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Abstract

As an immune evasion mechanism, cytomegaloviruses (CMVs) have evolved proteins that interfere with cell surface traf-
ficking of MHC class-I (MHC-I) molecules to tone down recognition by antiviral CD8 T cells. This interference can affect
the trafficking of recently peptide-loaded MHC-I from the endoplasmic reticulum to the cell surface, thus modulating the
presentation of viral peptides, as well as the recycling of pre-existing cell surface MHC-I, resulting in reduction of the level of
overall MHC-I cell surface expression. Murine cytomegalovirus (mCMV) was paradigmatic in that it led to the discovery of
this immune evasion strategy of CMVs. Members of its m02-m16 gene family code for type-I transmembrane glycoproteins,
proven or predicted, most of which carry cargo sorting motifs in their cytoplasmic, C-terminal tail. For the m06 gene product
mO06 (gp48), the cargo has been identified as being MHC-I, which is linked by m06 to cellular adapter proteins AP-1A and
AP-3A through the dileucine motif EPLARLL. Both APs are involved in trans-Golgi network (TGN) cargo sorting and, based
on transfection studies, their engagement by the dileucine motif was proposed to be absolutely required to prevent MHC-I
exposure at the cell surface. Here, we have tested this prediction in an infection system with the herein newly described
recombinant virus mCMV-m06AA, in which the dileucine motif is destroyed by replacing EPLARLL with EPLARAA. This
mutation has a phenotype in that the transition of m06-MHC-I complexes from early endosomes (EE) to late endosomes
(LE)/lysosomes for degradation is blocked. Consistent with the binding of the MHC-I a-chain to the luminal domain of
m06, the m06-mediated disposal of MHC-I did not require the f2m chain of mature MHC-I. Unexpectedly, however, discon-
necting MHC-I cargo from AP-1A/3A by the motif mutation in m06 had no notable rescuing impact on overall cell surface
MHC-I, though it resulted in some improvement of the presentation of viral antigenic peptides by recently peptide-loaded
MHC-I. Thus, the current view on the mechanism by which m06 mediates immune evasion needs to be revised. While the
cargo sorting motif is critically involved in the disposal of m06-bound MHC-I in the endosomal/lysosomal pathway at the
stage of EE to LE transition, this motif-mediated disposal is not the critical step by which m06 causes immune evasion. We
rather propose that engagement of AP-1A/3A by the cargo sorting motif in m06 routes the m06-MHC-I complexes into the
endosomal pathway and thereby detracts them from the constitutive cell surface transport.
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Introduction

Murine cytomegalovirus (mCMV) genes m04 and m06,
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endoplasmic reticulum (ER) to the cell surface by discon-
necting them from the constitutive vesicular flow for mediat-
ing immune evasion (for reviews, see [8—12]). It is instruc-
tive to recall that correct folding of MHC-I complexes in
the ER requires peptide-loading onto the MHC-I a-chain as
well as complex formation with the f2 microglobulin (f2m)
chain. As only folded complexes are efficiently transported
to the cell surface via the constitutive vesicular flow, all
MHC-I complexes that localize to compartments beyond
the ER carry peptide, self or foreign. For ease, we here use
pMHC-I to indicate binding of a viral peptide, whereas we
use MHC-I when the peptide is not specified and derived
from intrinsic self proteins. While m04 does not reduce
levels of cell surface MHC-I but escorts newly generated
pMHC-I to the cell surface in the form of m04-pMHC-I
complexes [3-5], m06 strongly reduces levels of cell surface
MHC-I [12, 13], thought to operate by routing m06-MHC-I
complexes to lysosomes for degradation [7]. In functional
terms, m04-pMHC-I cell surface complexes mediate innate
immune evasion by silencing natural killer (NK) cells
through ligation of certain inhibitory Ly49-family NK cell
receptors ([14], reviewed in [15]), whereas m06-mediated
disposal of MHC-I is associated with adaptive immune eva-
sion of CD8 T cells by reducing the cell surface transport of
recently folded pMHC-I complexes in an interplay with the
third immune evasion protein, m152 (p36/gp40) [13, 16-18].

