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Proteasomal degradation within endocytic
organelles mediates antigen cross-presentation

Debrup Sengupta®, Morven Graham?, Xinran Liu® & Peter Cresswel

Abstract

During MHC-I-restricted antigen processing, peptides generated by
cytosolic proteasomes are translocated by the transporter associ-
ated with antigen processing (TAP) into the endoplasmic reticulum,
where they bind to newly synthesized MHC-I molecules. Dendritic
cells and other cell types can also generate MHC-I complexes with
peptides derived from internalized proteins, a process called cross-
presentation. Here, we show that active proteasomes within cross-
presenting cell phagosomes can generate these peptides. Active
proteasomes are detectable within endocytic compartments in
mouse bone marrow-derived dendritic cells. In TAP-deficient
mouse dendritic cells, cross-presentation is enhanced by the intro-
duction of human B,-microglobulin, which increases surface
expression of MHC-1 and suggests a role for recycling MHC-1 mole-
cules. In addition, surface MHC-I can be reduced by proteasome
inhibition and stabilized by MHC-I-restricted peptides. This is
consistent with constitutive proteasome-dependent but TAP-inde-
pendent peptide loading in the endocytic pathway. Rab-GTPase
mutants that restrain phagosome maturation increase proteasome
recruitment and enhance TAP-independent cross-presentation.
Thus, phagosomal/endosomal binding of peptides locally generated
by proteasomes allows cross-presentation to generate MHC-I-
peptide complexes identical to those produced by conventional
antigen processing.
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Introduction

Cytotoxic T lymphocytes (CTL) that eliminate virus-infected cells or
tumors do so by recognizing MHC-I molecules associated with short
peptides derived from viral or tumor-specific protein antigens. Initia-
tion of a CTL response requires priming of naive CD8-positive T
lymphocytes by professional antigen presenting cells, normally

|1,2,*

dendritic cells (DCs), by a mechanism called cross-priming or cross-
presentation (Grotzke et al, 2017). This involves endocytosis of
antigenic proteins or phagocytosis of virally infected cells or tumor
cells followed by antigen proteolysis and binding of resulting
peptides by MHC-I molecules. This is very different from the way
MHC-I-peptide complexes are generated by the virally infected cells
or tumor cells themselves. Here, the protein antigens are synthe-
sized conventionally on ribosomes and peptides derived from them
are generated in the cytosol by proteasomal degradation. The
peptides are then translocated by TAP into the endoplasmic reticu-
lum (ER) where those with the appropriate sequence and length
bind to MHC-I molecules transiently associated with TAP via tapasin
within the peptide loading complex (PLC). Trimming in the ER by
dedicated aminopeptidases (ERAP-1 and -2 in humans, ERAAP in
mice) may also be required for the generation of antigenic peptides
of a suitable length. Ultimately, the MHC-I-peptide complexes are
expressed on the plasma membrane (Blum et al, 2013).

For an effective cytotoxic response, CTLs primed by cross-
presenting DCs must recognize endogenous MHC-peptide complexes
displayed by the infected cells or tumor. How the cross-presentation
and endogenous processing pathways result in the same MHC-I
complexes is poorly understood, but the predominant explanation is
that exogenous antigens internalized by the DCs are translocated
across endosomal or phagosomal membranes into the cytosol
(Kovacsovics-Bankowski & Rock, 1995; Delamarre et al, 2003; Lu
et al, 2018). Although the precise mechanism of translocation
remains a matter of debate, subsequent events, including proteaso-
mal degradation and peptide translocation by TAP, would then be
similar to those involved in conventional processing of cytosolic
antigens. A major difference is that TAP-mediated peptide transloca-
tion may occur in phagosomes or endosomes containing membrane
recruited from the ER (Gagnon et al, 2002). MHC-I peptide binding
could then occur within these compartments, either to TAP-asso-
ciated MHC-I molecules also recruited from the ER (Ackerman et al,
2003, 2006; Guermonprez et al, 2003; Houde et al, 2003) or to
recycling MHC-I molecules derived from the plasma membrane
(Nair-Gupta et al, 2014).

An alternative mechanism, commonly called the vacuolar path-
way, postulates that the peptides are generated by endocytic or
phagosomal proteases before binding to recycling MHC-I molecules
(Song & Harding, 1996). However, this mechanism implies that the
production of identical MHC-I-binding peptides by vacuolar
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enzymes in cross-presenting DCs and cytosolic proteasomes in the
target cell is a matter of chance (Grotzke et al, 2017). Here, we
present an alternative to this model for the vacuolar pathway. We
propose that active proteasomes are imported into phagosomes/
endolysosomes and degrade internalized antigens within them,
generating the same spectrum of peptides that are produced by
cytosolic proteasomes in conventional MHC-I antigen processing.
This eliminates the role of coincidence in the production of the same
MHC-I-peptide complexes by cross-priming DCs and the target cells
ultimately recognized by mature CD8-positive CTL.

Results

Human p,-microglobulin rescues loss of surface MHC-I and
antigen cross-presentation in BMDCs derived from TAP1 '~ mice
Multiple groups have shown that surface MHC-I expression is
reduced on bone marrow-derived dendritic cells (BMDC) derived
from TAP1™/~ mice, and that these cells fail to cross-present
exogenous antigens (Van Kaer et al, 1992; Kovacsovics-Bankowski
& Rock, 1995; Singh & Cresswell, 2010). Two potential explana-
tions exist for the loss of cross-presentation. In the first, peptides
generated by cytosolic proteolysis are not translocated across the
ER or phagosomal membrane because TAP is absent. In the
second, peptides are generated in vacuolar compartments but
fewer MHC-I-B,m dimers are available for binding because their
assembly and transport from the ER is reduced.

