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Cognate Peptide-MHC Complexes Are Expressed as Tightly
Apposed Nanoclusters in Virus-Infected Cells To Allow TCR

Crosslinking

Maria Ferez,* Mario Castro,” Balbino Alarcon,* and Hisse M. van Santen*

Antigenic T cell stimulation requires interaction between the TCR of the T cell and cognate peptide-MHC molecules presented by
the APC. Although studies with TCR-specific Abs and soluble peptide-MHC ligands have shown that the TCR needs to be
crosslinked by two or more ligands to induce T cell stimulation, it is not understood how several MHC molecules loaded with
the cognate antigenic peptide can produce crosslinking under physiological conditions. We show at the molecular level that large
clusters of cognate peptide-MHC are formed at the surface of murine professional and nonprofessional APCs upon virus infection
and that these clusters impinge on the stimulatory capacity of the APC. These clusters are formed by tight apposition of cognate
peptide-MHC complexes in a configuration that is compatible with simultaneous engagement of two or more TCRs. This suggests
that physiological expression of Ag allows formation of multivalent ligands for the TCR that permit TCR crosslinking and T cell

activation. The Journal of Immunology, 2014, 192: 000-000.

complexes and the TCR is a key event in activating the
adaptive immune response. T cells have very high sen-
sitivity for Ag, needing only few cognate pMHC complexes pre-
sented by APCs to become activated (1-3). However, the pMHC—-
TCR interaction is of low affinity (4-6), making it difficult to
explain how T cells achieve high sensitivity. We previously
showed that the TCR was organized in nanoclusters prior to Ag
engagement and that this clustering endowed T cells with higher
sensitivity (7, 8). Furthermore, it has long been recognized that
experimental TCR ligands, such as TCR-specific Abs and soluble
pMHC complexes, need to be at least bivalent to be capable of
stimulating T cells (9, 10). Taken together, these observations
suggest that T cell stimulation is guided by multivalent inter-
actions. It is therefore relevant to determine whether multivalent
TCR ligands exist under physiological conditions, that is, multivalent
cognate pMHC complexes at the plasma membrane of APCs.
MHC class II molecules have been detected by means of con-
focal microscopy in discrete plasma membrane domains in a va-
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riety of cell lines (11-13). Where tested, these domains have been
shown to depend on cholesterol for their integrity, suggesting that
they are formed by lipid rafts. Other authors have described that
MHC class II molecules can form alternative domains with tet-
raspanins in both cell lines and primary dendritic cells and that
these domains are enriched for particular peptides (14). Disruption
of MHC class II domains with cholesterol-sequestering agents or
saponin leads to reduced stimulatory capacity of the treated APCs
(11). This suggests that these MHC-enriched regions are important
for providing sensitivity to the T cells, although such experiments
cannot exclude that additional alterations caused by the drug treat-
ment are involved in reducing the stimulatory capacity. Similarly,
clusters of MHC class I molecules have been detected at the plasma
membrane of cell lines by means of confocal microscopy and fluo-
rescence resonance energy transfer analysis (13, 15). Bigger MHC
class I clusters seem to enhance stimulatory potential because in-
crease of their size by pharmacological means and MHC class |
crosslinking correlates with enhanced T cell recognition (16).
The experiments described above show that clusters of MHC
molecules do exist and may modulate T cell activation and re-
sponsiveness, but they have not provided direct evidence whether
MHC molecules presenting identical peptides can be found within
such clusters. In this study, we have used a technique that permits
molecular resolution of the distribution of cell surface molecules to
study the distribution of a defined pMHC complex at the cell
surface of virus-infected cells and to compare it with the cluster
distribution of MHC class I molecules loaded with the corre-
sponding exogenously provided soluble antigenic peptide.

Materials and Methods

Cells and virus

The murine lymphoma EL4 (17) was grown in RPMI 1640 supplemented
with 5% FCS, 2 mM L-glutamine, and 100 U/ml streptomycin/penicillin
(RPMI-5). The acute T cell leukemia Jurkat (18) was grown in RPMI-5.
EL4-derived E.G7-OVA cells (19) were grown in RPMI-5 supplemented
with 10 puM 2-ME and 0.1 mg/ml G418. Bone marrow—derived dendritic
cells were obtained by culturing bone marrow cells for 1 wk in RPMI-10
supplemented with 10 mM sodium pyruvate, 50 pM 2-ME, and 20 ng/
ml GM-CSF according to established protocols (20). The full-length
OVA encoding modified vaccinia virus Ankara ([MVA-OVA]J; a gift of
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Drs. E. Schwantes and G. Sutter, Paul Ehrlich Institute, Langen, Germany)
(21) and the parental strain MVA; obtained via Dr. M. Esteban, Centro
Nacional de Biotecnologia, Madrid, Spain) were propagated and titrated
in BHK-21 cells according to published methods (22).