A typical feature common to members of the m02-m16
glycoprotein family is the presence of cargo sorting motifs
in their cytoplasmic, C-terminals tails (listed in [2]). Most
members carry a tyrosine-based sorting motif, YXX®,
where @ denotes a hydrophobic amino acid residue. The
mO04 glycoprotein belongs to this group. Mediated by its
highly conserved YXX® motif YRRE [2] it connects the
mO04-pMHC-I complex primarily with the cellular adapter
protein AP-2 [19], which then links the trimeric complex
to the clathrin triskelion for endocytosis. Thus, m04 can be
viewed as a viral adapter protein that links MHC-I cargo
to a cellular cargo sorting adapter protein, thereby func-
tioning as a “connector” or an “adapter—adapter”. As we
have shown in previous work, disconnecting m04-pMHC-I
from AP-2 by mutation of the motif to ARRE in recom-
binant virus mCMV-m04.Y248A stabilizes m04-pMHC-I
at the cell surface, resulting in enhanced NK cell silencing
in BALB/c (MHC-I KYDYL%) mice [2] that have NK cell
subsets expressing inhibitory Ly49-family receptors Ly49A,
Ly49C, or Ly49G2, of which the Ly49G2* NK cell subset is
involved most [14]. This result, showing a role of the motif
in dampening NK cell silencing by enhancing internalization
of inhibitory NK cell ligand m04-pMHC-I was surprising,
as it rather appears to contradict the interest of the virus to
evade immune recognition. One idea is that in virus-host
co-evolution on the polymorphic host population level, this
function of the motif may be part of a delicate balance by
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reducing ligation of activatory Ly49 family NK cell recep-
tors [20], thereby dampening innate immune control.

In this report, we focus on the m04 antagonist m06 (gp48)
that also stably binds MHC-I and thus competes with m04
for the cargo. In this context, it is of interest to note that
structural analyses based on m04 as a paradigm revealed
a shared p-sandwich immunoglobulin variable (Ig-V)-like
fold (briefly p-fold) in the luminal domains of m04 and
mO06 [6, 21] to where MHC-I binds. A functionally relevant
distinction is the absence of an endocytic, AP-2/4-binding
YXX® motif, and instead the presence of a highly conserved
transmembrane-proximal dileucine motif EXXXXLL, spe-
cifically EPLARLL ([22] and Fig. 1) in the cytoplasmic tail
of m06. This motif links the m06-MHC-I complex to cellu-
lar adapter proteins AP-1A/3A [22] involved in trans-Golgi
network (TGN) cargo sorting into the endosomal-lysosomal
pathway. Thus, like its sister molecule m04, m06 serves as
a “connector” or “adapter—adapter” molecule, with the fun-
damental difference that it mediates sorting of the MHC-I
cargo for disposal.

As proposed by Reusch and colleagues based on trans-
fection studies in AP mutant cells [22], motif-mediated
recruitment of AP-1A/3A for routing MHC-I to lysosomal
degradation is a required step in the immune evasion mecha-
nism by which m06 prevents cell surface exposure and re-
exposure of newly generated pMHC-I and recycled MHC-I,
respectively. We have here tested this hypothesis in cells
infected with viruses mCMV-mO6LL and mCMV-m0O6AA
expressing functional motif EPLARLL and mutated motif
EPLARAA, respectively. Our data call for a revision of the
current view that assumes the cargo sorting motif is required
for m06-mediated immune evasion.

Materials and methods
Mice

Female BALB/c and C57BL/6 mice were purchased from
Janvier Labs, and B2m_/ ~ mice from Charles River. They
were housed in the translational animal research center
(TARC) of the University Medical Center of the Johannes
Gutenberg-University Mainz for at least 1 week under
specified-pathogen-free (SPF) conditions. Mice were used
at the age of 8 weeks. Mouse embryonal/fetal fibroblasts
(MEF) were prepared from BALB/c or C57BL/6 mice or
from p2m~'~ mice by a standard protocol [26].

