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Sensitivity is essential in CD8+ T-cell killing of virus-infected cells
and tumor cells. Although the affinity of the T-cell receptor (TCR)
for antigen is relatively low, the avidity of T cell-antigen–presenting
cell interactions is greatly enhanced by increasing the valence of the
interaction. It is known that TCRs cluster into protein islands after
engaging their cognate antigen (peptides bound toMHCmolecules).
Here, we show that mouse Kb class I molecules segregate into pre-
formed, long-lasting (hours) clusters on the antigen-presenting cell
surface based on their bound viral peptide. Peptide-specific Kb clus-
tering occurs when source antigens are expressed by vaccinia or
vesicular stomatitis virus, either as proteasome-liberated precursors
or free intracellular peptides. By contrast, Kb

–peptide complexes
generated by incubating cells with synthetic peptides are exten-
sively intermingled on the cell surface. Peptide-specific complex
sorting is first detected in the Golgi complex, and compromised
by removing the Kb cytoplasmic tail. Peptide-specific clustering is
associated with increased T-cell sensitivity: on a per-complex basis,
endogenous SIINFEKL activates T cells more efficiently than syn-
thetic SIINFEKL, and wild-type Kb presents endogenous SIINFEKL
more efficiently than tailless Kb. We propose that endogenous pro-
cessing generates peptide-specific clusters of class I molecules to
maximize the sensitivity and speed of T-cell immunosurveillance.

MHC class I clustering | CD8 T cell recognition | dual-color TIRF imaging |
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CD8+ T cells recognize MHC class I molecules bearing oli-
gopeptides derived largely from proteasome degraded pro-

teins. Recognition is based on the activation of the T-cell receptor
(TCR) signaling complex. Sensitivity, a key feature of T-cell
immunosurveillance, enables detection of low copy number pep-
tides and accelerates recognition of virus-infected cells, where
speed is of the essence, because cells must be killed before the
release of progeny virus, which can occur within hours of infection.
Although the intrinsic affinity of the TCR for peptide–MHC

complexes (pMHC) is low (1, 2), the functional avidity of the T
cell-antigen–presenting cell interaction is greatly enhanced by
increasing the valence of the interaction. When exposed to
cognate pMHC on the antigen presenting cell surface, TCRs
cluster into protein islands (3, 4), increasing their sensitivity for
activation. Class I molecules are delivered to the cell surface in
clusters (5–8). T-cell sensitivity is increased by class I clustering
(9), but the relevance of clustering to detecting viral and other
endogenously generated peptides has yet to be established. Be-
cause clusters contain 50 or fewer class I molecules (5), it is dif-
ficult to see how this could enhance detecting viral peptides early
after infection, when viral peptides are of low abundance and
would be statistically unlikely to be present in the same cluster.
What if, however, there were a mechanism for enhancing

T-cell immunosurveillance by delivering viral peptides to the cell
surface in preformed clusters? Here, we use TCR-like reagents
to explore the generation of peptide-specific clusters by virus-
infected cells and cells exposed to synthetic cognate peptides.

Results
Peptide-Specific Clusters Predominate on the Cell Surface. To localize
peptide-specific MHC class I complexes by immunofluorescence,
we used the 25-D1.16 mAb (10) or 2C m67 TCR (11), which
demonstrate high specificity for mouse H-2 Kb class I molecule
complexed respectively with model antigenic peptides SIINFEKL
(SIIN) or SIYRYYGL (SIYR). To facilitate detection, we
infected L-Kb cells (L929 mouse fibroblasts stably transfected
with Kb) with recombinant vaccinia viruses (VVs) expressing
SIIN or SIYR as ubiquitin (Ub) fusion proteins. These peptides
are immediately liberated in saturating amounts from nascent Ub
by highly active cellular ubiquitin hydrolases (12, 13) [this mech-
anism is used for natural Ub synthesis, which is liberated from
Ub-Ub or Ub-ribosomal protein fusions (14)].
We used total internal reflection fluorescent (TIRF) micros-

copy to selectively image pMHC complexes at, or just below, the
plasma membrane (15). Imaging fixed, nonpermeabilized cells
at 4 h post infection (p.i.) with VV-Ub-SIIN or VV-Ub-SIYR
revealed that both 25-D1.16 and 2C m67 detected (via indirect
immunofluorescence) their cognate pMHCs in highly clustered
structures of 200–900 nm diameter (Fig. 1A). Imaging coinfected
cells clearly revealed a distinct spatial separation of Kb