Mice

OT-1 mice, expressing a transgenic TCR specific for the OVA-derived
peptide SIINFEKL (OVA,s7_264) bound to H-2K® molecules (23), were
maintained in the animal facility of the Centro de Biologia Molecular
Severo Ochoa in accordance with guidelines of the current legislation.

Abs and reagents

Purified human MHC class I-specific mAb W6/32 (24) and ascites of human
transferrin receptor—specific mAb FG1/5 (25) were used at previously deter-
mined saturating conditions for staining. The mAb 25D1.16 (26) was obtained
in biotinylated or purified form from eBioscience. The vaccinia-specific rabbit
serum was a gift of Dr. A. Alcami (Centro Biologia Molecular Severo Ochoa,
Madrid, Spain). Fluorophore-conjugated and biotinylated mAbs specific for
murine TCR Va2, CDS, H-2K" (clone AF6-88.5), and H-2DP (clone
B22.249) were from BD Pharmingen. Fluorophore-conjugated anti-murine
IFN-y was obtained from Miltenyi Biotec. Alexa Fluor 555—coupled don-
key anti-mouse IgG and Alexa Fluor 488—coupled donkey anti-rabbit 1gG
secondary Abs and TO-PRO-3 nuclear dye were from Invitrogen. Methyl-
B-cyclodextrin was purchased from Sigma-Aldrich. Synthetic OVA peptide
SIINFEKL (OVAp) was generated by the proteomics facility of the Centro
Biologia Molecular Severo Ochoa by Fmoc chemistry.

Immunofluorescent staining

Bone marrow dendritic cells, directly grown on glass coverslips, and EL4
and E.G7-OVA cells, adhered to coverslips pretreated with 50 pg/ml poly-
L-lysine, were fixed with 2% paraformaldehyde before staining with the
indicated primary Abs and appropriate secondary reagents. After embed-
ding in Mowiol, cells were imaged with LSM 510 Meta and LSM 710
confocal microscopes (Carl Zeiss Jena) with X63/1.4 Plan Apo oil im-
mersion objective lens, and acquired images were analyzed by an LSM
image browser (Carl Zeiss Jena) and Fiji (27) software.

Normalized inverse participation ratio

To quantify the degree of homogeneity of the distribution of the K°OVAp
complexes at the cell surface of virus-infected and peptide-incubated EL4
cells, we make use of the concept of the inverse participation ratio (IPR)

FIGURE 1. Detection of clusters of tightly
packed MHC class I molecules at the cell surface
membrane. (A) Transmission electron micros-
copy images of cell surface replicas of EL4 cells
labeled with the K -specific mAb AF6-88.5 and
protein A conjugated to 10-nm colloidal gold
(PAG10). An image corresponding to the whole
cell was obtained by automated tiling of images
taken at 10,000 magnification of adjacent areas of
the replica. Scale bars: whole cell image, 2 pum;
details, 50 nm. (B) Cell surface replicas of bone
marrow—derived dendritic cells labeled with the
DP-specific Ab B22.249 and PAG10. Image cor-
responding to whole cell taken at 5,000 magni-
fication, details at 100,000. Scale bars: whole cell
image, 2 pm; details, 50 nm. (C and D) Details of
cell surface replicas of Jurkat cells labeled with
the MHC class I-specific mAb W6/32 and
PAGI10 (C) or the transferring receptor—specific
mAb FG1/5 and PAG10 (D). Images were taken
at 100,000 magnification. Scale bars: 50 nm. (E)
Comparison of the size of gold clusters on rep-
licas of Jurkat cells labeled with anti-MHC class I
and anti-TfR Abs. Quantification of six anti-MHC
class I-labeled cells (4518 particles) and four anti-
TfR-labeled cells (2303 particles) is shown. Sta-
tistical significance of differences observed for
each cluster size was calculated with a two-tailed,
unpaired ¢ test. *p < 0.05, **p < 0.01.

A EL4: MHC- (K*)
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(28), commonly used in quantum material science to ascertain the degree
to which a material behaves as a metal or an insulator. This ratio considers
a certain continuum or discrete distribution of probability p; defined as the
probability at spatial position i (or in the continuum limit, x).