Viruses and infection of cells
Bacterial artificial chromosome (BAC)-cloned virus

MW097.01 derived from BAC plasmid pSM3fr [23, 24] is
herein referred to as mCMV-mO6LL, expressing functional
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cargo sorting motif EPLARLL in the cytoplasmic tail of
mO06 (gp48). Recombinant virus mCMV-AmO06 has been
described previously [25], replacing discredited virus
mCMV-Am06™ [13] with mCMV-Am06" [12]. Cell culture
derived high titer virus stocks were generated by a standard
protocol [26].

MEEF in the third passage were pre-treated for 48 h
with 20 ng of IFN-y per ml of culture medium or were left
untreated [25]. After this period, MEF were infected with
the indicated viruses at a multiplicity of infection (MOI) of
4, using the method of centrifugal infection ([26, 27] and
references therein). Based on the Poisson distribution func-
tion, almost all cells are hit by an infectious dose of virus
at an MOI of 4.

Generation of mCMV-mO06AA
For inactivating cargo sorting motif EPLARLL in m06,

virus mCMV-m06AA was generated by mutations L307A
and L308A (amino acid positions in m06), replacing
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leucines with alanines. For this, nucleotides *'**CTG CTC
6150 were substituted by ***GCT GCC?'*° through en-pas-
sant mutagenesis of the BAC plasmid pSM3fr as described
[28]. Briefly, a kanR cassette flanked by homologous viral
sequences was amplified from plasmid pori6K-RIT [29]
using the oligonucleotides m06_AA_for gct atg ttg ttc tac
acc tac ggc cgc gag ccg cta get aga get gec aag cga tac ggc
aag cag ctc gcg acg cat cgt gge cgg atc tc and m06_AA_
rev ccg tcc gcg ggg atg cgg acg gee geg age tge ttg ccg
tat cgc ttg gca get cta get age. The resulting product was
transformed into GS1783 bacteria carrying pSM3fr. After
Red recombination, arabinose-induced I-Scel expression,
and a second round of Red recombination, BAC m06AA
was purified and successful mutagenesis was confirmed by
sequencing (GATC, Koblenz, Germany). After BAC DNA
purification, recombinant mCMVs were reconstituted by
transfection of the DNA into MEF and propagated for six
passages until residual BAC sequences were lost as veri-
fied by PCR [30].
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Sequence alignment

Sequence alignments of m06 protein sequences derived
from published mCMYV strains with the following GenBank
numbers were performed with ClustalW2 (https://www.ebi.
ac.uk/Tools/msa/clustalo/) [31]. Smith strain (GU305914.1),
K181 (AMS886412.1), WP11la (AM236108.1), WP15B
(EU579860.1), G3e(AM236107.1), G4 (AM236105.1), N1
(AM236106.1) C4A (AM236099.1), C4B (AM236100.1),
C4C (AM236101.1), C4D (AM236102.1), C7A
(AM236103.1), s02 (MH118557.1), s17 (MH118558.1), s88
(MG957497.1), NO7 (HE610454.1), AA18d (HE610451.1).

Cytofluorometric analysis of MHC-I cell surface
expression

At 16 h after infection, MEF were stained for cell surface
MHC-I expression with PE-labeled monoclonal antibody
mouse anti-mouse H-2 K¢ (BD Pharmingen, catalog no.
553566) (FL-2) and for intracellular expression of m164/
gp36.5 with a rabbit antiserum a-m164/gp36.5 directed
against a C-terminal peptide [16, 32] and Alexa Fluor488-
conjugated goat-anti-rabbit IgG (Invitrogen, catalog. no.
A11008) (FL-1). Analysis was performed with a Beckman
Coulter FC500 cytofluorometer and CXP software, version
2.2 (Beckman Coulter).

Quantitation of activated, IFN-y-secreting CD8 T
cells

An enzyme-linked immunospot (ELISpot) assay was per-
formed to quantitate CD8 T cells that secrete IFN-y in
response to antigenic peptide presentation on MEF infected
with the indicated viruses. Responder cells were either
polyclonal and polyspecific ex vivo CD8 T cells immuno-
magnetically purified directly from spleen or lymph node
cell populations of BALB/c (MHC-I KDILY) mice 7 days
after intraplantar/footpad infection with 10° PFU of mCMYV,
strain Smith, or were cells of viral epitope-specific but still
polyclonal cytolytic T lymphocyte lines (CTLL) IE1-CTLL
and m164-CTLL specific for the L%-presented IE1 peptide
YPHFMPTNL [33, 34] and the D%presented m164 peptide
AGPPRYSRI [35], respectively. The assay was described in
greater detail previously ([34-36] and references therein).

