F23R(Bio)-FITC
were lysed using PBS with 1% BSA and 1% SDS before analysis of beads
by flow cytometry.

2.11. Statistical analysis

All results are expressed as means + SEM. Statistical significance
was determined using the Mantel-Cox test for survival curves. Data
were analyzed using GraphPad Prism 5 (GraphPad Software). p-va-
lues < 0.05 were considered significant.

3. Results
3.1. Immune phenotype of TAP-L™’~ mice

To determine whether TAP-L deficiency affected the gross devel-
opment of the immune system, we examined the proportions of key
immune cells in the thymus and the spleen. TAP deficient mice har-
bored reduced numbers of single-positive CD8* thymocytes, consistent
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with published data (Van Kaer et al., 1992). In contrast, absence of
TAP-L had no effect on thymocyte proportions and did not reduce
further the proportion of CD8" thymocytes present in TAP ™/~ mice
(Fig. 1A). Similarly, TAP-L knockout alone did not modify the propor-
tion of splenic CD8" or CD4* splenocytes present in WT or TAP ™/~
mice (Fig. 1B, C). TAP-L™/~ mice harbored normal proportions of
CD11b*CD8- and CD11b-CD8™" conventional DCs (cDC1 and cDC2) in
the spleen (Fig. 1D). The percentages of B, NK and NK-T cells were also
identical between the four types of mice analyzed (data not shown).
Next we examined the potential effect of TAP-L knockout on ex-
pression of MHC-I molecules. While TAP deficiency decreased class I
expression by > 50% at physiologic temperature, TAP-L knockout did
not affect expression of molecules recognized by the conformational
mADb AF6.88 and the non-conformational mAb B8.24.3 (Fig. 2). Over-
night incubation of BM-DCs at low temperature not only increased
expression of MHC-I molecules (as detected by the non-conformational
mAD B8.24.3) by TAP /™ cells, but also by WT cells, both observations
being consistent with the literature (Merzougui et al., 2011; Ljunggren
et al., 1990; Ortiz-Navarrete and Hammerling, 1991). TAP-L deficiency
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Fig. 4. TAP-L recruitment to phagosomes. BM-DCs were fed OVA-decorated yeast for 10, 20 or 60 min. Fixed and permeabilized cells were stained with antibodies
against: Lamp1 (A) and OVA (B). For cell surface MHC-I visualization (C), cells were incubated before phagocytosis with B22 antibody at 4 °C for 15 min and washed.
Five cells each were quantified from two independent experiments and represented as the mean +/— SEM (D) at 10, 20 and 60 min. Student t test was used for

statistical analysis.

had no effect on expression of MHC-I molecules at 37 °C and also did
not affect the increase following incubation at 26 °C of WT and of TAP”
cells (Fig. 2). Thus TAP-L is not required for thymic selection and
peripheral survival of T cells, normal abundance of splenic ¢cDC1 and
¢DC2, and physiologic expression of MHC-I and MHC-II molecules by
splenocytes. We also concluded that TAP-L is not responsible for the
reconstitution of MHC class I expression on the cell surface upon cell
incubation at 26 °C.