The IPR is defined as

1PR= (Yp?)

i

-1

(1)

where N is the number of points where the distribution has been measured.
The rationale under Eq. 1 is the following: for a homogeneous distribution,
pi = 1/N (namely, the distribution is flat; in that case, JPR = N). On the
contrary, when the distribution is 0 except in position k, then p;.; = 0 and
pr = 1. In this case, IPR = 1.

For a large number of points, and for the sake of comparing different data
sets (with, also, a different number of points N where the distribution has
been measured), it is more convenient to define a normalized version of
Eq. 1, namely

NIPR :i&pﬂ)’1 (2)
N5

Now the range would be between 1/N = 0 (highly peaked distribution) and
1 (flat or homogeneous distribution).

Using the segmented line tool of the Fiji platform (27), a 5-pixel-wide line
(pixel size, 0.14 pm) was drawn around the plasma membrane of midplane
optical sections of MVA-OVA—infected or OVAp-incubated EL4 cells, E.G7-
OVA cells, or primary dendritic cells stained with K°OVAp- or K®-specific
Abs. After straightening this line, a plot profile was obtained, giving the
averaged intensity values of staining in each point of the circumference.
Averaged intensity values (p;) and the number of measuring points on the
circumference (V) were used to calculate the NIPR according to Eq. 2.

Replica preparation and transmission electron microscopy

Cells fixed with 2% paraformaldehyde were labeled with primary Abs and
10-nm colloidal gold—conjugated protein A (Cell Microscopy Center,
University of Utrecht, Utrecht, The Netherlands). In the case of labeling
with the 25D1.16 mAb (mouse IgG1), a bridging hamster anti-mouse 1gG
was used to overcome the low affinity of protein A for murine IgG1 Abs.
Replica generation was done as previously described (7, 8). Replicas were
analyzed on a JEOL 1010 transmission electron microscope operating at
80 kV, and images were acquired with a TemCAM F416 camera operated
by EM-MENU software (Tietz Video and Image Processing Systems).

B BMDC: MHC-I (D)
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FIGURE 2. MHC class I molecules presenting a peptide generated upon
viral infection are concentrated in clusters. (A) Confocal images of EL4
cells that had either been infected with the MVA-OVA virus at 10 PFU/cell
or had been incubated with 1 wM soluble OVAp and untreated EL4 cells
followed by labeling with the K°\OVAp-specific mAb 25D1.16 or the total
K"-specific mAb AF6-88.5 and an anti-mouse Alexa Fluor 555-conjugated
Ab and stained with TO-PRO to detect nuclei. Representative midplane
optical sections from one of three experiments are shown. (B) Quan-
tification of label distribution. The upper left panel shows the number of
KPOVAp spots (mean + SD) in membrane of midplane sections of 30
MVA-OVA-infected and 41 OVAp-incubated EL4 cells as determined with
the “Analyze Particles” plugin of Fiji. The upper middle panel shows an
overlay of intensity profiles of membrane labeling of representative MVA-
OVA-infected (black), OVAp-incubated (gray), and control (white line)
ELA4 cells. The upper right panel shows quantification of label distribution
of 16 MVA-OVA-infected and 12 OVAp-treated EL4 cells using the NIPR.
The lower left panel shows intensity of total K® labeling of the indicated
cells (gated for live cells) as determined by flow cytometry. The lower right
panel represents the NIPR (mean + SD) of total K® labeling of 12 MVA-
OVA-infected and 12 OVAp-incubated EL4 cells. (C) Confocal images of
bone marrow—derived dendritic cells that had either been infected 6 h before
with the MVA-OVA virus at 5 PFU/cell, had been incubated with 1 pM
soluble OVAp, or had been left untreated, followed by labeling with mAb
25D1.16 and TO-PRO. Representative midplane optical sections are shown.
The graph on the right shows the NIPR (mean * SD) of 25D1.16 labeling
intensity for 7 MVA-OVA-infected and 13 OVAp-incubated dendritic cells.
(D) Imaging and quantification of K°OVAp distribution in MVA-OVA—
infected EL4 cells and E.G7-OVA cells. Confocal images show represen-

Flow cytometry

Cells were stained with the indicated directly conjugated and biotinylated
primary Abs in PBS supplemented with 1% BSA and 0.02% sodium azide,
and where applicable with the appropriate secondary reagents. For intra-
cellular staining for IFN-y, cells were fixed and permeabilized with
a commercial kit according to the manufacturer’s recommendations
(Cytofix/Cytoperm; BD Pharmingen). Stained cells were acquired on
a FACSCalibur flow cytometer (Becton Dickinson) and data were analyzed
with FlowJo software (Tree Star).