CLSM immunofluorescence analysis

The localization of viral protein m06/gp48 and of markers
for subcellular structures was visualized by CLSM (confocal
laser scanning microscope) immunofluorescence analysis,
essentially as described previously [32]. Primary antibodies
included monoclonal a-MHC-I rat antibody (Santa Cruz,
catalog no. sc-59199), polyclonal a-TGN46 rabbit antibody
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(Novus Biologicals, catalog no. NBP1-03495), polyclonal
o-LAMPI rabbit antibody (Novus Biologicals, catalog no.
NB120-19294), and monoclonal a-m06 mouse antibody
(clone Croma 229; kindly provided by S. Jonjic, Rijeka,
Croatia). Alexa-Fluor 468-conjugated goat anti-rabbit
antibody (ThermoFisher scientific, catalog no. A11011),
Alexa-Fluor 633-conjugated goat anti-mouse antibody
(ThermoFisher scientific, catalog no. A21052), or Alexa-
Fluor 546-conjugated goat anti-rat antibody (ThermoFisher
scientific, catalog no. A11081) served as secondary antibod-
ies for fluorescence staining. Cell nuclei were stained with
Hoechst dye (ThermoFisher scientific, catalog no. H3570).
Immunofluorescence was examined with a Zeiss Laser Scan-
ning Microscope (LSM510).

Subcellular fractionation

107 MEF were either left untreated or were infected with
the indicated viruses at an MOI of 4 for 8 h. Endosomal
fractions were prepared and verified according to estab-
lished protocols [37-39]. Briefly, cells were harvested and
homogenized. A post-nuclear supernatant was prepared and
adjusted to 40.6% sucrose, 3 mM imidazole, pH 7.4, loaded
at the bottom of an SW60 tube, and overlaid sequentially
with 35% and 25% sucrose solutions in 3 mM imidazole, pH
7.4, and homogenization buffer (HB; 8.5% sucrose, 3 mM
imidazole, pH 7.4). The gradient was centrifuged for 90 min
at 14,000 x g. Fourteen fractions were collected from the top
of the gradient. Early endosomes (EE) accumulate at the
35%/25% sucrose interface (fraction 7) and late endosomes
(LE) at the 25% sucrose/HB interface (fraction 4). The iden-
tity of both fractions was confirmed by immunoblotting for
the endosomal markers Rab5 and Rab7 [38] (not shown)
using Rab5 mAb D-11 (Santa Cruz, catalog no. sc-46692)
and Rab7 mAb Rab7-117 (Sigma-Aldrich, St. Louis, MO,
USA, catalog no. R8779), respectively. Viral protein m06
was detected with monoclonal a-m06 mouse antibody (clone
Croma 229). The relative densitometric quantification was
performed applying ImageJ gel analysis tool [40]. Statistical
significance was tested by performing paired ¢ test (Graph-
Pad Prism version 6.07 GraphPad Software, San Diego Cali-
fornia USA).

Results

The cargo sorting motif in m06 is dispensable
for MHC-1 downmodulation

Already the first experiment performed with cargo sorting
motif mutant virus mCMV-m06AA mercilessly falsified the
long-held hypothesis of a critical role of the dileucine motif
in mO06 for its function in reducing levels of cell surface
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MHC-I, as shown by cytofluorometric analysis (Fig. 2).
In accordance with previous findings [12, 25] deletion of
gene m06 in mutant virus mCMV-AmO06 prevented the
mO06-mediated component of MHC-I downmodulation from
the cell surface of infected cells, regardless of whether or
not MHC-I levels were in advance elevated by pre-treatment
of the cells with IFN-y [25]. It should be noted that m06 is
the strongest downmodulator of overall cell surface MHC-I,
whereas immune evasion protein m152 (p36/gp40) [41-43]
contributes little [12, 13, 16, 25].