80

3.2. Intracellular localization of TAP-L

To determine the intracellular localization of TAP-L, we expressed
TAP-L in fusion with GFP or an HA-tag in BM-DCs and Hela cells, re-
spectively. In steady state conditions, TAP-L co-localized with the ly-
sosomal marker Lampl, in both cell types. Additional staining for en-
docytic compartments showed that TAP-L co-localized neither with
IRAP and Rabl4, both marking DC early endosomes (Saveanu et al.,
2009), nor with the trans-Golgi and endosomal protein syntaxin 6
(Fig. 3A, C; see Figs. S1 and S2 for separate green and red channels of
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molecules corresponded to < 5% of the cellular total, presumably
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Fig. 5. Cross-presentation by TAP-L™/~ DGs. In (A), BM-DCs pre-incubated at
37 °C or 26 °C were incubated for 4hrs with CD11c-targeted OVA fusion protein
and then cultured at a ratio 1:1 with OT-I cells for 24 h. The production of IL-2
was analyzed by ELISA. The results are representative of 3 independent ex-
periments. (B) Cross-presentation of apoptotic cells in vivo. Mice were injected
i.v. with CFSE-labeled OT-I cells and one day later with irradiated H-2K¢ sple-
nocytes electroporated with soluble OVA. Another 3 days later, splenocytes
were isolated and CFSE dilution in the CD8*V[B5.1-5.2* population was ana-
lyzed by flow cytometry. WT mice injected with SIINFEKL-pulsed BM-DCs were
used as positive control. The results are representative of 3 independent ex-
periments with 2 mice per group each.

because of substantial presence on the surface where no TAP-L is found
(Fig. 3B). In HelLa cells, this percentage was even lower, with < 10% of
TAP-L co-localizing with MHC-I, EEA-1 and IRAP (Fig. 3C). Conversely,
on average > 50% of cellular TAP-L co-localized with MHC-II, with a
range from 30% to 80% corresponding to different activation states and
MHC-II distribution between the surface and the interior of the BM-DCs
(Fig. 3B). These results are consistent with the lysosomal localization of
TAP-L reported previously (Zhang et al., 2000) but demonstrate the
partial presence of TAP-L in MHC-I loading compartments in steady
state conditions.

To investigate TAP-L localization during phagocytosis, we fed BM-
DCs with yeast cells decorated with OVA (Saveanu and van Endert,
2013) and analyzed them at different time points by confocal micro-
scopy. Like in steady-state conditions, TAP-L strongly co-localizes with
Lampl during phagocytosis and, starting from 20 min after yeast up-
take, TAP-L and Lampl are both recruited to the phagosomal mem-
brane (Fig. 4A, D; see Fig. S3 for separate red/green channels of Fig. 4
images). TAP-L-GFP showed very limited co-localization with inter-
nalized MHC-I molecules (Fig. 4B, D) and with OVA decorating inter-
nalized yeasts (Fig. 4C, D). Internalized MHC-I (Fig. 4B) and OVA
(Fig. 4C) staining was maximal at early time points of phagocytosis and
decreased with phagosomal maturation, whereas the amount of pha-
gosomal TAP-L and Lampl increased at the same time (Fig. 4D). The
relatively fast disappearance of OVA staining in this experiment may be
due to activation of pattern recognition receptors by yeast that can
accelerate phagosome maturation. Thus, TAP-L is recruited strongly to
phagosomes, however mainly at a time point when internalized MHC-I
molecules and OVA cannot be detected any more.

3.3. Cross-presentation by TAP-L~/~ BM-DCs and mice

Our starting hypothesis was that TAP-L might be responsible for
TAP-independent import of peptide S8L into phagosomes (Lawand
et al., 2016) involved in reconstitution of cross-presentation of phago-
cytosed antigen by DC pre-incubation at 26 °C (Merzougui et al., 2011).
To test this, we examined cross-presentation of different OVA forms in
vitro and in vivo. Pulsing with a soluble OVA fusion protein targeted to
CD1l1lc (Kratzer et al., 2010) resulted in dose-dependent cross-pre-
sentation of S8L by WT BM-DCs and was not affected by DC pre-in-
cubation at 26 °C (Fig. 5A). TAP~/~ BM-DCs pre-incubated at 37° or
26 °C were unable to cross-present receptor-targeted OVA, consistent
with the obligatory requirement of TAP for cross-presentation of an-
tigen internalized in this way described previously by us (Merzougui
et al., 2011; Kratzer et al., 2010). In contrast, TAP-L knockout had no
discernable effect on cross-presentation of CDIllc-targeted OVA
(Fig. 5A). Next we examined cross-presentation of a phagocytosed an-
tigen in vivo. Mice were injected with OT-I T cells and MHC-disparate
splenocytes electroporated with OVA, and proliferation of OT-I cells, as
reflected by CFSE dilution, was examined by flow cytometry. Both WT
and TAP-L~/~ mice showed vigorous OT-I proliferation, equivalent to
that induced by peptide-pulsed BM-DCs injected in WT mice, whereas
TAP deficiency abolished T cell proliferation almost entirely (Fig. 5B).
We concluded that TAP-L is not required for cross-presentation of
phagocytosed OVA in vivo.
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incubated with FITC-conjugated peptides ROL (left panels) or SSL (right panels). The accumulation of fluorescent peptide in membrane-associated (CellMask *)
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results in (A) and (B) are representative of 3 independent experiments.