In vitro T cell activation assays

EL4 cells (1 X 10%) were seeded in 96-well round bottom plates in RPMI-
10 supplemented with 10 mM sodium pyruvate and 10 pM 2-ME and
infected with MVA-OVA at 10 PFU/cell, or infected with MVA-wild-type
(WT) at the same ratio and incubated with graded amount of soluble
OVAp. After 6 h cultures were washed and 2 X 10° OT-1 T cells, isolated
from the superficial and mesenteric lymph nodes of OT-1 mice, were
added. Cultures were grown for 2 d and during the last 4 h 3 pg/ml bre-
feldin A was added (eBioscience).

Results
Clustering of MHC class I molecules in primary cells and cell
lines

We first analyzed clustering of the general population of MHC class |
molecules at the cell surface of primary cells and cell lines. We used
our previously established approach of cell surface replica generation
of fixed cells labeled with primary Abs and colloidal gold—conju-
gated secondary reagents in combination with transmission electron
microscopy (7, 8). This approach permits molecular resolution of
the cell surface localization of endogenous proteins and, in contrast
to most high-resolution light microscopy techniques, visualizes the
cell surface membrane opposite to the one in contact with the ex-
perimental support. This avoids possible concerns about contact-
induced clustering of cell surface molecules (29).

We prepared cell surface replicas of the murine thymoma EL4,
murine bone marrow—derived dendritic cells, and the human T cell
lymphoma Jurkat. All cells had been fixed with paraformaldehyde
prior to labeling with Abs specific for MHC class I and 10 nm
colloidal gold—conjugated protein A on ice. Analysis by electron
microscopy revealed clusters of gold particles in replicas of all
three cell types (Fig. 1A-C), indicating that clusters of MHC class I
molecules were present on the surface of all cells tested. The
distance between neighboring gold particles was smaller than the
resolving power of the electron microscope under the conditions
used (<1 nm). Taking into account the lateral dimensions of the
peptide-binding a; and o, domain of the class I molecule (~4 X 5
nm?) (30), the spacing of the gold particles indicated that the
distance between adjacent MHC class I molecules within such
clusters was equal to or less than the size of a single MHC class |
molecule. The observed cluster size ranged mainly between 2 and
20 gold particles, but in few occasions larger clusters were
detected. The relative inefficiency of detection of the replica
technique (7) did not permit us to determine the absolute size of
clusters, and these sizes therefore represented a minimum estimate.

Comparison of the distribution of MHC class I molecules and the
transferrin receptor (TfR) on the cell surface of Jurkat T cells in-
dicated that TR clustered to a significantly lesser extent (Fig. 1C-E),

tative midplane sections of 25D1.16-labeled cells. The graph shows the
NIPR (mean * SD) of 25D1.16-labeled MVA-OVA-infected EL4 (n = 18)
and E.G7-OVA (n = 14) cells. Scale bars in (A), (C), and (D), 2 pm.
Statistical significance of differences for all experiments was calculated
with a two-tailed, unpaired Student ¢ test. Staining pattern and NIPR
calculations were confirmed in one independent experiment each for all
experiments shown. See also Supplemental Figs. 1 and 2.
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even without taking into account that TfR is a disulfide-linked
homodimer and that two adjacent gold particles could therefore
represent labeling of the same homodimer. This suggests that the
degree of clustering of cell surface molecules varies for different
cell surface receptors. Thus, MHC class I molecules seem to form
larger pre-existing clusters, as observed for the TCR (31, 32),
whereas TfR appears to form smaller clusters, similar to CD25 (32).

Knowing that the general population of MHC class I complexes
formed clusters of tightly apposed molecules and given the re-
quirement of multivalency for experimental TCR ligands, it was of
interest to study the distribution of cognate pMHC complexes at
the cell surface of APCs.

Detection of cognate pMHC clusters after viral infection

EL4 cells were infected with rMVA expressing full-length OVA
(MVA-OVA) (21). Immunoblotting of cell lysates at different time
points after infection showed that these cells were productively
infected and that the OVA protein was expressed (Supplemental
Fig. 1A). Six hours after the beginning of infection the cells were
labeled with mAb 25D1.16 (26), specific for the OVA-derived
peptide SIINFEKL (OVA;s7_564) bound to the MHC class I mol-
ecule H-2K® (referred to as K°OVAp), and analyzed by confocal
microscopy. Double labeling with an antiserum specific for vac-
cinia virus and the 25D1.16 mAb validated the specificity of our
labeling conditions, as labeling with 25D1.16 was only detected in
MVA-OVA-infected cells (Supplemental Fig. 1B). The K’ OVAp
complexes in the infected EL4 cells appeared in a small number of
discrete patches (Fig. 2A). In contrast, EL4 cells incubated with
soluble synthetic OVAp showed a broader pattern of staining for
K°OVAp, although the distribution of fluorescence was not ho-
mogeneous (Fig. 2A). Taking only into account the patches of
highest intensity, there were significantly fewer in infected cells