–SIIN and
Kb

–SIYR complexes (Fig. 1B). Fixation immobilizes pMHCs
(confirmed by photobleaching following indirect staining), pre-
venting antibody-induced redistribution, but potentially intro-
duces artifactual clustering.
To avoid fixation or reagent-based cross-linking artifacts, we

imaged live cells with monovalent preparations of directly con-
jugated 25-D1.16 (Fab) and 2C m67 (naturally monovalent),
taking care to remove multivalent and aggregated species. Due
to the lower affinity of monovalent agents and lack of amplifi-
cation from secondary reagents, the signal-to-noise ratio suffers.
Exploiting the minute focusing volume of TIRF, we enhanced
the signal by imaging cells in the presence of direct conjugates.
Images were collected simultaneously by illuminating with two
wavelengths and collecting with dual aligned detectors (16). At
4 h post-co-infection with VV-Ub-SIIN and VV-Ub-SIYR, sur-
face Kb

–SIIN and Kb
–SIYR complexes were each highly clus-

tered and still predominantly nonoverlapping (Fig. 1C).
To determine the kinetic stability of clusters, we incubated

infected cells 4 h p.i. with brefeldin A (BFA) to abrogate cell-
surface delivery of new pMHC. This revealed that clusters re-
main spatially segregated on a peptide-specific basis for at least
2 h, and are therefore stable structures (Fig. 1D).
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Quantitative flow cytometry indicates that 4 h p.i. ∼50,000 Kb
–

SIIN complexes are present at the surface of cells infected with
VV-mCherry-Ub-SIIN (Fig. S1), similar to our previous findings
(17, 18). Because we detect ∼25% of the cell surface in the TIRF
imaging volume, which contains∼250 clusters, we can estimate that
each cluster contains ∼50 Kb

–peptide complexes. This is similar to
the class I clusters described by Edidin (5), and roughly matches the
number of TCRs per cluster detected by Lillemeier et al. (3).

Exogenously Loaded Synthetic Peptides Do Not Generate Highly
Clustered pMHC Complexes. To examine the potential contribution
of endogenous peptide loading per se to clustering, we generated
pMHCat the cell surface by incubating cells with synthetic peptides.
As a control, L-Kb cells exposed to a mixture of Alexa488-SIIN and
Alexa647-SIIN synthetic peptides demonstrate the high degree of
colocalization expected, and also little clustering by live-cell TIRF
(Fig. S2A). A near-identical pattern was observed when SIIN-
pulsed cells were incubated with a mixture of 25D1.16 Fab conju-
gated with either Alexa488 or Alexa647 (Fig. S2B). It is important
to note that cells pulsed with equimolar SIIN and SIYR then in-
cubated with Alexa647-conjugated 25D1.16 Fab and Alexa488-
conjugated 2Cm67 demonstrated extensive colocalization and little

clustering (Fig. 1 E and F) [similar results were obtained switching
the fluorescent labels (Fig. S2C)].
Together, these findings show that TIRF is capable of detecting

colocalization, and that clustering is not induced by 25D1.16 or
2Cm67. Rather, the mutually exclusive clustering of Kb

–SIIN and
Kb

–SIYR complexes requires endogenous antigen presentation.

Viral infection Generates Peptide-Selective Clusters in Distinct
Intracellular Compartments. To gain mechanistic insight into
peptide-specific clustering, we indirectly stained fixed and per-
meabilized cells with 25D1.16 4 h p.i. with VV-Ub-SIIN. Laser-
scanning confocal microscope imaging with marker antibodies
(Abs) revealed that Kb

–SIIN complexes are detected in the
distal-GC (Giantin, TGN 46 staining) and cis-GC (Giantin
staining), but not the endoplasmic reticulum (ER) (calnexin
staining) (Fig. 2A), ER exit sites (Sec 23 staining), or ER-GC in-
termediate compartment (ERGIC 53 staining) (Fig. S3A).
The absence of ER 25D1.16 staining is surprising, because

the ER is well established as the principal site of class I assembly
with transporter associated with antigen processing (TAP)-
transported peptides (19). The absence of 25D1.16 ER staining
is probably not due to rapid transport of peptide-loaded MHC