Deletion of the cargo sorting motif in m06 fails
to fully restore the presentation of antigenic
peptides

In accordance with a previous report [25], the absence of
mO6 after infection with mCMV-AmO6 facilitated the pres-
entation of antigenic peptides by allowing some pMHC-I to
reach the cell surface (Fig. 3). Notably, this occurred despite

no infection

the presence of immune evasion molecule m152 (see above),
which is the strongest inhibitor of antigenic peptide presen-
tation to CD8 T cells by trapping freshly folded pMHC-I
in an ER-Golgi intermediate compartment (ERGIC) [41,
441]. It must be noted that a number of earlier studies on
antigen presentation after infection with a Am06 mutant of
mCMYV, with the exception of [25], cannot serve for com-
parison, as the deletion of gene m06 in that virus had inad-
vertently affected the expression of m152. This event during
mutagenesis was not reproducible with independently gen-
erated Am06 mutants [12]. A comparison between motif-
sufficient virus mCMV-mO6LL and motif-deficient virus
mCMV-m06AA consistently revealed a statistically signifi-
cant though, compared to m06 deletion, quantitatively minor
improvement of antigenic peptide presentation. So, motif-
mediated pMHC-I cargo disposal in lysosomes apparently
is not the most critical step in the mechanism of immune
evasion. The slight improvement of antigenic peptide pres-
entation by motif inactivation was reproduced for defined

m164/gp36.5 [log FL-1]

MHC-I [log FL-2]

no infection

m164/gp36.5 [log FL-1]

MHC-I [log FL-2]

Fig.2 Impact of the cargo sorting dileucine motif on MHC-I cell
surface expression. Two-color cytofluorometric analysis of MHC-I
molecule K¢ cell surface expression (abscissa FL-2, PE fluorescence
intensity) on untreated (upper panel—IFN-y) or IFN-y-pretreated
(lower panel +IFN-y) BALB/c (MHC-I KYDILY) MEF express-
ing ER-resident viral protein m164/gp36.5 (ordinate FL-1, Alexa
Fluor488 fluorescence intensity) after infection for 16 h with the
viruses mCMV-m0O6LL, mCMV-Am06, and mCMV-m06AA. Data
are displayed as color-coded density plots (with red and blue repre-
senting highest and lowest density, respectively). Note that in infected
MEEF cultures, a fraction of the cells is not permissive for productive

infection and thus do not express the viral early (E) phase protein
m164. These uninfected cells result in a peak population character-
ized by high MHC-I expression and uninfluenced by viral immune
evasion molecules (open arrowhead). Compared to MEF in unin-
fected cultures, MHC-I expression on uninfected MEF present in
infected cultures is enhanced by culture-intrinsic IFNs. Infected MEF
form a second peak population that is characterized by expression of
m164 and that responds to the expression of immune evasion mol-
ecules with reduced MHC-I display at the cell surface (closed arrow-
head). Caliper rules highlight the degree of MHC-I downmodulation.

@ Springer



536

Medical Microbiology and Immunology (2019) 208:531-542

a IE1-CTLL m164-CTLL

1000 A 1000 9

800 4 800 4

Responding cells
[per 1000 CD8 T cells]

v © v o
e & SRS
Q > Q Q > Q
<& Q <& Q
b Draining LN-derived Spleen-derived
CD8 T cells CD8 T cells
— 1501 150
©
2 8
©
° o 1007 100
o
c
;SU
c O
o O
a o 504 50
3 o
@ T
[
Q.
= 0- 0=
o « ©
e & RPN
Q > Q Q > Q
<& Q <& Q