A ; : 1

1
% B
!b ’l" -"ﬂ‘.' .
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COGNATE PEPTIDE-MHC NANOCLUSTERS

than in cells incubated with soluble peptide (Fig. 2B, upper left
panel). We also made a quantitative comparison between the
overall K°OVAp distribution on the extracellular membrane of
MVA-OVA-infected and OVAp-incubated EL4 cells. This quan-
tification is based on the concept of IPR (28), commonly used in
quantum material science to ascertain the degree in which a ma-
terial behaves as a metal or an insulator. Intensity profiles of the
25D1.16 labeling (Fig. 2B, upper middle panel) were generated
using the Fiji platform (27), and normalized values of these in-
tensities were used as input for NIPR. The value of the NIPR is 1
for a perfectly homogeneous distribution and approaches 0 in
a distribution with a single peak (see Materials and Methods for
a detailed description and justification of the use of this concept).
The MVA-OVA-infected cells had a significantly lower NIPR
value than did the OVAp-incubated cells (Fig. 2B, upper right
panel), providing quantitative evidence for the visual observations
of the more discrete K°"OVAp distribution in virus-infected cells as
compared with peptide-incubated cells (Fig. 2A, upper row). The
different pattern of K°POVAp distribution between virus-infected
and OVAp-incubated EL4 cells excluded the possibility that the
observed patches were an artifact of the staining protocol. The
expression level and distribution of the total pool of K® molecules
were indistinguishable between virus-infected, peptide-incubated,
and untreated EL4 cells, as shown by flow cytometry, confocal
microscopy, and NIPR quantification (Fig. 2A, 2B, lower panels).
This indicated that the MVA-OVA virus did not cause major
perturbations of MHC class I expression at the plasma membrane
and therefore did not explain the discrete distribution of K"OVAp
observed upon infection. This was furthermore corroborated by
confocal analysis and quantification of the distribution of K"OVAp
complexes on EL4 cells infected with MVA-OVA and EL4 cells
infected with the parental MVA (MVA-WT) virus and simulta-
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FIGURE 3. Cholesterol-dependent clusters of closely associated K"OVAp complexes at the cell surface of MVA-OVA—infected EL4 cells. (A) Trans-
mission electron microscopy images of replicas of two MVA-OVA—infected EL4 cells (10 PFU/cell) labeled with the 25D1.16 Ab. Amplifications of the
numbered regions are shown on the right. Images were taken at magnification of 10,000 (upper cell) and 8,000 (lower cell). Scale bars: cells, 2 wm; details,
50 nm. (B) Details of replicas from MVA-OVA-infected EL4 cells treated or mock treated with methyl-B-cyclodextrin and labeled with the 25D1.16 mAb.
Scale bars: 50 nm. (C) Quantification of gold cluster size on replicas of methyl-pB-cyclodextrin—treated and mock-treated EL4 cells labeled with the 25D1.16
mAb. Data, representative of two experiments, show means = SD of the quantification of 14 treated cells (8,796 gold particles) and five mock-treated cells
(14,543 gold particles). Statistical significance of differences was calculated with a two-tailed, unpaired Student ¢ test. (D) Expression level of K°OVAp
complexes on EL4 cells treated or mock treated with methyl-B-cyclodextrin as measured by 25D1.16 staining and flow cytometry (gated on live cells).
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neously incubated with graded amounts of the soluble synthetic
OVAp (Supplemental Fig. 2). MVA-WT-infected and OVAp-
treated EL4 cells showed a broad distribution of K°OVAp, indis-
tinguishable from EL4 cells treated with OVAp alone.

Labeling with 25D1.16 of MVA-OVA-infected and soluble
OVAp-pulsed primary bone marrow—derived dendritic cells also
showed a marked difference in the distribution of K°OVAp
patches (Fig. 2C). This indicated that the formation of cognate
pMHC patches also occurred in physiologically relevant APCs
and suggested that this was a general phenomenon.

