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MHC molecules are not randomly distributed on the plasma membrane but instead are
present in discrete nanoclusters. The mechanisms that control formation of MHC I
nanoclusters and the importance of such structures are incompletely understood.
Here, we report a molecular association between tetraspanin-5 (Tspan5) and MHC I
molecules that started in the endoplasmic reticulum and was maintained on the plasma
membrane. This association was observed both in mouse dendritic cells and in human
cancer cell lines. Loss of Tspan5 reduced the size of MHC I clusters without affecting
MHC I peptide loading, delivery of complexes to the plasma membrane, or overall sur-
face MHC I levels. Functionally, CD8 T cell responses to antigen presented by
Tspan5-deficient dendritic cells were impaired but were restored by antibody-induced
reclustering of MHC I molecules. In contrast, Tspan5 did not associate with two other
plasma membrane proteins, Flotillin1 and CD55, with or the endoplasmic reticulum
proteins Tapasin and TAP. Thus, our findings identify a mechanism underlying the
clustering of MHC I molecules that is important for optimal T cell responses.
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Antigen presentation is necessary for T cell immune surveillance of infected and trans-
formed cells. CD8 T cell activation is primarily driven by the presentation of peptides
from endogenously expressed proteins on MHC class I molecules (1, 2). Exogenous anti-
gens can also be presented on MHC class I molecules by professional antigen presenting
cells (APC) using a process termed cross-presentation (3). T cells can be stimulated by
low numbers of their specific MHC I-presented peptides. How small numbers of anti-
genic complexes present in the context of much more abundant nonactivating (self) pep-
tides can efficiently stimulate CD8 T cells has been a subject of much interest (4–6).
Antigen-specific T cell stimulation is initiated by direct contact of the T cell receptor

(TCR) with their cognate peptide-bound MHC complexes (pMHC) on APCs. Multi-
merization of the TCR has been proposed to be a requirement for signaling through
the TCR–CD3 complex (7, 8). TCR signaling occurs primarily in dense clusters of
these receptors on the surface of T cells (9). TCRs may preexist as aggregates (10–12),
although this has been questioned (13), and may be clustered as a result of interaction
with pMHC complexes (9). The mechanisms that underlie the clustering of TCR are
incompletely understood.
The observation that in the absence of TCR, MHC molecules reside in preformed

nanoclusters on APCs has suggested that these antigen complexes are poised to aggre-
gate cognate TCRs (14). Formation of MHC nanoclusters on APCs has been demon-
strated in both resting and activated APCs (14–20), and such clusters are thought to
play a role in T cell activation by increasing the sensitivity of the T cell response
(21, 22). The mechanisms that underlie the clustering of MHC I molecules on APCs
are incompletely understood.
Tetraspanins (Tspans) are a large family of proteins containing four transmembrane

domains that have been shown to regulate protein trafficking and compartmentaliza-
tion (23, 24). Tspans can help organize the plasma membrane (PM) into Tspan-
enriched microdomains (TEM), in which certain membrane proteins reside. A number
of Tspan proteins (CD9, CD37, CD53, CD81, and CD82) have been shown to asso-
ciate with MHC II molecules in various professional APCs (25–27). Where examined,
the loss of these Tspans does not reduce MHC II clustering (28). Therefore, whether
Tspans are needed to form and maintain MHC II clusters isn’t clear. Even less is
known about Tspans and MHC I molecules. In two previous reports, Tspan proteins
(CD53, CD81, and CD82) have been observed to weakly associate with MHC I mole-
cules (25, 29), although the functional significance of this interaction was not resolved.
Previously, we had performed a genome-wide forward genetic screen in dendritic

cells (DC) to identify novel genes regulating MHC I cross-presentation (BioStudies
S-BSST306) (30). One of the gene candidates that was identified was the Tspan family
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member, Tspan5. A role for Tspan5 in antigen presentation
was not previously recognized. Here we validate Tspan5’s role
in antigen presentation. Our data show that Tspan5 directly
associates with MHC I molecules and that this association is
needed for the formation of large MHC I clusters on DCs, and
that these clusters are needed for optimal stimulation of CD8
T cells.

Results

Tspan5 in DCs Is Necessary for Optimal Stimulation of CD8
T Cells by pMHC I Complexes. In order to determine the role of
Tspan5 in antigen presentation, Tspan5 small-interfering RNA
(siRNA) were transfected in a mouse DC clone (DC3.2), which
resulted in a marked (98 ± 2.3%) reduction in Tspan5 mRNA
and surface expression (SI Appendix, Fig. S1A). Alternatively,
these DCs were transfected with a negative control siRNA target-
ing the MHC II protein H-2 I-A β-chain (this protein is not
involved in MHC I presentation) or positive control siRNA tar-
geting the light chain of the MHC I molecule, β-2-microglobulin
(β2M). siRNA-treated DCs were incubated with ovalbumin
(Ova)-conjugated beads, as a source of particulate antigen for
cross-presentation, and cultured with a CD8 T cell hybridoma
(specific for H-2Kb bound to Ova257–264). This hybridoma
(hereafter referred to as RF33.70-Luc) contains luciferase under
the control of the interleukin (IL)-2 promotor element NFAT
and produces luciferase in proportion to the amount of
TCR-stimulation (30). Stimulation of the Ova-specific, MHC
I-restricted CD8 hybridoma by the Tspan5-deficient and
β2M-deficient (positive control) DCs was significantly reduced
compared to the negative control DCs (MHC II I-A β-chain)
(Fig. 1A).
Next, we tested whether silencing of Tspan5 also blocked pre-

sentation of endogenously expressed Ova. For this purpose, we
used another DC (DC2.4) that had been engineered to express a
nonsecreted form of Ova (NS-Ova) under the control of a doxy-
cycline (Dox)-inducible promoter. Stimulation of the CD8 T
cell by DC2.4 expressing the endogenous Ova antigen was also
inhibited by the loss of Tspan5 and β2M (Fig. 1B). These results
indicate that Tspan5 influences CD8 T cell stimulation by both
endogenous antigen, antigen presented by the classic or direct
pathway, and exogenous antigen, which is cross-presented.
In contrast, opposite results were obtained when silenced DCs

were incubated with the same exogenous antigen but then incu-
bated with a CD4 T cell hybridoma (MF2.2D9-Luc, specific for
I-Ab bound to Ova258–276) to assay for MHC II antigen presen-
tation. Stimulation of the Ova-specific, MHC II-restricted CD4
hybridoma by the I-A–silenced DCs (MHC II) was inhibited
compared to the Tspan5-deficient and β2M-deficient DCs (Fig.
1C). Note that for MHC II presentation, the β2M-deficient
DCs serve as a negative control (since β2M is not needed for
MHC II presentation), while the MHC II-deficient DCs now
serve as a positive control. These results indicate that loss of
Tspan5 did not affect MHC class II-restricted presentation, and
therefore Tspan5 was selectively required for responses to MHC
I-presented antigen.
We also knocked out Tspan5 using CRISPR/Cas9 to deter-

mine if the loss of MHC I antigen presentation was replicated by
an independent technique. In these cells, TIDE analysis revealed
that the Tspan5 gene was disrupted in greater than 90% of cells,
resulting in a significant loss of Tspan5 (SI Appendix, Fig. S1B).
Antigen presentation with Tspan5-deficient DCs incubated with
exogenous particulate antigen and the CD8 T cell hybridoma
was significantly reduced as compared to control CRISPR/Cas9

DC cells (negative control [Ctrl]) (Fig. 1D), which is a similar
result to that observed with siRNA-silencing of Tspan5 (Fig. 1A).