Fig.3 Impact of the cargo sorting dileucine motif on the presenta-
tion of antigenic peptides. Quantitation of CD8 T cells sensitized
in an ELISpot assay for secretion of IFN-y by short-term co-culture
with BALB/c (MHC-I KDLY) MEF as stimulator cells infected
with viruses mCMV-m0O6LL, mCMV-Am06, and mCMV-m06AA.
n.i no infection as negative control. Responder cells detecting MHC-
I-presented viral peptides were a viral epitope-specific IE1-CTLL
and m164-CTLL as well as b primed CD8 T cells isolated from the
draining popliteal lymph node (LN) or the spleen. Bars represent
most probable numbers determined by intercept-free linear regres-
sion analysis based on IFN-y spot counts from triplicate cultures of
graded numbers of responder cells seeded. Error bars indicate 95%
confidence intervals

antigenic peptides IE1 (L%-presented YPHFMPTNL) [33,
34] and m164 (Dd—presented AGPPRYSRI) [35], detected
with respective CTLL, as well as for the full range of anti-
genic peptides of mCMYV in BALB/c mice (MHC-I KYDILY)
detected by polyclonal and polyspecific ex vivo CD8 T cells
isolated from the draining lymph node and the spleen after
priming by intraplantar infection (Fig. 3).

The cargo sorting motif in m06 mediates deviant
MHC-I trafficking for lysosomal degradation

A role of the dileucine motif in m06 was so far concluded
from m06 transfection studies in cells deficient in adapter
proteins AP-1A or AP-3A or both [22]. AP-1A and AP-3A
both localize to the TGN. While AP-1A is thought to shuttle
cargo between TGN and early endosomes (EE), AP-3A is
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thought to mediate cargo transport from TGN to lysosomes
as well as from EE to late endosomes (LE)/lysosomes [22].
As a “connector” based on the dileucine motif, m06 feeds
MHC-I cargo into the AP-1A/3A sorting pathways. Interest-
ingly, free m06 that is not assembled with pMHC-I cargo,
for instance, because pMHC-I is already bound to m04 (see
above) or retained in the ERGIC by m152 (see above), is not
sorted for lysosomal degradation but enters the cytosol for
proteasomal degradation [45]. Perturbation of endosomal
trafficking by mCMYV, with focus on the role of motif-suffi-
cient m06, has been thoroughly studied under conditions of
cell infection as well as transfection by the group of P. Lucin
([46], reviewed in [47]). Upon infection, m06 was found to
be retained in EE together with MHC-I molecules internal-
ized from the cell surface, whereas m06-MHC-I complexes
were not detected on the cell surface [46]. Importantly,
another early (E) phase function of mCMYV, thus independent
of m06 and its dileucine motif, prevents MHC-I recycling to
the cell surface by reorganization of the endosomal recycling
compartment (ERC), blocking the transition of internalized
MHC-I cargo from EE to the ERC ([48], for reviews see [47,
49]). This ERC blockade of MHC-I recycling is of utmost
importance as it makes the fundamental difference between
transfected cells, in which recycling is not blocked, and
infected cells, in which recycling is blocked.

For validating the functionality of the dileucine motif in
the context of infection, we have tested the localization of
m06 by CLSM immunofluorescence analysis comparing
cells infected with motif-sufficient virus mCMV-m0O6LL
and motif-deficient virus mCMV-mO6AA (Fig. 4). In the
presence of the motif, m06 co-localized with MHC-I, but
the complex did not detectably localize to the TGN, indi-
cating that most m06-pMHC-I complexes have left the
TGN. In contrast, after inactivation of the motif, detectable
amounts of m06-pMHC-I complexes were found to stick in
the TGN (Fig. 4a). Notably, however, not all m06-MHC-I
complexes localized to the TGN in absence of the motif
(Fig. 4a, purple arrows), suggesting either that the motif
is not essential for leaving the TGN or, more likely, that
complexes take a route via the cell surface reaching EE
after internalization due to turnover. A step downstream
in the TGN-endosome sorting pathway, m06 co-localized
in the presence of the motif mainly with MHC-I and the
LE/lysosome marker LAMP1, whereas after inactivation
of the motif, m06-MHC-I complexes did not reach the LE/
lysosomal compartment (Fig. 4b). This indicates a block in
the transport of m06-MHC-I/pMHC-I from the TGN and
EE compartments to the LE/lysosomal compartment in the
absence of the motif.