We finally compared the distribution of K°\OVAp complexes at
the cell surface of EL4 cells infected with MVA-OVA and E.G7-
OVA cells (19), EL4-derived cells that constitutively express full-
length OVA. In E.G7-OVA cells the KPOVAp distribution was
quite contiguous (Fig. 2D), very much as observed for the soluble
OVAp-incubated EL4 cells (see Fig. 2A and Supplemental Fig.
2B). Therefore, the discrete patches of KPOVAp observed in
MVA-OVA-infected EL4 cells was not merely the result of en-
dogenous expression and antigenic processing of the OVA protein,
but was related to the process of viral infection.

Molecular resolution of cognate pMHC clusters

The limited resolution of the confocal microsope did not permit an
estimation of the distances between individual K"OVAp complexes
within the discrete patches observed in the MVA-OVA-infected
cells. We therefore performed electron microscopy analysis of cell
surface replicas prepared from EL4 cells that had been infected with
MVA-OVA, fixed with paraformaldehyde, and labeled with the
25D1.16 mAbD. Clusters with directly apposed gold particles could
readily be detected (Fig. 3A, inset I), indicating that the distance
between individual K°OVAp complexes was =10 nm. Cluster size
generally ranged from 4 to 20 particles. There were membrane areas
devoid of K°OVAp clusters (e.g., Fig. 3A, inset 2) whereas in other
areas clusters tended to group together (Fig. 3A, inset I). In a few
replicas we detected very large clusters of more than a hundred gold
particles (Fig. 3A, inset 3) that, based on their size, could corre-
spond to the patches observed by confocal microscopy.

We previously showed that TCR nanoclusters are disrupted when
cholesterol is extracted from the cell surface membrane with
methyl-B-cyclodextrin (8). Treatment of MVA-OVA-infected EL4
cells with 5 mM methyl-B-cyclodextrin for 30 min at 37°C prior to
fixation and labeling of the cells resulted likewise in a clear re-
duction in KbOVAp cluster size (Fig. 3B, 3C). The reduction was
not due to removal of the K°OVAp complexes from the cell sur-
face membrane, as the intensity of 25D1.16 labeling measured by
flow cytometry did not change upon treatment (Fig. 3D). The
integrity of the K"OVAp clusters was therefore dependent on the
presence of cholesterol in the plasma membrane. Additionally,
even though cells were fixed before labeling with 25D1.16 and all
procedures were performed on ice to prevent K°"OVAp clustering
being provoked by the labeling procedure, the effect of methyl-
B-cyclodextrin treatment totally excluded this possibility.

Enrichment for cognate pMHC clusters correlates with
enhanced stimulatory capacity

We compared EL4 cells infected with MVA-OVA and EL4 cells
infected with the parental MVA virus and incubated with graded
amounts of soluble OVAp for their ability to stimulate K-restricted,
OVAp-specific OT-1 T cells (23). We measured the level of K"OVAp
expression on a small aliquot of each EL4 population by flow
cytometry (Fig. 4A). The remaining cells were cocultured for
2 d with the OT-1 T cells, after which the percentage of IFN-y—
producing OT-1 T cells was quantified by flow cytometry. The level
of K°OVAp expression on each EL4 population was plotted against

the percentage of IFN-y—producing OT-1 T cells induced by that
EL4 population (Fig. 4B). At identical densities of K°OVAp at the
cell surface EL4 cells infected with MVA-OVA were much more
potent inducers of IFN-vy production by the OT-1 T cells than were
MVA-infected EL4 cells loaded with soluble exogenous peptide.
Hence, these data show a correlation between the degree of pMHC
clustering and increased stimulatory capacity.

Discussion
These findings are relevant for understanding the mechanisms for
TCR signaling. The detection of clusters of MHC molecules

A B 7
‘/\/L MVA-OVA
MVA-WT + i +
— 10° pM OVAp ]
.
2 MVA-WT + ~ 50
10° pM OVAp =
E NI
= MVA-WT + @]
= N 10¢ pM OVAD +
8 -3
o MVA-WT + T 25
TJ' 10° pM OVAp =,
= o
/\ MVA-WT + -
|/ 10° pM OVAD S
A MVA-WT 0
\
T T 0 50 100 150 200

KE-OVAp K°>-OVAp expression level
on EL4 cells (mfi)
C Before infection After infection

F I "'00.9 2%
..p.’oa oﬂcb.;