Given the localization of TAP-L in Lamp™® compartments and its
strong co-localization with MHC-II molecules, it was conceivable that
TAP-L acts as a transporter for peptides produced in the cytosol and
loaded on MHC-II molecules. We addressed this possibility using a
previously described system in which vaccinia or MVA virus-infected
cells present cytosolic OVA to specific CD4* T cells (Thiele et al.,
2015). In this system, OVA presentation depends on antigen neo-
synthesis and is inhibited (though not completely) by epoxomicin but
not by TAP deficiency (Thiele et al., 2015), so that a role of the pro-
teasome in epitope production is likely, and a role for TAP-L in peptide
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transport conceivable. As shown in Fig. 5C, CD4™ T cells responded to
infected BM-DCs in a virus dose-dependent and specific manner, how-
ever without any effect of TAP-L deficiency. Thus at least in this system,
TAP-L does not transport peptides into an MHC-II loading compart-
ment.

3.4. Role of TAP-L in peptide accumulation in BM-DC phagosomes

Considering that TAP-L can transport peptides of various lengths
including that required for MHC-I presentation, and that TAP-L is
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recruited strongly to BM-DC phagosomes, we asked whether a role of
TAP-L in peptide import into phagosomes can be detected in vitro. To
address this, we used the phagoFACS assay previously adopted by us to
measure ATP-dependent accumulation of FITC-labeled reporter pep-
tides in crude phagosomes (Lawand et al., 2016). Initially we tested two
peptides with a length adapted to MHC-I binding: R9L-FITC, a peptide
with high affinity for the TAP transporter (Burgevin et al., 2008), and
S8L-FITC with intermediate affinity for TAP (Lev et al., 2010). Con-
sistent with our previous observations, accumulation of peptide ROL
was TAP-dependent, while peptide S8L accumulated also in TAP-defi-
cient phagosomes (Fig. 6A). In contrast, deficiency for TAP-L alone or in
combination with TAP reduced accumulation of S8L by about 60% but
had no effect on R9L. Therefore different peptides may display distinct
dependence on phagosomal peptide transporters.

Unlike TAP, which selects peptides of 8-16 residues (Van Endert
et al., 1995), TAP-L prefers longer peptides, with an optimal length of
23 residues (Wolters et al., 2005). We examined the role of TAP-L in
transport of a 23-mer peptide using a modified phagoFACS assay, in
which the both FITC- and biotin-labeled peptide could bind to strep-
tavidin-coated beads. This assay provides direct evidence for peptide
import into the lumen of phagosomes rather than association with it.
Incubation of WT phagosomes with the peptide F23R(Bio)-FITC re-
sulted in substantial peptide accumulation within phagosomes, which
was completely abolished by TAP-L deficiency (Fig. 6B). TAP deficiency
had no effect on F23R(Bio)-FITC import (not shown). Note that accu-
mulation of the 23-mer required incubation with at least 150 nM pep-
tide, a relatively high concentration considering our previous ob-
servation that TAP-dependent accumulation of R9L(Bio)-FITC requires
only 2 nM peptide (Lawand et al., 2016). TAP-L has been shown to bind
peptides with lower affinity than TAP (Wolters et al., 2005), consistent
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with this result. We concluded that TAP-L can import long and possibly
also some short peptides into phagosomes.