Fig. 1. Endogenously generated SIYR– and SIIN–Kb

complexes are expressed in distinct cell-surface
clusters. (A) (Left) L-Kb cells 4 h p.i. with VV
expressing Ub-liberated SIYR were stained with
biotinylated 2Cm67, followed by secondary staining
with Alexa 488-conjugated Streptavidin. After fix-
ation, cells were imaged with TIRF microscopy;
(Right) LKb cells infected with SIIN-expressing VV
were fixed, surface stained with 25D1.16 and then
stained with an Alexa647-conjugated goat anti-
mouse IgG secondary antibody. TIRF was performed
using a Leica AF6000× microscope equipped with a
100× objective. (B) Four hours post coinfection with
VV expressing Ub-liberated SIYR and SIIN (MOI = 1
for each), L-Kb cells were costained with biotinylated
2Cm67 and Alexa647-conjugated 25D1.16, followed
by secondary staining with Dylight488-conjugated
Streptavidin. Unsharp mask processing was per-
formed with Metamorph Imaging Series 7.1. (C)
Four hours p.i. with VV expressing Ub-liberated
SIYR or SIIN (MOI = 1 for each), L-Kb cells were
stained live with a mixture of directly conjugated
monovalent reagents, Alexa488-conjugated 2Cm67
and Alexa647-conjugated 25D1.16. Stained cells
were visualized live with dual-color TIRF. Enlarged
images showed the relative localization between
Kb

–SIYR and Kb
–SIIN on the cell surface. Unsharp

mask processing was done with Metamorph Imag-
ing Series 7.1. Note that of two cells in field, only
one is coinfected, providing an internal specificity
control for staining. (D) Kb

–SIIN still clustered after
abrogation of surface class I MHC delivery by BFA.
L-Kb cells were incubated with BFA at 10 μg/mL
starting at 4 h p.i. with VV expressing Ub-liberated
SIIN (MOI = 1). Two hours later, cells were fixed with
paraformaldehyde, surface stained with 25D1.16
and Alexa488-conjugated goat anti-mouse IgG sec-
ondary antibody. (E) Exogenous Kb

–SIYR and Kb
–

SIIN complexes colocalize. Human β2-microglobulin
(hβ2m)-sensitized L-Kb cells loaded with a mixture of
synthetic SIYR and SIIN peptides (5 μM each),
stained live with a mixture of Alexa488-2Cm67 and
Alexa647-25D1.16 Fab and imaged immediately by
dual-color TIRF. (F) Statistical analysis of the coloc-
alization coefficients between exogenous peptide
coloading and endogenous coinfection conditions
in L-Kb cells. More than 30 images were collected from each condition. After background subtraction, the correlation coefficient R was calculated with the
Image Correlation 1o plugin of National Institutes of Health Image J software.
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complexes from the ER, because prolonged incubation of
infected cells at 15 °C, which greatly retards ER export of na-
scent membrane proteins (20), failed to reveal Kb

–SIIN com-
plexes in the ER. As expected, we easily detected Kb molecules
in the ER using pAbs specific for the Kb cytoplasmic tail (Fig.
S3B), or Kb

–SIIN complexes if we used BFA to fuse the ER and
GC (21) (Fig. S3C). Could it be that TAP loads SIINFEKL in the
cis-GC (22–25)? This possibility is unlikely, because we fail to
detect TAP1-GFP in the GC of L-Kb (Fig. S3D). Based on this
finding, we tentatively conclude that peptide loading occurs in
the ER, but that other factors preclude detection of pMHC
complexes by 25-D1.16 or 2C m67.
We next coinfected cells with VV-Ub-SIIN and VV-Ub-SIYR.