To prove that these effects were due to loss of Tspan5
expression, we reconstituted Tspan5 expression through trans-
duction of Tspan5 with synonymous mutations that prevented
it from being targeted by our guide RNAs. Reconstitution of
Tspan5 expression (Fig. 1 E and F), but not a control protein
(Negative Ctrl reconst.), completely restored CD8 T cell activa-
tion over a wide dose of antigen (Fig. 1E). Together, these data
confirm that the loss of MHC class I presentation is specifically
due to the loss of Tspan5 expression. These data together with
our knockdown data (Fig. 1 A and B) demonstrated that block-
ing Tspan5 expression resulted in an inhibition of MHC I
presentation.

The Defect in Antigen Presentation Is Not Due to a Loss of
Peptide-Loading or Trafficking of MHC I Complexes. Tspan5
was previously shown to regulate ADAM-10 membrane expres-
sion, by controlling endoplasmic reticulum (ER) to membrane
trafficking and membrane retention of this metalloprotease
(31, 32). The inhibition in MHC I presentation we observed in
Fig. 1 could have been a result of a defect in MHC trafficking
or limited peptide supply/loading (which are required for release
of MHC I from the ER) leading to suppressed MHC class I at
the PM. However, in the absence of Tspan5, MHC I expression
in steady-state conditions was not altered (Fig. 2A and SI
Appendix, Fig. S2A). Next, we exposed DCs to low pH to dena-
ture the pMHC I complexes on the PM and then quantified by
flow cytometry the reappearance of new MHC I complexes on
the cell surface over time. This assay essentially measures the pro-
duction and transport kinetics of new pMHC I complexes. Loss
of Tspan5 did not reduce the reexpression of surface MHC I
complexes (Fig. 2B). Since this regeneration of MHC I com-
plexes requires nascent MHC I molecules to assemble, load with
peptide, and then to be transported to the PM, these results indi-
cated that none of these processes require Tspan5 (Fig. 2B).

Next, we further tested whether the loss of Tspan5 affected the
levels of surface peptide-loaded MHC I complexes that are gener-
ated from endogenously expressed Ova. We induced expression
of endogenous Ova with Dox and subsequently stained control
or Tspan5-deficient cells with an antibody (25D1.16) that detects
S8L peptide-bound H-2Kb molecules. Similar to total class
I levels (Fig. 2 A and B), the levels of these specific pMHC
I complexes were also not altered by the lack of Tspan5 expres-
sion (Fig. 2C). Finally, we explored whether Tspan5 plays a role
in the membrane retention or internalization of class I molecules
by following class I expression after blocking transport of new
complexes from the ER with Brefeldin A (BFA). Our data show
no change in the rate of internalization of MHC class I in the
presence or absence of Tspan5 (Fig. 2D and SI Appendix, Fig.
S2B). Taken together these data indicate that the loss of Tspan5
does not affect the assembly, peptide-loading, ER-to-membrane
transport, or membrane retention of MHC I molecules.

Tspan5 Selectively Affects pMHC I-Stimulated Responses. Our
findings that the overall levels of pMHC I complexes were not
reduced in Tspan5-deficient cells, raised the possibility that
Tspan5 was contributing to T cell stimulation in ways other than
through antigen presentation (e.g., affecting costimulation or
adhesion molecules). We first examined the effect of Tspan5-loss
on the expression of major costimulatory and adhesion molecules
and found that expression was not altered by the loss of Tspan5
(SI Appendix, Fig. S3A). Since T cell hybridomas generally don’t
require costimulation, a Tspan5-effect on costimulatory molecules
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Fig. 1. Loss of Tspan5 expression selectively inhibits MHC class I presentation. (A) DC3.2 cells were treated with siRNA for the MHC class II gene H-2 I-A
β-chain (black), the MHC class I light chain β2M (white), or Tspan5 (gray). A titration of Ova-conjugated beads was cultured with these DCs and the CD8+ T
cell hybridoma RF33.70-Luc and after 16 h, cross-presentation was assayed by measuring luciferase activity. The line graph shows an antigen titration for a
representative experiment and the bar graph shows averages of greater than or equal to three experiments taken at a single antigen dose. (B) Similar to A,
except instead of Ova-beads, endogenous cytosolic Ova (NS-Ova) expression was induced in DC2.4 cells using doxycycline for 4 h, at which time BFA
(to block further egress of pMHC I complexes) and CD8 T cells were added for the remaining 16 h. (C) Similar to A, except instead of measuring MHC I pre-
sentation, MHC II presentation was measured with the CD4+ hybridoma MF2.2D9-Luc and siRNA for β2M (MHC I, white) was used as the negative control.
(D) Cross-presentation was assessed in DC3.2 cells gene-edited with CRISPR/Cas9 transduction without a guide (Neg Control, black), with guides targeting
β2M (MHC I (white), or with guides targeting Tspan5 (gray). Ova-beads were used as a source of antigen and assayed as described in A. (E) DCs were trans-
fected with Cas9, without guide RNA (Neg Ctrl. CRISPR, circle) or with Tspan5 targeted guides (Tspan5 CRISPR, triangle) as shown. Neg Control or Tspan5
knockout DCs were then transfected with an empty plasmid (Neg. Ctrl. reconst.) or with a mutant form of Tspan5 that cannot be targeted by Tspan5 guide
RNAs (Tspan5 reconst.) and presentation of Ova was assayed as in D. Left graph shows representative data over a dose range of Ova-conjugated beads,
while the Right bar graph shows luciferase activity normalized to the nontargeting control with the mean + SD from three independent assays. (F) Western
blot of lysates from DCs shown in D were probed for the Tspan5 expression (HA-tag). (GAPDH serves as the loading control). T cell activation was assessed
by the production of luciferase under control of an NFAT promoter in all assays. RLU refers to luciferase activity expressed as relative light units. Data in A–D
are representative of greater than or equal to three independent experiments. Statistics were calculated from independent experiments using one-way
ANOVA. P values were based on Tukey’s multiple comparison test; NS = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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was unlikely to be the basis for reduced T cell stimulation. To
further determine whether the defect in T cell responses with
Tspan5-deficient DCs was due to effects on MHC I molecules
directly versus an alteration in other receptor-ligand interactions,
we activated T cells in a way that bypassed the requirement for
MHC I molecules, but still required costimulatory molecules and
adhesion molecules (33). We used naïve TCR transgenic CD8 T
cells (OT-1) for this analysis because these cells are dependent on
adhesion and costimulation for activation (34). First, we con-
firmed that activation of these primary CD8 T cells through
pMHC (Ova-conjugated beads) was reduced in the absence of
Tspan5 (Fig. 3A). In contrast, when the requirement for MHC
class I was bypassed using anti-CD3 bound to Fc-receptors
expressed on DCs, OT-1 T cell activation was unaffected by the
loss of Tspan5 over the entire anti-CD3 dose–response curve
(Fig. 3B). Furthermore, we included a group with an anti–LFA-1
blocking antibody to confirm that LFA-1 was required for DC
stimulation of naïve T cells through anti-CD3, and it inhibited
the T cell response, as expected (SI Appendix, Fig. S3B).
These results, together with our findings that loss of Tspan5

does not affect peptide-MHC II-stimulated CD4 T cell responses

(that are also dependent on the same accessory receptor–ligand
interactions), argue that Tspan5 is contributing to T cell stimula-
tion through effects on MHC I molecules directly. To determine
whether Tspan5 regulates antigen presentation of a different
antigen (LCMV) and a different MHC I class I molecule
(H-2D), we generated effector T cells from p14 TCR trans-
genic mice. DCs silenced for Tspan5 or for control proteins
were then infected with LCMV, which generates GP33–41 pep-
tides presented on H-2D molecules. Similar to the defects
observed with Ova presentation (SI Appendix, Fig. S3C),
LCMV-infected DCs were also defective in presenting antigen
in the absence of Tspan5 (Fig. 3C). These data generalize the
requirement of Tspan5 for optimal activation of multiple pri-
mary T cells being stimulated by different MHC I molecules.