MHC cluster

UL H e
MR

- APC plasma

- T celf plasma
membrane

TCR nanocluster I

TCR signaling

FIGURE 4. Comparison of stimulatory capacity of MVA-OVA-infected
and OVAp-incubated EL4 cells. (A) K"OVAp density on the cell surface of
EL4 cells infected with MVA-OVA (10 PFU/cell) and EL4 cells infected
with MVA-WT (10 PFU/cell) and incubated with graded amounts of sol-
uble OVAp. Cells were stained with the 25D1.16 mAb and analyzed by
flow cytometry. (B) In vitro activation of OT-1 T cells by MVA-OVA-
infected EL4 cells and EL4 cells infected with MVA-WT and incubated
with OVAp. The percentage (mean = SD of triplicate cultures) of OT-1
T cells producing IFN-y, measured by intracellular staining and flow
cytometry, was plotted against the level of K°"OVAp expression (mean +
SD of triplicate samples) by the Ag-presenting EL4 cells (as shown in (A)).
Data from one of three experiments are shown. (C) Model of pMHC dis-
tribution before and after virus infection. In noninfected cells MHC mol-
ecules (represented by individual dots) within clusters present a large
variety of peptides (indicated by different colors of dots). Upon infection,
clusters enriched for MHC molecules presenting viral peptides (red dots)
can be detected at the cell surface. (D) Model of multivalent engagement
between MHC nanoclusters and TCR nanoclusters. The MHC nanoclusters
need to contain minimally two agonistic Ag peptide molecules (in red) to
be able to trigger the TCR.
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presenting identical viral peptides upon virus infection provides
a solution to the paradox between the long-known need for mul-
tivalency of experimental, activating TCR ligands (Abs, pMHC
oligomers) and the notion that there is only a very small probability
that a few identical pMHC complexes within a sea of irrelevant
pMHC complexes will ever get close enough to engage the TCR in
a multivalent fashion (Fig. 4C). Second, they support a model
where the interaction between the TCR and its pMHC ligands is
multivalent, providing a mechanism whereby cooperation between
low-affinity interactions leads to an increased apparent affinity and
thus high sensitivity (Fig. 4D) (33). Our data are in agreement
with a recently published paper (34) in which it was shown by
optical microscopy that infection of fibroblasts with vaccinia virus
also leads to the accumulation of cognate pMHC complexes in
patches at the plasma membrane and that this distribution corre-
lated with increased stimulatory capacity. Our data expand these
finding by showing that pMHC patching also occurs in physio-
logically relevant APCs, that is, primary bone marrow—derived
dendritic cells, and, more importantly, by showing that cognate
pMHC complexes are indeed contacting each other, forming a su-
pramolecular structure or cluster.

The analysis by electron microscopy of replicas of MVA-OVA—
infected cells labeled with the 25D1.16 mAb permits us to get an
estimate of the distance between individual K°"OVAp complexes
within the clusters. The diameter of the gold conjugate used in this
study (10 nm) is approximately twice the lateral dimensions of the
a0 peptide—binding domain of the pMHC complex (4 X 5 nm?)
(30). Because we can resolve directly adjacent gold particles in
the clusters, this would mean that the distance between individual
K°OVAp complexes should not be >5 nm. It may even be less,
considering on the one hand that each 25D1.16 mAb has two
binding sites for the K"OVAp complex, and on the other hand that
steric hindrance between the protein A-gold conjugates and a
labeling efficiency of <100% might not allow detection of all
KPOVAp complexes within a cluster. These distances are in the
range of the estimated diameter of the TCR complex (35) and
spacing of individual TCR complexes within TCR nanoclusters
(7, 8). The cognate pMHC clusters could therefore facilitate
multivalent interactions with TCR nanoclusters that in turn could
give rise to the enhanced T cell response we observed.

KPOVAp-positive clusters are dependent on cholesterol for their
integrity. Transport of proteins from the trans-Golgi network to the
cell surface depends on cholesterol-enriched carriers (36), and it
would thus be expected that the K"OVAp complexes that arrived at
the cell surface in the first hours after infection would be enriched
in these cholesterol-rich cell surface domains. The more important
implication is that delivery of this already K°OVAp-enriched
composition at the cell surface is indicative of intracellular en-
richment. In agreement with this, Lu et al. (34) could indeed detect
cognate pMHC clusters as far down the secretory pathway as the
cis-Golgi. The exact mechanism causing the cognate pMHC en-
richment remains unclear but it may result from the burst of viral
protein expression that peaks a few hours postinfection. This burst
could lead to a preferential loading of newly synthesized MHC
class I complexes with viral peptides. This burst of viral protein
expression is general to all viruses. In the case of vaccinia virus and
its MVA derivative, a likely additional mechanism is that these
viruses, as many others, generate their own replication center in the
cytoplasm and recruit endoplasmic reticulum membranes to this
structure (37). It is therefore possible that endogenous MHC class I
molecules that are inserted upon cotranslational translocation into
endoplasmic reticulum membranes surrounding a viral replication
center will likely be confronted with virally derived peptides. Such
spatiotemporal considerations may also explain the differences in