Intracellular costaining with 25D1.16 and 2C m67 revealed sur-
prising noncolocalization between 25-D1.16 and 2C m67 staining
in the GC and other intracellular compartments (Fig. 2B). VV
synthesizes its gene products in viral factories (26). Under the
infection conditions used with high multiplicity coinfection, fac-
tories from individual viruses fuse at the resolution of light mi-
croscopy (26). Still, it was possible that compartmentalized
loading was related to generating mRNAs from distinct input
virions. To examine this possibility, we engineered a recombinant
VV that expresses SIIN and SIYR from a single mRNA with an
internal ribosomal entry site (IRES) sequence (Fig. 3A). The low
expression of the IRES-driven peptide (SIIN) necessitated using
a monovalent secondary anti-mouse IgG Ab to increase the sig-
nal. Still, we could clearly detect Kb

–SIIN and Kb
–SIYR as

distinct clusters via live-cell TIRF (Fig. 3B), demonstrating that
peptide-specific clusters can arise from a single viral factory.
Is cluster formation limited to peptides expressed by VV? We

found that cells expressing SIIN from a recombinant vesicular
stomatitis virus encoding GFP-Ub-SIIN express surface com-
plexes with similar kinetics (Fig. 3C) to VV-infected cells, and
generate clusters similar to those generated by VV-expressed
SIIN (Fig. 3D). Thus, pMHC clusters are generated by two
viruses with very different replication cycles.

Proteasome Liberated Viral Peptides Also Form Clusters. At this
point, we have studied viruses that generate peptides as products
liberated from Ub-fusions proteins. We extended these findings
to peptides generated by proteasomes from a rapidly degraded
nucleoprotein (NP)-SIIN fusion protein (Fig. 3E). Although
sensitivity precludes detection of intracellular Kb

–SIIN com-
plexes, live-cell TIRF 6 h following infection clearly revealed
the presence of Kb

–SIIN clusters (Fig. 3F) (27). Despite the
lower levels of Kb

–SIIN expression relative to cells expressing
Ub-liberated SIIN, clusters were of similar intensity, implying
that clusters are released from their loading sites after achieving
a threshold number.
We used live-cell TIRF to examine cells coinfected with VVs

expressing rapidly degraded NP fused to either SIIN or SIYR.
Once again, distinct surface Kb clusters segregated based on
their peptide cargo (Fig. 3G), extending this phenomenon to
proteasome-dependent–antigen processing.

Peptide-Specific Cluster Segregation Requires the Kb Cytoplasmic
Tail. The class I cytoplasmic domain modulates class I intra-
cellular trafficking (28–33). Removal of the Kb cytoplasmic do-
main (ΔKb) had little effect on class I cell surface expression,
kinetics of Kb

–SIIN expression, gross clustering of Kb
–SIIN

complexes, intracellular distribution, or efficiency of Kb
–SIIN

generation from cytosolic or defective ribosomal product (DRiP)-
liberated peptides (Fig. S4 A–E). Kb tail deletion, however, sig-
nificantly reduced the intracellular (Fig. 4A) and cell-surface
segregation (Fig. 4B) of Kb

–SIIN and Kb
–SIYR clusters in

coinfected cells. That maximal spatial segregation of SIIN and
SIYR complexes depends on the cytoplasmic tail of Kb provides
an important functional control that clustering is not an artifact
associated with detection of the complexes with 25D-1.16/2Cm67.
This observation extends the function of the class I cytoplas-

mic domain, previously shown to be involved with class I plasma
membrane internalization and endosomal trafficking (28–33).
Because the efficiency of Kb loading with SIIN is not affected
by the loss of the cytoplasmic tail, we infer that ΔKb properly
associates with TAP and functions normally in the peptide-
loading complex. This implies that the cytoplasmic tail affects
peptide segregation only after Kb release from the loading
complex, consistent with a role for the tail in maintaining Kb

–

peptide clusters in the GC and plasma membrane.

Peptide Clustering Enhances T-Cell Sensitivity. Do clusters enhance
T-cell sensitivity? We compared activation of OT-I transgenic T
cells (specific for Kb

–SIIN) by virus-infected (cluster generating)
vs. synthetic SIIN exposed L-Kb cells (no clusters). To compare
a similar range of sublimiting numbers of Kb

–SIIN complexes, we
infected cells for increasing times with VV-Ub-SIIN, abrogating
antigen presentation by exposing cells to BFA during the T-cell
activation assay. In parallel, we exposed cells to increasing
amounts of synthetic SIIN. Cells were then assessed for their
ability to activate OT-I IFN-γ synthesis by intracellular cytokine
staining and for Kb

–SIIN expression by binding of Alexa 647
25D1.16.BecauseVV-induced changes in antigen-presenting cells
that could potentially influence T-cell activation, we exposed cells
infected with a non-SIIN-expressing VV-βGal to synthetic SIIN.