For substantiating this conclusion further, subcellular
fractionation of infected cells was performed to biochemi-
cally localize m06 (Fig. 5a, b). In accordance with the
immunofluorescence images, m06 was found in fractions 7
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a mCMV TGN

mO06 MHC-I

m06 MHC-I

merge

Fig.4 Impact of the cargo sorting dileucine motif on the trafficking
of m06-MHC-I complexes. a Co-localization of m06-MHC-I com-
plexes and the TGN. b Co-localization of m06-MHC-I complexes
and late endosomes (LE)/lysosomes marked by LAMP1. Shown are
representative images taken from BALB/c MEF at 8 h after infection
with motif-sufficient virus mCMV-mO6LL and motif-deficient virus
mCMV-m06AA. n.i. not infected. Far left column Overview images.

and 4, representing EE and LE, respectively, in the presence
of the motif. In contrast, after inactivation of the motif, m06
failed to transit from EE to LE.

Correct folding of MHC-I complexes and transport
with the constitutive vesicular flow require association
of the MHC-I a-chain (heavy chain) and the f2m chain
(light chain). Interestingly, a recent structural analysis of
mO06 binding to MHC-I revealed that m06 binds to a site
located below the peptide-binding groove of the a-chain

Nuclei are demarcated for clarity by a dotted line. The boxed perinu-
clear region is resolved to greater detail in all corresponding images.
White arrows point exemplarily to sites where m06-MHC-I com-
plexes localize to TGN or to LE/lysosomes in a and b, respectively.
Purple arrows point exemplarily to sites where m06-MHC-I com-
plexes do not localize to TGN or LE/lysosomes in a and b, respec-
tively

and partially overlapping with the site to where f2m binds
[50]. Sterical competition between m06 and f2m weak-
ens the binding of m06 to fully assembled MHC-I. As a
consequence, absence of f2m will allow an even stronger
binding of m06 to the a-chain. Accordingly, m06 binds to
MHC-I also in the absence of f2m and, in the presence of
the dileucine motif, the complex can transit from EE to
LE for lysosomal degradation (Fig. 5c).
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Fig.5 The cargo sorting dileucine motif in mO06 is required for the »

transition from EE to LE. a Representative Western blot analysis
localizing m06 to subcellular fractions prepared from BALB/c MEF
at 8 h after infection with viruses mCMV-m0O6LL, mCMV-Am06,
and mCMV-m0O6AA. n.i. not infected as negative control. EE and
LE accumulated in fractions 7 and 4 are highlighted by blue and red
frames, respectively. *Bands stained unspecifically with the a-m06
antibody as indicated by the presence in fractions from not infected
cells and cells infected with m06 deletion mutant mCMV-AmO6.
Arrowhead, m06-specific band. b Relative densitometric quantitation
of signal intensities documenting the block of transport from EE to
LE in absence of the cargo sorting dileucine motif was performed on
three independent preparations. Signal intensities in the EE and LE
fractions from cells infected with the motif-deficient virus mCMV-
mO6AA are shown as bars (mean values+ SEM, n=23) normalized
to the corresponding signal intensities from cells infected with the
motif-sufficient virus mCMV-mO6LL. The exact p value is given in
each graph. ¢ m06-guided class-I cargo sorting into the LE/lysosomal
pathway does not require the f2m light chain of the MHC-I complex.
MEF derived from p2m-expressing C57BL/6 (MHC-I K’D’) mice
and from B2m knockout mice (on C57BL/6 genetic background) were
infected for 8 h with motif-sufficient virus mCMV-mO6LL. The m06
protein localizes to EE and LE accumulated in subcellular fractions 7
and 3, respectively

Synopsis

Collectively, our data have shown that the cargo sorting
motif EPLARLL in the cytosolic tail of the mCMV immune
evasion protein m06 (gp48) is functional also under con-
ditions of cell infection in that it mediates the sorting of
m06-MHC-I/pMHC-I complexes into the endosomal path-
way, ending up in the lysosome for degradation. How-
ever, revising the view meanwhile published in numerous
review articles, we show here that the motif, and thus the
AP-1A/3A-mediated sorting to the lysosome for degrada-
tion, is not the essential mechanism by which m06 mediates
downmodulation of cell surface MHC-I and evasion of target
cell recognition by CD8 T cells recognizing viral peptide-
presenting pMHC-I.