COGNATE PEPTIDE-MHC NANOCLUSTERS

K°OVAp distribution between MVA-OVA—infected EL4 cells and
the E.G7-OVA cells. The OVA protein in E.G7-OVA cells is con-
tinuously and, most likely, ubiquitously expressed. Therefore, the
KPOVAp distribution we observe in these cells represents a steady-
state situation, with KPOVAp complexes with a wide range of
residence times at the cell surface. Some K°OVAp complexes
should have just reached the cell surface and would be still present
in the cholesterol-enriched surface domains. These would be re-
sponsible for the more intense patches observed in these cells.
Longer residing K°\OVAp complexes may over time have leaked
out of these domains, giving rise the “interstitial” labeling between
the patches. In contrast, infection of EL4 cells with MVA-OVA
leads to a temporally and possibly spatially constrained OVA ex-
pression. At the time of analysis the K"OVAp complexes at the cell
surface have reached the cell surface recently and would be ex-
pected to be still enriched in the cholesterol-enriched cell surface
domains. The spatial constraint of OVA expression would reduce
the number of K°OVAp patches at the cell surface.

Our results do not resolve whether the cognate pMHC clusters
exclusively contain cognate pMHC complexes. If this were the case, it
would be interesting from a cell biological point of view, as it might
shed light on potential mechanisms responsible for sorting individual
MHC class I molecules based on their peptide cargo. However, it
might be less relevant with regard to T cells, as long as the spacing of
individual cognate pMHC molecules does not exceed a critical dis-
tance. In vitro studies with artificial TCR ligands are compatible with
the existence of such spacing constraints on T cell activation (38).

In summary, our data show that clusters of cognate class | pMHC
can form under immunologically relevant conditions in primary
cells and cell lines. Such clusters may explain why T cells can
respond with high sensitivity to Ag even though the receptor—ligand
interactions that induce this response are of low affinity.

Note added in proof. After submission of this manuscript, P. Roche
et al. published a paper in which it was shown that clusters of cog-
nate-peptide MHC class II molecules can be detected at the cell
surface of dendritic cells upon uptake of Ag (39).
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Supplemental figure 1

Infection of EL4 cells by MVA-OVA and specific detection of K"OVAp complexes in
infected cells. A. EL4 cells were incubated with MVA-OVA virus at 10 moi for 1 hour
at 4 °C or 37 °C. All samples were washed to remove free virus and part of the sample
incubated at 37 °C was recultured for 5 hours at 37 °C. Cell lysates were prepared and
analyzed by SDS-PAGE and immuno-blotting using antisera specific for vaccinia (left
panel) or ovalbumin protein (Abcam, Cambridge, UK)( right panel). EL4 cells grown
for 1 hour at 37°C without virus were included as specificity control. A number of
virally encoded proteins could be detected whose expression depended on or increased
strongly upon reculture, indicating active translation of viral RNAs and thus effective
viral infection. B. EL4 cells infected for 6 hours with MVA-OVA at 10 moi and then
labeled with the 25D1.16 mAb, followed by permeabilization and staining with a
vaccinia antiserum and To-Pro. A representative mid-plane optical section obtained via
confocal microscopy is shown. Infected cells are identified by white arrows and non-
infected cells by white arrow heads.
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Supplemental figure 2

K"OVAp distribution at the cell surface of EL4 cells after viral infection and incubation with
soluble OVAp. A. Level of KOV Ap expression at the cell surface of EL4 cells infected with
the indicated viruses with or without co-incubation with graded amounts of OV Ap, measured by
staining with the 25D1.16 mAb and flow cytometry analysis. B. Distribution of K"OVAp
complexes on the same panel of cells, detected by double-staining with the 25D1.16 mAb (red)
and vaccinia antiserum (green) under non-permeabilizing conditions and analysis by confocal
microscopy. Representative mid-plane sections are shown. Note that, even though EL4 cells
infected with MVA-WT and co-incubated with 10 nM OV Ap have almost similar levels of
expression as the MVA-OVA infected cells (panel A), immunofluorescence staining is barely
detected, in agreement with the notion that the distribution of K"OVAp is more homogeneous
on these cells as compared to the MVA-OVA infected cells. C. Quantification of the
distribution of K"OVAp complexes via the NIPR for 12 cells of each of the indicated groups.
Statistical differences were calculated with a 2-tailed Student T test (** p<0.01; *** p<0.001).
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