Fig. 2. Kb
–SIIN and Kb

–SIYR complexes exist in distinct subcellular compart-
ments. (A) Four hours p.i. with VV-expressing Ub-liberated SIIN (MOI = 1), cells
were stained intracellularly with 25D1.16 and antibodies against the indicated
intracellular markers, followed by the appropriate secondary antibody stain-
ing. (B) Four hours p.i. with VVs expressing Ub-liberated SIYR and SIIN (each at
MOI = 1), cells were stained intracellularly using 2C m67 and 25-D1.16.
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OT-I cells are a more sensitive measure of Kb
–SIIN expres-

sion than 25D1.16 staining, as originally reported (10). We
could, however, detect 25D1.16 binding to VV-Ub-SIIN infec-
ted cells at 110 min postinfection, a time when T-cell activation
was not saturated. At this time point, infected cells gave
a 25D1.16 signal 195 mean fluorescent intensity (MFI) units
above background levels. To achieve the same level of T-cell
activation (∼12%), nearly six times as many Kb

–SIIN complexes,
1,124 MFI units, were present on peptide-sensitized cells
(Fig. 5A).

If clustering of endogenously generated peptides enhances
OT-I activation, then ΔKb, which exhibits less clustering than
WT Kb, should be less efficiently recognized per Kb

–SIIN com-
plex expressed (as determined by 25D1.16 binding). OT-I cells
are triggered with equal efficiency per Kb

–SIIN complex when
synthetic SIIN is presented by ΔKb vs. WT Kb (Fig. 5B), estab-
lishing that removing the tail does not negatively impact Kb

T-cell activation function. Next, we infected cells with VVs
expressing SIIN in the context of an Ub-fusion protein (Venus-
Ub-SIIN), rapidly degraded protein (L106P-SIIN-eGFP, Ub-R-

Fig. 3. Characterizing compartmentalized pre-
sentation. (A) Ub-liberated SIYR or SIIN peptides
were expressed by VV from a single mRNA with an
IRES under the p7.5 VV promoter as indicated. (B)
Because of low levels of SIINFEKL expression from
the IRES, it was necessary to treat L-Kb cells for 3 d
with IFN-γ to increase antigen presentation. Six
hours after infecting with the VV-Ub-SIYR-IRES-Ub-
SIIN (MOI = 1) cells were stained with Alexa488-
2Cm67 and Alexa568-25D1.16 Fab, followed by
secondary staining of the Kb

–SIIN complexes with
Dylight549-conjugated goat anti-mouse IgG Fab
to enhance the signal in the corresponding channel.
(C) Expression of surface Kb

–SIIN between VV-Ub-
SIIN and VSV-Ub-SIIN infections. At indicated times
p.i., we determined relative levels of surface Kb

–

SIIN complexes via flow cytometry after Alexa647-
25D1.16 staining. (D) Kb

–SIIN generated from
recombinant vesicular stomatitis virus clusters on
the cell surface. Four hours p.i. with either VV-Ub-
SIIN or VSV-Ub-SIIN, we visualized surface Kb

–SIIN
complexes with Alexa647-25D1.16 Fab in live TIRF.
(E) Construct used to visualize SIIN presentation
from a full-length protein consisting of Ub-Arg-NP-
SIIN-eGFP. Due to rapid N-end rule degradation, Kb

–

SIIN complexes are generated at 3× the rate relative
to NP-SIIN-GFP or ovalbumin itself. (F) Six hours p.i. VV-Ub-Arg-NP-SIIN-eGFP, L-Kb cells were labeled live with Alexa647-conjugated 25D1.16 Fab and visu-
alized live with TIRF. (G) Six hours after coinfection with VV-Ub-Arg-NP-SIIN and VV-Ub-Arg-NP-SIYR, L-Kb cells were stained live with a mixture of directly
conjugated monovalent reagents Alexa488-conjugated 2Cm67 and Alexa647-conjugated 25D1.16. Stained cells were visualized live with dual-color TIRF.