Tspan5 Association with MHC Class I Molecules. Given the
selective effects of Tspan5-deficiency on MHC I-stimulated
responses, we investigated whether Tspan5 molecules associated
with MHC I complexes using several different techniques. First,
we analyzed whether Tspan5 coimmunoprecipitated with MHC
I molecules. In these experiments, we expressed HA-tagged
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Fig. 2. Expression and peptide-loading of MHC class I molecules are not affected by the loss of Tspan5 expression. (A) DC2.4 cells were treated with siRNA
for the MHC class II gene H-2 I-A β-chain (MHC II), the MHC class I light chain, β2M (MHC I), or Tspan5. H-2K expression at the PM was assessed by flow
cytometry 48 h after silencing. Data shown are from a representative experiment (Left) or normalized data expressed as the percent MHC I expression com-
pared to MHC II (I-Aβ) siRNA treated control with means + SD of six independent experiments (Right). (B) Similar to A, except surface MHC class I molecules
were removed from silenced DCs by acid stripping and then allowed to recover over time (MHC II, black), the MHC class I light chain (MHC I, white) or Tspan5
(gray). Data are representative of n > 3 independent experiments. (C) DCs were silenced for 48 h and then antigen synthesis was induced with increasing
concentrations of Dox. Production and egress of Ova-MHC I complexes was measured by analyzing surface Ova peptide-bound H-2K molecules by flow
cytometry (25D1.16 antibody). The line graph is a representative experiment, and the bar graph shows means ± SD of greater than or equal to three experi-
ments taken at a single dose of Dox (Right). (D) DCs were treated with siRNA targeting H-2 I-A β-chain (MHC II [I-Aβ], black) or Tspan5 (gray). Cells were
treated with BFA to block egress of new MHC I molecules from the ER. Remaining surface MHC I molecules were analyzed over time by flow cytometry. Data
are representative of three independent experiments. Statistics were calculated using one-way ANOVA. P values were based on Tukey’s multiple comparison
test; NS = not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Tspan5 and Myc-tagged MHC I in 293T cells and then immu-
noprecipitated MHC I molecules from clarified detergent cell
lysates. The immunoprecipitates were then analyzed for the

presence of Tspan5 by Western blot. In these experiments,
Tspan5 coimmunoprecipitated with both H-2K and H-2D
MHC I molecules (Fig. 4A). Alternatively, we immunoprecipi-
tated Tspan5 and confirmed its association with H-2K by
Western blot (Fig. 4B). In contrast, two other PM-associated
proteins, Flotillin1 and CD55, did not comimmunoprecipitate
with Tspan5 (Fig. 4B) and similar negative controls with ER
proteins will be described below. Therefore, Tspan5 is selec-
tively associating with the MHC molecules. These experiments
suggest that MHC I molecules are directly associated with
Tspan5 and are present in Tspan5-enriched membrane domains.
These findings led us to perform additional experiments to probe
the Tspan5–MHC I interaction.

In a second approach, we used a split luciferase complemen-
tation assay to test for molecular associations in situ in living
DCs (35). In this assay, fragments of luciferase, which are not
themselves enzymatically active (Fig. 4C), are fused to the intra-
cellular domains of test proteins. If the test proteins are in close
proximity (35), then the two different luciferase fragments can
interact and become catalytically active (Fig. 4C). In our experi-
ments, MHC class I molecules, H-2K or H-2D, were fused to an
inactive small fragment of the NanoLuc luciferase molecule (S),
while the larger inactive fragment of luciferase (L) was fused to
Tspan5 (Fig. 4C). When these constructs were expressed in 3T3
cells, both H-2K and H-2D interacted with Tspan5 to reconsti-
tute luciferase activity (measured by generation of luminescence
from furimazine) (Fig. 4D). In contrast, luciferase activity was
not generated between a control membrane protein (CD40)
and Tspan5 split luciferase fusions (Fig. 4D). These findings
further demonstrate that Tspan5 and MHC I molecules interact
in living cells.

In a third set of experiments, we used a different molecular
complementation approach to further confirm the above results
and address in what subcellular compartments class I associated
with Tspan5. This system used a split GFP complementation
assay, which exhibited rapid folding properties (36); one part of
GFP was fused to MHC I molecules and the other portion to
Tspan5. When GFP fragments (exons 1 to 10) fused to Tspan5
or to MHC I (GFP exon 11) are coexpressed with control pro-
teins in L929 cells, no fluorescence was detected, as expected
(SI Appendix, Fig. S4 A, Left and Center). However, a strong
fluorescence signal was generated when the MHC I and Tspan5
GFP fusion constructs were coexpressed (SI Appendix, Fig. S4 A,
Right). These results further confirmed that MHC I and Tspan5
were in very close proximity in living cells. When analyzed by
confocal microscopy, a portion of the GFP fluorescent signal
was present on the cell membrane and colocalized with WGA, a
marker for the PM (Fig. 4 E, Upper).

In addition, in optical sections through the ER, which was
marked by mCherry-Sec61b, there was substantial colocaliza-
tion of the Tspan5–MHC I complementing GFP fluorescence
with Sec61b (Fig. 4 E, Lower). When we quantified the intra-
cellular pool of MHC I by flow cytometry, it was similar
whether the MHC I and Tspan5 molecules were fused with
GFP-complementation fragments (SI Appendix, Fig. S4C), or
small epitope tags (SI Appendix, Fig. S4D), or cells were just
transfected with MHC I without Tspan5 (SI Appendix, Fig.
S4E); therefore, the intracellular pool of MHC I was not an
artifact of the GFP fusion or overexpression of Tspan5. Also, as
described above, the transport of newly synthesized MHC I
molecules (Fig. 2B) to, and steady-state levels (Fig. 2A) on, the
cell surface were not affected by loss of Tspan5, indicating that
Tspan5 does not arrest MHC I molecules in the ER. In inde-
pendent experiments, we evaluated whether Tspan5 associated
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with MHC I in the ER, by analyzing the maturation of its
glycans. The Tspan5 that coimmunoprecipitated with MHC I
molecules had both endoglycosidase H-sensitive (a property of
proteins that are in the ER or early Golgi) and resistant (a
property of proteins in that have passed through the late Golgi)
species (SI Appendix, Fig. S4F), which confirmed an association
between these molecules in the ER and thereafter.
After assembling in the ER, MHC I molecules incorporate

into a peptide-loading complex (PLC), wherein they bind Tapa-
sin and TAP. To gain further insight into when Tspan5 was
associating with MHC I in the ER, we investigated whether it
was associating with the PLC. We first assayed for molecular
proximity between these molecules using the split-luciferase
complementation system. We detected no luciferase complemen-
tation between Tspan5 and either Tapasin or TAP (SI Appendix,
Fig. S4 B, Right). In contrast, and as expected, complementation
was detected between MHC I and Tspan5, Tapasin and TAP,
which served as positive controls (SI Appendix, Fig. S4 B, Left).
Consistent with these results, in a further experiment we could
not detect coimmunoprecipitation of Tspan5 with Tapasin
(Fig. 4B). Together, these data suggest that Tspan5 interacts
with MHC I molecules after they are released from the PLC.
These data show that Tspan5 associated with MHC I mole-

cules in the ER, where newly synthesized class I molecules first
form and bind peptide, and that this association was main-
tained on the PM, where pMHC complexes are available to
interact with cognate TCRs on CD8 T cells.