3.5. TAP-L deficiency enhances susceptibility to influenza virus infection

The strong co-localization of TAP-L with Lampl/2 suggests that
TAP-L is present in MHC-II loading compartments. The published pre-
ference of TAP-L for longer peptides, together with our demonstration
of transport of a 23-mer into phagosomes (Fig. 6), suggest that TAP-L
might provide peptides derived by cytosolic degradation of endogenous
proteins, into MHC-II loading compartments. Presentation of TAP-in-
dependent but proteasome-dependent peptides by MHC-II molecules to
CD4* T cells has recently been reported to occur during influenza in-
fection (Miller et al., 2015). To obtain initial evidence for a potential
role of TAP-L in T cell responses to influenza virus, we examined the
survival of TAP-L ™/~ mice upon infection with influenza A virus (IAV).
Interestingly, TAP-L ™/~ mice infected with 300 pfu of IAV (lethal dose)
died earlier (10-12 days) compared to their littermate controls (11-15
days) (Fig. 7B). However this difference was not found at lower doses
(100 pfu and 150 pfu) (data not shown and Fig. 7A).

3.6. Degradation of OVA and peptide F23R(Bio)-FITC in TAP-L™/~
phagosomes

Maturation of phagosomes is a highly regulated process ultimately
producing an acidic degradative compartment, which in DCs is tuned in
order to avoid premature complete degradation of internalized protein
and peptide antigens. To assess whether TAP-L deficiency affects pha-
gosome maturation, we examined degradation of OVA coated on latex
beads. While WT and TAP-L~/~ early phagosomes contained equiva-
lent amounts of OVA, late TAP-L”" vesicles contained much less OVA
than control vesicles (Fig. 8A), suggesting enhanced proteolytic activity
in late phagosomes. Consistent with this, late TAP-L”~ phagosomes
stained more strongly for Lamp2b (Fig. 8B). Considering that stronger
proteolytic activity may also degrade peptides imported into phago-
somes, we examined accumulation of the peptide F23R(Bio)-FITC in the
presence of protease inhibitors. Protease inhibition reconstituted ac-
cumulation of peptide in TAP-L™/~ phagosomes completely (150 nM)
or partly (300 and 600nM) but had no effect in WT phagosomes
(Fig. 8C), suggesting that the effect of TAP-L deficiency on peptide
accumulation is at least partly due to enhanced peptide degradation.

4. Discussion

We report an initial characterization of mice and DCs lacking TAP-L,
a transporter with a potential involvement both in cross-presentation
and in presentation of endogenous peptides by MHC-II molecules. TAP-
L™/~ mice display normal development and abundance of the principal
thymic and splenic immune cells as well as normal expression of MHC-I
and MHC-II molecules, ruling out a key function in antigen presenta-
tion.

Localization of TAP-L in Lamp ™" vesicles of HeLa cells and BM-DCs
was expected, given previous results obtained with human cells
(Bangert et al., 2011). This positions TAP-L as a potential mechanism
for importing peptides produced in the cytosol for loading on MHC-II
molecules. Apparently proteasome-produced but TAP-independent
MHC-II presented epitopes have been described by several investigators
(Thiele et al., 2015; Miller et al., 2015). However, studying VACV-in-
fected BM-DCs presenting an at least partly proteasome-dependent
epitope, we do not find evidence for such a role of TAP-L. With respect
to our main objective of exploring a potential role of TAP-L in cross-
presentation of phagocytosed antigens, the subcellular localization of
TAP-L upon phagocytosis provides some indication. It is clear that TAP-
L is mainly recruited to late phagosomes having lost detectable OVA
and MHC-I molecules (Fig. 4). Although most authors including we
assume that cross-presenting MHC-I molecules are loaded in early
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endocytic vesicles (Burgdorf et al., 2008; Saveanu et al.,, 2009;
Chatterjee et al., 2012), some authors attributed loading to Lamp™
vesicles (Basha et al., 2008; Lizee et al., 2003). Absent co-localization
between TAP-L and phagocytosed OVA does not argue strongly against
a role for TAP-L in cross-presentation, since antigenic peptides may be
present when OVA is degraded. However, the low level of co-localiza-
tion between TAP-L and MHC-I during phagosome maturation may
argue against a role of TAP-L in cross-presentation. While OVA seemed
completely degraded 2 h after phagocytosis, MHC-I molecules seemed
to segregate into small endocytic vesicles devoid of TAP-L at this time,
i.e. to be sorted away from phagosomes before arrival of TAP-L.