Fig. 4. Segregation of Kb
–peptide clusters is im-

paired when Kb is truncated of cytoplasmic tail. (A)
L929 cells stably transfected with wild-type (L929/
Kb) or cytoplasmic tail-deleted Kb (L929/ΔKb) were
coinfected with VV-Ub-SIIN and VV-Ub-SIYR (MOI =
1 for each). Four hours later, intracellular Kb

–SIYR
and Kb

–SIIN complexes were costained with 2Cm67
and 25D1.16 as described in Fig. 1C. The colocali-
zation between Kb

–SIYR and Kb
–SIIN complexes was

analyzed with NIH Image J. The P value is 0.0006
for colocalization correlation coefficient analyzed
with ∼10 images from each cell line by Mann-
Whitney nonparametric two-tail analysis. (B) Cells
infected as in A were stained with Alexa488-2Cm67
and Alexa647-25D1.16 Fab and imaged using dual-
color live TIRF. Forty images for each condition were
used for statistical analysis. The P value is less than
0.0001 using a Mann-Whitney nonparametric two-
tail analysis.
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NP-SIIN-eGFP), or stable protein (NP-SIIN-eGFP). In each
case, for nearly all time points p.i., OT-I cells were better acti-
vated by WT vs. ΔKb for equivalent or even diminished levels of
Kb

–SIINFEKL expression (Fig. 5C).
Taken together, the efficiency of OT-I activation on a per

complex basis parallels the degree of clustering. Synthetic pep-
tides demonstrate a large decrease in efficiency vs. endogenous
peptides in parallel with a near-complete decrease in clustering.
Removing the cytoplasmic tail has a less marked effect on T-cell
activation efficiency in parallel with a partial decrease in clus-
tering. These findings support the conclusion that the peptide-
specific clustering associated with endogenous antigen processing
enhances T-cell recognition.

Discussion
Despite the availability of class I peptide–specific reagents for
15 y (10, 34), there is little published on their detection of in-
tracellular complexes generated by endogenous antigen process-
ing. Makler et al. (35) exclusively detected an abundant naturally
processed CMV peptide complexed with HLA-A2 in the GC and
plasma membrane. Also, we were unable to detect Kb complexed
with either SIIN or SIYR in the ER, detecting each complex in
the GC and plasma membrane. Our inability to detect TAP be-
yond the ER strongly supports ER peptide loading. Kb

–peptide
complexes could be rapidly transported from the ER, resulting in
subdetectable steady-state levels. Arguing against this possibility,
however, we did not detect complexes when class I export from
the ER was retarded by 15 °C incubation. Further, Spiliotis et al.
(36) reported that peptide-loaded class I molecules accumulate at
ER export sites awaiting transport to the GC.

We therefore favor the idea that 25-D1.16 and 2C-m67 are
unable to detect their epitopes in the ER possibly due to steric
interference from proteins that participate in loading class I
molecules. Or, as an alternative, class I molecules may undergo
a conformational alteration upon release from the loading
complex needed to create the respective epitopes. The clear
staining of the ER by 25-D1.16 after BFA treatment, which
merges the ER and early GC compartments, as reported (10), is
consistent with either of these possibilities. We note that al-
though we previously used 25-D1.16 to detect Kb

–SIIN com-
plexes in the ER of cells incubated with synthetic SIIN, we were
unable to demonstrate the export of these complexes from the
ER (37), which suggests that they were aberrantly loaded.
Our most important finding is that endogenous antigen pro-

cessing generates intracellular clusters of class I molecules segre-
gated on the basis of their peptide cargo that are maintained for
hours after their delivery to the cell surface. Clusters could derive
from compartmentalized translation, resulting in localized TAP-
mediated transport and loading of peptides generated from the
translation products of an individual mRNA (38). Although the
generation of distinct clusters from the IRES construct argues
against this interpretation, we are not certain that the two gene
products are mediated by distinct ribosome populations. Alterna-
tively, clusters might arise by peptide-based sorting. Because clus-
ters are not generated when synthetic peptides are loaded
exogenously, this implies that such sorting is limited to endoge-
nously loaded complexes, perhaps during their export from the ER,
because we detect clustering in the cis-GC. Based on biophysical
imaging studies, Pentcheva and Edidin (39) concluded that class I
molecules cluster before they exit from the ER, and further, that