Loss of Tspan5 Disrupts MHC I Nanoclusters. A number of
other Tspans have been shown to affect the clustering of mem-
brane proteins (37–39). These findings, together with our data
showing that the loss of Tspan5 affects MHC I-dependent
responses without reducing overall surface levels of MHC I, led
us to examine by immunofluorescence microscopy how Tspan5
influenced the distribution of MHC I on the surface of DCs.
To eliminate potential artifacts of bivalent antibody-induced
movement of receptor proteins even after fixation (40–42), we
used a direct-labeled Fab-fragment specific for the class I mole-
cule, H-2K (Y3-Fab). When analyzed by confocal microscopy,
MHC I was found to be distributed in clusters on the cell sur-
face, as has been reported by others (15, 21, 43, 44) (Fig. 5A).
In Tspan5-deficient DCs, MHC I clusters were smaller, less
intense, and more numerous (Fig. 5). Although control and
Tspan5-deficient cells have the same amount of MHC I on
their cell surface (Fig. 2A and SI Appendix, Figs. S2A and S5C),
fluorescent confocal micrographs of Tspan5-deficient cells
appear less bright to the eye (Fig. 5A). Presumably, this optical
appearance is due to their clusters being smaller and less intense
and also because these cells may have more MHC I-distributed
diffusely outside of clusters. Using image analysis software,
we quantified changes in the intensity, number and mean area
of MHC I clusters. In the absence of Tspan5, the intensity of
molecules per cluster (which is proportional to the number of
MHC I molecules within a cluster) decreased by ∼50% (Fig. 5
A, Left graph). Fig. 5A also shows that in the absence of Tspan5,
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the area of clusters decreased as compared to control-treated cells
(Fig. 5 A, Right graph), while the total number of MHC I clus-
ters was increased. Therefore, Tspan5 is needed to form and
maintain large MHC I nanoclusters and in its absence MHC I is
organized into more smaller clusters with fewer MHC I mole-
cules per cluster. To exclude the possibility that fixation of cells
was influencing MHC I clustering, we performed the same anal-
ysis on live cells and observed similar results (SI Appendix,
Fig. S5A).
We extended our studies to the human osteosarcoma cells,

U2OS. Tspan5 knockdowns were equally as efficient in human
U2OS cells as in mouse DCs (SI Appendix, Fig. S5 B and C).
We visualized the distribution of MHC I molecules by staining
with fluorophore-labeled Fab fragments of the HLA-specific
antibody, W6/32. Our data demonstrated that in the absence
of Tspan5, MHC I cluster intensity and area were also signifi-
cantly reduced and cluster number was significantly increased
(Fig. 5B). Our findings are consistent with other studies show-
ing that changes in Tspan expression or mutations affecting
function of Tspans can affect cluster size/area and the density
of associated proteins in clusters (37). Taken together, our data
indicate that Tspan5 is influencing the distribution of MHC I
molecules on the cell surface.
Since clustering of TCRs and their MHC ligands is needed for

optimal T cell activation, the reduction in MHC I cluster size in
Tspan5-deficient cells could explain why the loss of Tspan5
inhibits the ability of DCs to stimulate CD8 T cell responses. To
test this hypothesis, we examined whether increasing the cluster-
ing of MHC I molecule through antibody-mediated cross-linking

could restore the ability of Tspan5-deficient cells to stimulate
T cells. For this purpose, we used antibodies to the MHC I light
chain (β2M) because this protein is not part of an interaction sur-
face with either the TCR or CD8 molecules. We found that
when antibodies to β2M were added to Tspan5-deficient DCs,
the size of MHC I clusters was restored to levels at or above those
observed in the presence of Tspan5 (negative Ctrl siRNA-treated
cells) (Fig. 6A). Importantly, addition of the anti-β2M antibody
restored the ability of Tspan5-deficient cells to stimulate the
CD8 T cells to the level of WT DCs (negative Ctrl) (Fig. 6B).
This effect was specific for MHC I-stimulated responses
because anti-β2M did not alter stimulation of the CD8 T cells
by anti-CD3 on DCs (SI Appendix, Fig. S5D). Together, these
data demonstrate that Tspan5-mediated clustering of peptide
loaded MHC I molecules is necessary for optimal activation of
CD8 T cells.

Discussion

MHC I molecules can be found in small nanoclusters on the
surface of APCs and these clusters are present prior to any
interaction with T cells. However, what caused these clusters to
form and persist, and their role in antigen presentation was
largely unknown. Herein, we report a mechanism that pro-
motes MHC I-clustering and is needed for optimal stimulation
of CD8 T cells. Our major findings are that Tspan5 associates
with MHC I in the ER and these molecules remain associated
at the PM. Loss of Tspan5 did not affect peptide processing or
MHC I peptide-loading, nor did it affect the kinetics of
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Fig. 5. Tspan5 regulates MHC class I receptor organization. (A) DC2.4 cells were transfected with siRNA targeting Tspan5 or the MHC II IA beta chain (Neg.
Control SiRNA). The distribution of H-2K molecules on the cell surface was assessed using fluorophore conjugated Fab-fragment (Y3-Fab). Fluorescent
images were acquired from multiple 0.125-μm z-sections followed by deconvolution using the DV OMX V4 microscope, as described. Images shown are rep-
resentative of membrane staining at the coverslip. (Scale bar, 10 μm.) Inset images (4.2x magnification) show representative differences in cluster intensity
and size. Graphs show the mean intensity of MHC I clusters per cell from representative experiments (arbitrary units, Left graph), mean area of MHC I clus-
ters (pixels, Center graph), or cluster count (Right graph). Data in the graphs are from >45 independent images and are representative of ≥3 independent
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pMHC delivery to, or overall levels on, the surface of APCs.
Instead, Tspan5 influenced the organization of MHC I into
nanoclusters on the PM. Moreover, in the absence of Tspan5,
pMHC I stimulation of CD8 T cells was significantly reduced
but could be restored by the reexpression of Tspan5 or by
reclustering MHC I with antibodies. These results elucidate a
mechanism that underlies the generation of MHC I clusters
and demonstrate its importance for optimal T cell stimulation.
We could not detect direct binding and close association of

Tspan5 with Tapasin or TAP, although under these same con-
ditions, we detected interactions of MHC I with Tapasin and
TAP. Therefore, Tspan5 does not appear to bind MHC I mol-
ecules in, or be a component of the PLC. This is not surprising
because the cryoelectron microscopic structure of the PLC
revealed that MHC I is surrounded almost completely by Tapa-
sin, TAP, calreticulin, and ERP57 (45), and these molecular
interactions would likely sterically interfere with Tspan5 bind-
ing to the MHC I molecule. In any case, our data suggest the
interaction of Tspan5 with MHC I occurs upon or after the
release of MHC I from the PLC.
Tspans are a large family of membrane multispanning proteins

that have a broad tissue distribution, with individual members hav-
ing some unique and other overlapping functions (28). Various
Tspans have been shown to influence molecular trafficking and
organization, thereby influencing a variety of biological processes
(23). Tspans can function by forming intermolecular complexes
with other Tspan proteins, as well as with other proteins, resulting
in formation of large membrane domains termed TEMs (28). Pro-
teins localize to TEMs through their interactions with Tspans or
possibly other mechanisms (46). Our data do not resolve whether
Tspan5 directly binds MHC I molecules. However, our GFP com-
plementation data show that these two molecules are in very close
proximity in living cells. The maximum intermolecular distance
over which split GFP constructs can complement (i.e., reconstitute
fluorescence) was reported to be the length of the GFP-attached
linker sequences, in an extended conformation (47). If this is cor-
rect, then based on our use of flexible linkers of 10 and 11 amino
acids, complementation would be occurring between Tspan5 and
MHC I molecules that are within ≤8 nm of each other.