Direct examination of TAP ™/~ BM-DCs and mice did not uncover
any evidence for a role of TAP-L in cross-presentation. Lack of TAP-L
implication was expected in the case of receptor-targeted antigen.
Although the presumably distinct (Merzougui et al., 2011) vesicular
environments involved in cross-presentation of receptor-targeted anti-
gens versus phagocytosed antigens remain to be determined, their
complete TAP dependence renders an ER-type environment likely and
thus a role of TAP-L unlikely for the former. Our hypothesis had been
that TAP-L might play a role in TAP-independent cross-presentation of
phagocytosed antigens. Cross-presentation of OVA-transfected spleno-
cytes in vivo was not affected by TAP-L; however, since this experi-
mental system was almost completely TAP-dependent, answering our
hypothesis will require setting up experimental systems suited better to
the issue under investigation.

Phagosomal peptide transport assays provided at first sight evidence
in support of a role of TAP-L in importing a 23-mer and also S8L into
phagosomes. This evidence was strongest for the peptide F23R(Bio)-
FITC with a sequence designed for efficient TAP-L transport. However,
monitoring degradation of OVA and acquisition of Lamp2b indicated
altered maturation and enhanced proteolysis in TAP-L ™/~ phagosomes.
A phagosomal transport assay in the presence of protease inhibitors
confirmed that this effect of TAP-L deficiency was at least partly re-
sponsible for the lack of 23-mer accumulation in TAP-L™/~ phago-
somes. Although transport of relatively high concentrations of the 23-
mer by TAP-L into late phagosomes is consistent with the subcellular
localization of TAP-L as well as the peptide specificity and the affinity
of TAP-L, it is impossible to determine the relative impact of TAP-L as
peptide transporter and as modulator of phagosome maturation in the
phenotype of TAP-L™/~ phagosomes. This uncertainty applies also to
the effect of TAP-L knockout on resistance to influenza virus infection.

To conclude, our preliminary characterization indicates an un-
expected role of TAP-L as modulator of phagosome maturation and a
likely role as transporter of long peptides in late phagosomes, but does
not provide evidence for a role of TAP-L in cross-presentation or MHC
class II presentation of cytosolic antigens. Although additional experi-
mental systems may be required to definitely conclude on the role of
TAP-L in antigen presentation, the apparent absence of such a role is
somewhat surprising. Indeed, the partial overlap between TAP-L and
MHC-I presence in phagosomes, its significant co-localization with
MHC-II, and the demonstration of TAP-L-mediated transport of S8L and
the F23R in the phagoFACS assay all suggest that TAP-L should be able
to pump cytosolic peptides into MHC loading compartments. Why then
does this not occur? Since TAP-L colocalization with both MHC classes
is partial, it is of course possible that MHC loading occurs in vesicles
devoid of TAP-L. Another, and in our view more likely possible ex-
planation is that the concentration of free peptides in the cytosol is so
low and/or their half-life so short, that the low peptide affinity of TAP-L
(contrasting with the higher affinity of TAP) is insufficient to extract
significant amounts of peptides from the cytosol and provide them to
MHC molecules.
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