Fig. 5. Kb
–SIIN clustering is associated with in-

creased T-cell sensitivity. (A) L929/Kb cells infected
with VV-Ub-SIIN (MOI = 2) or VV-βGal (control) were
coincubated with OT1 CD8 T cells (E:T = 1:1) for 1.5 h
in the presence of brefeldin A. IFN-γ expression was
measured by flow cytometry for intracellular anti-
IFN-γ expression, gating for CD8α+ cells. In parallel,
L929/Kb cells were stained with 25D1.16 for surface
Kb

–SIIN expression. For peptide loading, hβ2m sen-
sitized L929/Kb cells were infected with VV-βGal for
2 h followed by peptide incubation for 1 h at 4 °C.
Arrows and numbers indicate the MFI of Kb

–SIIN
required in each condition to achieve equivalent
levels of OT1 activation. (B) L929/Kb or tailless L929/
ΔKb cells pretreated with human β2m were loaded
with SIIN peptide and tested for their ability to ac-
tivate OT-I cells as in A. (C) OT-I activation tested as
in A with L929/Kb or tailless L929/ΔKb cells after in-
fection with indicated recombinant VV expressing
SIIN in the form of peptide (Venus-Ub-SIIN) or full-
length rapidly degraded (L106P-SIIN-eGFP, Ub-Arg-
NP-SIIN-eGFP) or stable (NP-SIIN-eGFP) proteins.
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wild-type class I molecules and a mutated version unable to bind
TAP formed separate clusters. Could it be that the clusters they
observed also segregate based on their peptide cargo?
Cluster segregation is partially dependent on theKb cytoplasmic

tail. MHC class I tail truncations are known to increase the mo-
bility of class I molecules on the cell surface (32, 40), suggesting
that the Kb tail helps to maintain clusters once they are formed,
rather than participating in cluster generation. Indeed, removing
the tail did not detectably affect the efficiency of Kb

–SIIN loading
from various VV-encoded SIIN-containing gene products.
Edidin and colleagues have reported that class I clustering

increases the sensitivity of T-cell recognition (6, 9, 39). Our
findings imply that this is due to clustering at the level of in-
dividual peptides. Such clustering would greatly facilitate the 2D
binding properties known to be important in T-cell activation (3,
41, 42), and synergize with the recognition events involving self-
peptide/MHC and the TCR/CD8 complex (43, 44). We show
that at equivalent levels of Kb

–SIIN expression, virus-infected
cells are recognized more efficiently than synthetic peptide-
sensitized cells, and that Kb tail deletion reduces T-cell activation
on a per-complex basis consistent with enhanced triggering by
preformed clusters with endogenous peptides.
Clustering could be particularly important for recognition of low

abundance peptides, and could contribute to the high sensitivity of

tumor-specific T cells that recognize peptides from low abundance
translation products. Peptide segregation might also mitigate the
effects of naturally processed self-antagonist peptides on T-cell
recognition. Clearly, much remains to be learned about the orga-
nization of MHC class I peptide complexes on the antigen pre-
senting cell (APC) surface and the biological effects of peptide-
specific clustering.

Materials and Methods
We infected LKb cells with rVVs expressing antigenic SIINFEKL (SIIN) or SIYRYYGL
(SIYR) at the multiplicity of infection (MOI) indicated and detected Kb

–peptide
complexeswithmAb25D1.16 or TCR-likemolecule 2Cm67. Intracellular staining
was visualized using Leica TCS-SP5 DMI6000, and surface staining was visualized
using a custom-made dual-color TIRF microscope (16). Kb surface expression was
measured using a BD LSR II flow cytometer. OT-I CD8 T-cell lines stimulated ex
vivo were coincubated with infected wild-type L929/Kb cells or cytoplasmic tail-
deleted L929/ΔKb cells, the activation was measured by intracellular cytokine
IFN-γ expression in OT1 T cells. Exogenous peptides were loaded onto cells in-
cubated overnight with human β2-microglobulin (5 μg/mL). Details of experi-
mental conditions and analysis are described in SI Materials and Methods.
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