Tspan5 is widely expressed, including in DCs and other
APCs. Tspan5 is a highly conserved protein, and in fact its amino
acid sequence is identical in mouse and human. Tspan5 is a
member of the C8 family of Tspans, all of which have eight cys-
teines in their large extracellular loop (48, 49). There have been
some previous investigations of Tspan5 and its related TspanC8
family members. These studies have revealed that the TspanC8
proteins can interact with one another (50). In one well-studied
system, Tspan5 and other TspanC8 family members have been
shown to bind the metalloprotease ADAM-10 in the ER and reg-
ulate its trafficking to the PM (31, 50). In the absence of Tspan5,
ADAM-10–mediated shedding of Notch-1 resulted in the sup-
pression of osteogenesis (51) and of VE-Cadherin–dependent
T cell migration (31, 52). In neurons, Tspan5 interaction with
the adhesion molecule neuroligin-1 promoted its clustering and
was shown to be necessary for maturation of neuronal dendrite
spines (39). However, there have been no reports of Tspan5
interaction with MHC I or its playing a role in antigen presenta-
tion. Tspans CD53, CD81, and CD82, were reported to interact
with MHC I, but the functional importance of these interactions
was not explored (25, 29). It will be of interest in future studies
to examine whether additional Tspans participate with Tspan5 in
MHC I antigen presentation.

Some Tspans (e.g., CD37, CD53, CD81, and CD82) have
also been reported to associate with MHC II molecules (25,
53). None of these MHC II-associated Tspans have been
reported to affect MHC II clustering. In fact, the presence of
many of these Tspans seemed to negatively regulate the ability
of APCs to stimulate CD4 T cells (54, 55). Loss of Tspan5 did
not reduce antigen-MHC II stimulation of CD4 T cells. It will
be of interest to explore whether these or other Tspans play a
positive role in antigen presentation, similar to what we have
observed for Tspan5 and MHC I, or if they have redundant
functions.

MHC I molecules are delivered to the cell surface as nano-
clusters, which are estimated to contain 25 to 250 complexes,
and may then coalesce to form larger clusters (microclusters)
upon engagement with T cells expressing the appropriate TCR
(15, 19, 21, 44, 56). These clusters were suggested to form in
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Fig. 6. Antibody cross-linking of MHC I molecules restores MHC I clustering and T cell stimulation. (A) Tspan5 or negative control siRNA (Neg. Ctrl) were
transfected into DC3.2 cells. After 48 h, cells were treated with a control antibody (Ctrl IgG) or with an antibody to the class I light chain (anti-β2M) for 4 h.
Cells were fixed and stained with H-2K reactive Y3-Fab. Total internal reflection microscopy was used to image MHC I clusters at the PM. Graph shows the
mean intensity of stained clusters/cell (gray circle) as assessed by Cell Profiler for >40 images per condition. Mean values per treatment are shown with a
black horizontal line. P values were determined by an unpaired, two-tailed t test; *** P < 0.001, ****P < 0.0001. (B, Left) Ova expression was induced in
DC2.4 cells by the addition of Dox for 2 h followed by the addition of BFA and RF33.70-Luc T cells plus control antibody (Control IgG) or MHC I-crosslinking
antibody (anti-β2M). After 16 h of incubation, T cell activation was assessed by measuring luciferase activity. Graph shown is representative for antigen (Dox)
titration. (Right) Same as the Left panel, except the percent of T cell activation was compared to the negative control siRNA + negative control antibody
treated samples at 30 ng/mL Dox. Data are the means + SD from greater than three independent experiments. P values were determined by two-tailed,
paired t test; NS = not significant, ***P < 0.001.
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the ER or cis-Golgi compartment, where MHC I molecules
assemble and bind peptides (43, 44). Consistent with this sug-
gestion, we found that Tspan5 associated with MHC I in the
ER, as evidenced in a Tspan5–MHC I GFP-complementation
assay, wherein the ER became fluorescent, and also by finding
endo H-sensitive Tspan5–MHC I complexes (Endo-H sensitiv-
ity is a characteristic of proteins before their transit through the
Golgi apparatus).
Several lines of evidence suggest that Tspan5 augments the

effectiveness of antigen presentation through its interactions
with MHC I. First, Tspan5 associated with MHC I molecules.
Second, Tspan5 only augmented responses stimulated by
MHC I molecules. If anti-CD3 bound to APCs was substituted
for specific pMHC I complexes, then loss of Tspan5 did not
reduce stimulation of CD8 T cells, even under limiting condi-
tions. Moreover, Tspan5’s augmenting effect was selective for
CD8 responses, as Tspan5 did not augment CD4 T cell stimu-
lation by MHC II-presented peptides. These findings indicated
that Tspan5 was not affecting any of the APC accessory mole-
cule interactions, such as adhesion or costimulatory molecules,
that were needed in common for both CD4 and CD8 T cells
or APC-dependent anti-CD3 responses. Third, and most
importantly, loss of Tspan5 reduced the size of MHC I nano-
clusters and T cell stimulation. Importantly, reconstituting
MHC I clusters via antibody cross-linking restored both the
MHC I cluster formation and T cell stimulation.
The role of Tspan5 in stimulating T cells by organizing

MHC I clusters is of considerable interest because of the likeli-
hood that these preformed clusters are promoting the aggrega-
tion of cognate receptors on CD8 T cells (TCRs and CD8).
Indeed, one threshold for T cell activation is based on the size of
TCR clusters (8, 9, 57, 58), which has been shown to influence
signal strength and the magnitude of the subsequent T cell
response (10, 59). It has been reported that dimerization is the
minimal requirement for T cell stimulation, and higher-order
clustering further enhances signaling and responses (7, 8, 19, 57,
60, 61). Our finding that Tspan5 is likely binding pMHC I
complexes upon release from the PLC provides a potential
mechanism to allow cohorting of pMHC I complexes being pro-
duced at any snapshot in time (44). Since the expression of a
particular protein and subsequent production of its antigenic
peptides can vary at different times (e.g., over the course of a
viral infection), we speculate that Tspan5 association with com-
plexes upon release from the PLC could help cocluster more
pMHC complexes with the same peptide and thereby further
enhance the clustering/stimulation of cognate TCRs. MHC I
clusters may also facilitate rebinding of CD8 to cognate and
noncognate complexes (62, 63) and clustering of CD8-
associated Lck has been reported to enhance stimulation (64,
65). Presumably, Tspan5–MHC I clusters enhance T cell stimu-
lation through their effects on TCR and CD8 clustering, but
could also possibly affect other parameters, such as TCR mecha-
nosensing (66–68). It is interesting that in our experiments
approximately twofold reductions in larger MHC I clusters have
a strong effect on CD8 T cell stimulation. Perhaps this is due to
a threshold effect, as it has been observed that when T cells rec-
ognize pMHC I complexes, signaling was observed in dense
TCR microclusters (size/number), but not smaller less dense
ones (8, 9). It is also possible that Tspan5 is affecting T cell
stimulation in additional ways, although this seems less likely,
given our finding that antibody-mediated reclustering of MHC I
restores the stimulatory activity of Tspan5-deficient cells.
In summary, our results have identified Tspan5 as a compo-