The current state of our knowledge on m06 in pMHC-I/
MHC-I trafficking is sketched in Fig. 6. The formation of
newly generated, viral peptide-folded pMHC-I takes place
in the ER, where m06 binds to it as cargo transporter.
The m06-pMHC-I complexes pass the Golgi apparatus
and reach the TGN. Based on cell transfection studies
performed with cells deficient in cellular adapter proteins
AP-1A or AP-3A or both, the dileucine motif was found
to link the complexes to AP-1A for sorting them from the
TGN to EE, as well as to AP-3A for trafficking from the
TGN directly to LE/lysosomes and from EE to LE/lys-
osomes for final disposal [22]. Importantly, pre-existing
cell surface MHC-I, loaded with self-peptides, reach the
EE by endocytosis in the course of MHC-I turnover, but
recycling back to the cell surface via the ERC is blocked
in mCMV-infected cells by an early (E) phase function
unrelated to m06 and its sorting motif [47-49]. Finally,
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MHC-I, coming from the cell surface, and pMHC-I, com-
ing from the TGN, both traffic from EE to LE/lysosomes
for disposal. Together, these pathways of cargo sorting
explain the loss of pre-existing cell surface MHC-I and
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Fig.6 Graphical synopsis of the role of the cargo sorting dileucine
motif in m06-misdirected MHC-I trafficking. EE early endosome(s);
ER endoplasmic reticulum; ERC endosomal recycling compartment;
LE late endosome(s); TGN trans-Golgi network. Blue triangle self-

the missing resupply with pMHC-I after infection of cells
with motif-sufficient virus mCMV-mO6LL (Fig. 6, left).
In absence of the motif, upon cell infection with
mCMV-mO6AA (Fig. 6, right), all LL-motif and AP-
1A/3A-dependent sorting pathways are blocked, so that
pMHC-I complexes can no longer transit from TGN to EE
or LE/lysosomes, as proven by our localization studies,
and are thus not degraded in the lysosome but, instead, are
trapped in the TGN. In addition, internalized cell surface
MHC-I is trapped in EE, as recycling via ERC is blocked
(see above). As a consequence, over time, the cell surface
becomes deprived of MHC-I molecules, just like in the
presence of the motif after infection with mCMV-mO6LL.
As the only difference, as suggested by our functional
assays, this “traffic jam” leads to cell surface escape of
some m06-pMHC-I, or maybe also some free pMHC-I,
complexes. The amount of these escapees must be low, as
they did not show up in the cytofluorometric analysis of
MHC-I cell surface expression. Only with the extremely
sensitive assay of CD8 T cell activation, requiring only
few pMHC-I complexes displayed at the cell surface, we
observed a statistically significant but quantitatively minor
increase in the number of CD8 T cells that responded in
the absence of the sorting motif. We do not yet know
for sure if the CD8 T cells detect only free pMHC-I or
also m06-pMHC-I complexes. As a structural analysis
has revealed binding of m06 to the MHC-I a-chain at a
site below the peptide-binding groove that is formed by
the a2 and a3 domains [50], and unless binding of m06
causes allosteric refolding, m06 should not sterically inter-
fere with recognition of presented antigenic peptide. We,

peptide; red triangle foreign/viral peptide. The dashed arrow indicates
a minor route of trafficking. For more detailed explanation, see the
Synopsis in the main body of the text

therefore, consider it possible that CD8 T cells can rec-
ognize also m06-pMHC-I complexes at the cell surface.

The full picture of mMCMYV interference with pMHC-I traf-
ficking must include the molecules that compete with m06
for pMHC-I cargo, that is m04, which escorts pMHC-I to
the cell surface, and m152, which retains pMHC-I in the
ERGIC. Competition for the cargo, however, occurs at the
stage of binding to pMHC-I in the ER and/or ERGIC, and is
thus unlikely to be influenced by the sorting motif that medi-
ates binding to cellular APs involved in endosomal sorting
pathways.
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