nent in the MHC I antigen presentation pathway. Our findings

also reveal a mechanistic dimension to the MHC I antigen pre-
sentation process. Specifically, while it was recognized that
MHC I molecules could be in clusters, the functional signifi-
cance of this was not entirely clear. Although earlier reports of
cohorting of specific MHC I complexes hinted at increased
stimulatory activity, there was no underlying mechanism to
account for the phenomenon or to directly show its functional
importance (19, 21, 43, 44). Our results provide evidence that
the clustered topology of MHC I complexes is indeed impor-
tant to the effectiveness of the antigen presentation process.

Materials and Methods

Mice. All mouse strains were maintained in specific pathogen-free facilities at
the University of Massachusetts Chan Medical School (UMMS) in accordance
with approved guidelines set forth by the UMMS Department of Animal
Medicine and Institutional Animal Care and Use Committee. C57BL/6, OT-1
TCR transgenic (recognizing Ova257–264 on H-2Kb) and p14 TCR transgenic
mice (recognizing GP33–41 on H-2Db) were acquired from Jackson Laborato-
ries and bred in our facility.

Cell Lines. Mouse DCs DC3.2 and DC2.4 isolated from C57BL/6 mice (69) were
maintained in complete growth media (RPMI-1640, 10% FCS, 10 mM Hepes,
1× MEM nonessential amino acids, 100 U/mL penicillin and 100 μg/mL strepto-
mycin, 2 mM L-glutamine, and 54 μM 2-mercaptoethanol). Mouse L929 cells
and 3T3 cells, as well as human embryonic kidney (293T) and bone osteosar-
coma epithelial cells (U2OS) were cultured in RPMI-1640 supplemented with
10% FCS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin.
The CD8 T cell hybridoma RF33.70 recognizes the chicken Ova peptide SIINFEKL
(S8L; Ova257–264) in the context of the class I molecule H-2K

b (70). The CD4 T cell
hybridoma, MF2.2D9, recognizes Ova peptide (Ova258–276) in the context of the
class II molecule H-2 I-Ab (71). Both T cell hybridomas were maintained in com-
plete growth media and were engineered to express luciferase under the control
of the NFAT promoter, as described elsewhere (referred to as RF33.70-Luc and
MF2.2D9-Luc) (30, 72).

Flow Cytometry. Antibodies recognizing the following molecules were used:
H-2Kb (AF6-88.5, BioLegend; or Y3, Bio X Cell), H-2Db (KH95, BioLegend),
ICAM-1 (YN1/1.7.4, BioLegend), interferon (IFN)-γ (XMG1.2, BioLegend), pan-
HLA antibody (W6/32, BioLegend), CD80 (16-10A1, BD Biosciences), CD86 (GL1,
BD Biosciences), CD40 (3/23, BD Biosciences), CD8 (53-6.7, ThermoFisher), and
CD11c (N418, eBioscience). Ova257–264 bound to H-2Kb (25D1.15) (73) and
Tspan5 [clone 16B8, a kind gift of Eric Rubenstein, INSERM, Paris, France (74)]
were used for immunofluorescence staining. Briefly, adherent cells were trypsi-
nized, washed and incubated with ice-cold 2.4G2 hybridoma supernatant to
block nonspecific binding of staining antibodies to mouse Fc receptors. Staining
was performed on ice in staining buffer (PBS with 1% [vol/vol] FCS) for at least
30 min. Cells were analyzed on the LSR2 flow cytometer (BD Bioscience). Flow
cytometry data were further analyzed using FlowJo software (Tree Star). To follow
the egress of MHC I molecules from the ER to the PM, DCs were washed with
ice-cold PBS followed by the removal of peptide by incubating cells for 90 s in
acid-stripping buffer (0.123 M citric acid, 0.234 M sodium phosphate), resulting
in the denaturation of surface MHC I molecules. Cells were neutralized in com-
plete media and incubated at 37 °C to allow repopulation of MHC I. Incubations
were stopped at the time points indicated by placing cells on ice and staining
for H-2Kb or for peptide presentation with 25D1.16 antibodies. MHC stabiliza-
tion experiments were performed by treating cells with BFA (GolgiPlug, BD Bio-
sciences) over time, followed by staining for MHC I molecules H-2K and H-2D,
as indicated. Intracellular staining was performed using the CytoFix/CytoPerm kit
(BD Biosciences), in accordance with manufacturer’s instructions. To quantitate
the levels of cell-surface vs. intracellular MHC I on L929 cells, cells were first incu-
bated in PBS or acid-stripped, as described above, and then fixed in 4% PFA.
Surface MHC I was stained on fixed cells ± stripping using staining buffer. Total
MHC I (surface + intracellular) was stained on fixed and permeabilized cells
using staining buffer supplemented with 0.25% saponin. Intracellular MHC I
was stained in acid-stripped cells that were fixed and permeabilized. Antigen
presentation assays involving flow cytometry are described below.
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Molecular Cloning. A nonsecreting mutant of Ova (NS-Ova, amino acids 51 to
386) was cloned into a modified Dox-inducible lentiviral vector (pTRIPz, Open
Biosystems), as previously described (30). Mouse Tspan5 was amplified from
DC3.2 cells and fused with an N-terminal HA-epitope tag by encoding the tag
into primer sequences followed by ligation into the lentiviral expression vector
pCDH (Systems Bioscience). An myc-epitope tag was incorporated into the
C terminus of H-2Kb, H-2Db, CD40, Tapasin, and ligated into the lentiviral expres-
sion vector pHIV (pHIV-Zsgreen was a gift from Bryan Welm and Zena Werb,
Addgene #18121, http://n2t.net/addgene:18121; RRID:Addgene_18121) and
further modified with a selectable marker encoding antibiotic resistance
(hygromycin or puromycin) in place of ZsGreen, as indicated. For construction of
the split GFP complementing constructs, Tspan5 was fused on the C terminus to
a 7-amino acid Gly-Ser (GS) rich linker peptide to exons 1 to 10 of the superfold
mutant of GFP (sfGFP, a kind gift of Bo Huang, Addgene #70219, http://n2t.net/
addgene:70219; RRID:Addgene_70219). The mouse MHC I molecule H-2Db

was fused on the N terminus with a 13-amino acid GS linker peptide to exon 11
of sfGFP (pEGFP-GFP11, Addgene #70217). Both constructs were then cloned
into the lentiviral expression vector pCDH (Systems Bioscience) expressing either
puromycin or blasticidin resistance genes. For construction of the split luciferase
constructs, Tspan5 was cloned at the C-terminal end of the long fragment (L) of
the NanoBit luciferase construct pBit 1.1N (N198, Promega) separated by a
15-amino acid linker. H-2K, H-2D, TAP, Tapasin, or CD40 were cloned at the
C-terminal or N-terminal end of the small fragment (S) of the NanoBit construct
pBiT2.1C or pBiT2.1N, respectively (Promega) separated by a 16 linker. CRISPR
guide sequences targeting β2M (GTGGGTGGCGTGAGTATACT, AGTATACTCACGC-
CACCCAC) and Tspan5 (ATTCCTGGGTGAAGTCTATG, TGATGGACGAGATGTTGGAG)
were designed using Synthego (https://design.synthego.com/#/) for optimal
on-target specificity. The two guide sequences were cloned into pCRoatan
dual sgRNA expression vector (kind gift of Gregory Hannon, Cancer Research
UK, Cambridge, UK), according to methods described previously (75).

Transfection and Lentiviral Transduction. Lentivirus was produced by
cotransfection of lentiviral vectors with packaging constructs psPAX2 (Addgene
#12260) and pMD2.G (Addgene #12259, both gifts of Didier Trono, http://n2t.
net/addgene:12260; RRID:Addgene_12260 and http://n2t.net/addgene:12259;
RRID:Addgene_12259, respectively) using Lipofectamine 2000 (Invitrogen)
according to manufacturer instructions. After 48 h, supernatants containing virus
were collected and cultured with cells, as indicated, in the presence of 8 μg/mL
Polybrene (Sigma) followed by centrifugation for 60 min at 1,100 × g. After 48
h, transduced cells were selected by culturing with antibiotic or sorted by flow
cytometry. Protein expression was monitored by Western blot or by flow cytome-
try. Transfection of pBIT split complementation plasmids was performed in 3T3
cells using Lipofectamine 2000 (Invitrogen), according to manufacturer’s recom-
mendations. Transfection efficiencies were confirmed after 48 h by Western blot
or flow cytometry.

Gene Silencing. siRNA targeting murine Tspan5 (GGAAUAACGUUUCUUGGAA),
H-2 I-A β-chain (H-2 Ab1; GGACGCAGCGCAUACGAUA) and β2M (ACAUACGC
CUGCAGAGUUA) were purchased from Thermo Scientific (siGENOME). siRNA
SMARTpools targeting human Tspan5 and a nontargeting control (negative Ctrl)
were purchased from Horizon Biosciences. siRNAs were transfected in DC cell
lines and U2OS cells by reverse transfection using Lipofectamine RNAiMAX
reagent (Invitrogen). Briefly, siRNAs (50 nM per well) were mixed with RNAiMAX
(0.4 μL per well) in 1× siRNA buffer (Dharmacon) in 50 μL per well of a 96-well
plate for 20 min. DCs were plated in antibiotic-free media containing RPMI-
1640 and 20% FCS at a density of 1.5 × 104 cells per well for 48 h. Silencing
efficiency was determined by flow cytometry or by qPCR (Taqman, Applied
Biosystems). Relative expression was calculated using theΔΔCT method includ-
ing mouse HPRT1 or human β-actin as housekeeping controls. CRISPR knockout
DCs were generated by lentiviral transduction of Lenti-Cas9 vector (kind gift of
Feng Zhang, Addgene #52962, http://n2t.net/addgene:52962; RRID:Addgene_
52962) encoding Streptococcus pyogenes Cas9 along with pCRoatan vectors
expressing dual guide RNAs targeting either Tspan5 or β2M, as mentioned
above. Indel frequencies were determined from heterogenous cell cultures fol-
lowing extraction of genomic DNA (DNeasy Blood & Tissue kit, Qiagen) and PCR
amplification. PCR products were purified, and sequenced using the 50 PCR
primer, followed by TIDE analysis (76). Knockout efficiency was confirmed by

flow cytometry. Guide RNA producing indel frequencies <90% were eliminated
from future experiments. In some experiments, WT Tspasn5 expression was
restored in Tspan5 knockout DCs by cloning Tspan5 with six silent mutations in
each of the two guide target sequences.

Antigen Presentation. Cross-presentation and MHC II presentation assays
were performed with mouse DC cell lines (DC3.2 and DC2.4) using chicken Ova
as a source antigen (69), as indicated. Ova (Sigma) was covalently conjugated to
1.5-μm amine-coated iron oxide beads (Ova beads) using BioMag Plus Amine
Protein coupling kit (Bangs Laboratories) according to the manufacturer’s recom-
mendations. Quantification of antigen bound to beads was determined by UV
spectrophotometry and confirmed by PAGE followed by Coomassie brilliant blue
(ThermoFisher). Ova beads were titrated as indicated and cultured with DCs in
the presence of CD4 T cell hybridoma (MF2.2D9-Luc) or CD8 T cell hybridoma
(RF33.70-Luc) for 24 h. T cell stimulation was detected by measuring the expres-
sion of luciferase under the control of an NFAT promoter, as described previously
(30, 72). Luciferase activity was measured using One-Glo reagent (Promega)
according to manufacturer’s recommendations. For classic class I presentation,
antigen expression was induced in DC2.4 cells following transfection of a nonse-
creting form of Ova (NS-Ova) under a Dox-inducible promoter. Briefly, Dox was
titrated, as indicated, and cultured with DCs for 3 h followed by the addition of
BFA (GolgiPlug, BD Bioscience) and RF33.70-Luc T cells. Cells were incubated for
an additional 18 h, followed by the measurement of luciferase activity. In some
experiments, following silencing of the indicated genes by siRNA, antigen pre-
sentation was also performed in the presence of anti-β2M antibody or control
antibody (to induce the cross-linking of MHC I molecules). Briefly, 48 h after
silencing, DC3.2 cells were cultured with Fc-receptor blocking antibody 2.4G2,
followed by addition of 1μg/mL of an isotype control anti-mouse control anti-
body (Santa Cruz Biotechnology) or mouse anti-β2M antibody (S19.8, BD Phar-
mingen) for 1 h at 37 °C. Ova-conjugated beads and RF33.70-Luc CD8 T cells
were then cultured for an additional 24 h in the continued presence of the cross-
linking or control antibody.

T cell stimulation was assessed by following luciferase activity as indicated
above. T cell proliferation was assessed using naïve OT-1 transgenic T cells (which
recognize Ova257–264 bound to H-2Kb) (77). Briefly, naïve CD8 T cells were iso-
lated from spleens of TCR transgenic mice by negative selection (Miltenyi Biotec).
CD8 T cell purity of >90% was confirmed by flow cytometry. Cells were labeled
with Cell Tracer Far Red (CTFR, Invitrogen) and washed in normal media. DCs,
previously silenced for the indicated genes, were γ-irradiated to induce growth
arrest. Naïve CFTR-labeled OT-1 T cells were then plated with a limiting concen-
tration of Ova-coupled beads or anti-CD3e (clone 2C11, a kind gift from Susie
Swain, UMMS, Worcester, MA) for 72 h. Stimulation of T cells with anti-CD3 was
also performed in the presence of a blocking antibody for LFA-1 (M17/4.2) (78),
as indicated. Evaluation of T cell proliferation was assessed on a LSR2 flow cytom-
eter (BD Bioscience) by analyzing the dilution of CTFR in proliferating CD8 T cells.
Proliferation was calculated using the division index to account for dividing and
nondividing cells using FlowJo software (Tree Star). Stimulation of effector CD8
T cells was performed using OT-1 T cells or p14 transgenic T cells (which recog-
nize LCMV GP33–41 bound to H-2D

b). Briefly, splenocytes from TCR Tg mice were
stimulated in vitro by incubating with 100 nM of the appropriate peptide for
3 h. Splenocytes were washed and then cultured for 7 to 14 d in RPMI contain-
ing 20 ng/mL IL-7 and 20 ng/mL IL-15. DCs were silenced as described and then
incubated with antigen and effector CD8 T cells. Ova beads were used to stimu-
late OT-1 T cells, as described, while DC3.2 cells were infected with a titration of
LCMV (Armstrong strain) (a kind gift of Raymond Welsh, UMMS, Worcester, MA)
for 3 h, washed and then cultured for an additional 24 h in the presence of p14
CD8 effector T cells. Cells were treated with BFA for 4 h and then stained for
IFN-γ production and analyzed by flow cytometry.

Microscopy. L929 cells transfected with GFP complementation fragments
were grown on 35-mm dishes fitted with no. 1.5 coverslips (Nunc) overnight.
Cells were washed and fixed with 2% PFA and were stained with Alexa Fluor-
350–conjugated WGA (ThermoFisher) before washing and resuspension in
PBS. Other cells were transduced with lentivirus encoding the ER localization
marker Sec61b fused to mCherry (kind gift of Jennifer Lippincott-Schwartz,
Addgene #90994, http://n2t.net/addgene:90994; RRID:Addgene_90994).
Live L929 cells were analyzed on a Leica SP5 confocal inverted microscope
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fitted with a 63×/1.4 oil objective (Leica) using 405-, 488-, and 594-nm laser
excitation. Confocal images were taken sequentially through the cell starting
at the coverslip, followed by 0.125-μm z-sections. For MHC I cluster analysis,
mouse DC3.2 cells and human U2OS cells were silenced with the indicated
siRNAs and grown on no. 1.5 coverslips (Electron Microscopy Science).
Cells were fixed with 2% PFA and blocked with 5% BSA in PBS (wt/vol). Cells
were stained for MHC I expression using Alexa-647–labeled Fab fragments.
Briefly, Fab fragments for the Y3 and W632 antibodies were generated using
immobilized papain (Thermo) according to the manufacturer’s instructions. Undi-
gested antibody and remaining Fc fragment were removed by binding digested
antibody to Protein A-conjugated agarose beads (Millipore). Purified Fab frag-
ments were labeled with Alexa Fluor-647 antibody-labeling kit (Molecular
Probes) according to the manufacturer’s recommendations. The concentration
of Fab fragments and dye-labeling efficiency were calculated from absorbance
using the recommended calculations provided by the kit. Stained cells were
washed and mounted (Prolong Glass, Invitrogen) on no. 1.5 glass slides. Images
were acquired on a DeltaVision OMX V4 inverted imaging system (GE Health-
care) with pco.edge SCMOS cameras, an Olympus PlanApoN 60×/1.42 NA oil
immersion objective (Olympus) in 1.514 immersion oil, 642-nm excitation laser,
and 683/40-nm emission filter. Multiple z-stacks with a spacing of 0.125 μm
were acquired in conventional mode or a single z-section at the coverslip for total
internal reflection fluorescence (TIRF), as indicated. Deconvolution of serial z-stacks
was performed postacquisition to improve the signal-to-background ratio of the
images using SoftWorX (DeltaVision, GE Healthcare) and single optical slices
were identified at the coverslip using WGA counterstain for orientation.

For MHC I cluster analysis on live cells, DC2.4 cells were silenced with the
indicated siRNAs and grown on 35-mm dishes with no. 1.5 poly-D-lysine–coated
14-mm diameter glass coverslips (Mattek Corporation, P35GC1.514C.S). Cells
were stained for MHC I expression using Alexa-647–labeled Fab fragments. After
washing stained cells, culture dishes were filled with cell culture media supple-
mented with Prolong Live Antifade Reagent (Thermo) and imaged on the
DeltaVision OMX V4 using conventional mode with solid-state illumination at
642 nm for excitation, the Olympus PlanApoN 60×/1.42 NA oil immersion
objective with 1.514 immersion oil and a 683/40-nm emission filter. The
z-stacks were taken with 125-nm steps and images were deconvolved using the
SoftWorx software. Serial images were acquired as described previously for
fixed cells. Images were further processed using Fiji/ImageJ software (79) fol-
lowed by a custom pipeline designed to analyze MHC I clusters at the PM
(Cell Profiler, Broad Institute) (80). For each experimental condition, at least 10
different fields of view were randomly identified and each cell within the field
was then acquired. Detection settings were kept constant for all acquired
images within each experiment.

Protein–Protein Interaction. Coimmunoprecipitation assays were performed
by transfecting Hek293T cells with plasmids expressing HA-tagged Tspan5, and
myc-tagged H-2K or H-2D, as indicated. Briefly, cells were lysed in cell lysis

buffer (1% Brij-35 or 1% CHAPS, 150 mM NaCl, and 50 mM Tris, pH 7.0).
Nuclear debris was removed by centrifugation (20,000 × g for 10 min at 4 °C).
Insoluble membrane and cytoskeletal debris were further removed by centrifuga-
tion at 100,000 × g for 60 min at 4 °C. Soluble protein lysates were incubated
with either 1 μg rabbit control antibody (Santa Cruz Biotechnology), rabbit anti-
myc antibody (Genscript) covalently conjugated to magnetic beads (Thermo), or
with anti-HA antibody-conjugated beads (Thermo, Cat# 88836) in accordance
with manufacturer recommendations. Immunoprecipitated protein was washed
in ice-cold wash buffer (0.1% Brij-35 or 0.1% CHAPS, 150 mM NaCl, and 50 mM
Tris, pH 7.0) followed by acid elution according to the manufacturer’s recommen-
dations. Polyacrylamide gels were loaded with protein from cell lysates prior to
mixing with antibody (input 10%) and with protein associated with antibody-
coated beads (bound) and were separated by SDS/PAGE, transferred to a nylon
membrane, and stained with antibody specific for either HA-tagged Tspan5 (clone
6E2, Cell Signaling), myc-tagged H-2K, or Tapasin (clone 9B11, Cell Signaling),
endogenous Flotillin-1 (clone W16108A, BioLegend), or endogenous CD55/
Complement Decay Accelerating Factor (clone M033, BioLegend), as indicated.
Glycosylation of Tspan5 was determined by treating cell lysates with PNGase
(New England Biolabs) or EndoH (New England Biolabs) according to the manu-
facturer’s recommendation. For split luciferase assay, pBiT fusion constructs were
cotransfected in 3T3 cells using Lipofectamine 2000, as indicated. After 48 h,
cells were transferred to 96-well plates at 100,000 cells per well. Luciferase activ-
ity was assessed using the NanoBIT (Promega) PPI substrate in accordance with
the manufacturer’s recommendations. Split-GFP complementation was assessed
by confocal microscopy, as described above.

Statistical Analysis. All statistical analysis was performed using Prism software
(GraphPad). Datasets comparing two treatment groups were analyzed using two-
tailed, unpaired Student’s t test, as indicated. Means from multiple experiments
were compared by one-way ANOVA and Tukey’s multiple comparisons test. For
TIRF and confocal microscopy, cluster analysis was generated in Cell Profiler, as
indicated, and compared using two-tailed, unpaired Student’s t test. Statistical
analysis was documented such that P > 0.05 was considered not significant
(NS) and with significance depicted with asterisks as follows: *P ≤ 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.

Data, Materials, and Software Availability. All study data are included in
the main text and SI Appendix.
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