To distinguish these possibilities, we expressed human f,-micro-
globulin (hf,m) in TAP1~/~ BMDCs. The introduction of hp,m is
known to increase surface expression of H2-K® and DP molecules on
TAP1-negative mouse RMA-S cells, and K" is well expressed on the
surface when introduced into TAP-negative human T2 cells (Ander-
son et al, 1993). We predicted that the expression of hf,m in
TAP1~/~ BMDCs would enhance surface K® expression, and that
cross-presentation would be restored if TAP is only necessary to
increase the MHC-I available for vacuolar loading. As expected,
TAP1~/~ DCs exhibited low cell surface K°, measured by flow
cytometry, that was partially restored by the introduction of hf,m
(Fig 1A). Cross-presentation by BMDCs of phagocytosed OVA asso-
ciated with latex beads was assessed by measuring the stimulation
of IL-2 release by the OVA-specific K -restricted hybridoma B3Z.
Virtually, no cross-presentation was observed in TAP1~/~ BMDCs
transduced with a control vector (Fig 1B) but it was partially
restored by a vector expressing hf,m (Fig 1B). This is consistent
with the hypothesis that the lack of cross-presentation by TAP1~/~
BMDCs is at least partially a consequence of a reduction of available
MHC-I-B,m dimers compared to wild-type cells.

As a control, we asked whether the expression of hff,m impacted
conventional antigen presentation. To test this, TAP1 ™/~ BMDC
with or without hp,m were infected with vaccinia virus-encoding
OVA (VV-OVA; Ackerman et al, 2006) and their ability to mediate
direct presentation of OVA was assessed. In contrast to cross-
presentation (Fig 1B), endogenous antigen presentation by TAP1~/~
BMDC was not rescued by the introduction of hf,m (Fig 1C),
consistent with the known requirement of TAP for delivery of OVA-
derived peptides for binding to assembling K’-B,m dimers (Androle-
wicz et al, 1993; Procko & Gaudet, 2009).
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Rab-GTPase mutants that restrict phagosomal degradation
enhance TAP-independent cross-presentation

Cross-presentation via the vacuolar pathway is thought to depend
on the generation of the appropriate peptides by phagosomal or
lysosomal proteases (Song & Harding, 1996; Campbell et al, 2000;
Shen et al, 2004), while cross-presentation by the cytosolic path-
way is believed to be enhanced by a reduction in lysosomal prote-
olysis that allows intact proteins or large fragments of them to be
translocated into the cytosol for proteasomal degradation. Vacuolar
proteolysis is restrained in cross-presenting DCs by an increase in
lysosomal pH relative to non-cross-presenting cells, such as macro-
phages (Savina et al, 2006; Samie & Cresswell, 2015). If the TAP-
independent cross-presentation observed in Fig 1 is a consequence
of conventional phagosomal proteolysis, one would predict that
introducing Rab-GTPase mutants that restrain the maturation of
phagosomes to phagolysosomes would inhibit it. We therefore
independently expressed three different Rab-GTPase mutants,
RabSACA, Rab22ACA, and Rab7ADN, each of which has been
shown to impair phagosomal maturation and degradation in
distinct cell types (Duclos et al, 2000; Harrison et al, 2003; Roberts
et al, 2006), together with hf,m, in TAP1~/~ bone marrow-derived
cells to assess their impact on cross-presentation after differentia-
tion into DCs. Constitutive expression of RabSACA and Rab22ACA
affected BMDC differentiation so they were placed under the
control of a doxycycline-inducible (Tet-ON)-based promoter
(Appendix Fig S1A). Rab7ADN did not affect differentiation and
was expressed under a constitutive promoter (Appendix Fig S1B).
The expression of the Rab mutants does not alter the cell surface
MHC-I levels or the differentiation of BMDCs (Appendix Fig S1C—
E).

To verify that the Rab mutants affect phagosomal degradation,
we adapted a previously described assay (Savina et al, 2010).
BMDCs expressing the Rab mutants were incubated with latex
beads covalently conjugated with Alexa 647-labeled OVA. Follow-
ing a 1-h pulse to allow phagocytosis, the cells were extracted with
detergent (1% Triton X-100 plus 0.1% SDS) at different time
points. Phagosomal degradation of the OVA was assessed using
flow cytometry to measure the reduction in Alexa 647 fluorescence
of the released beads. Consistent with previous reports, the rate of
phagosomal degradation was reduced compared to control cells in
BMDC expressing RabSACA, Rab22ACA, or Rab7ACA (Fig EV1A
and B).

To investigate the role of phagosomal degradation in TAP-inde-
pendent cross-presentation, we co-expressed the individual Rab
mutants with hp,m in BMDCs derived from wild-type and TAP1 ™/~
mice and analyzed cell surface K® expression and cross-presentation
efficiency. K® levels on TAP1~/~ BMDCs co-expressing hp,m plus
the Rab mutants were not significantly different from TAP1™/~
BMDC expressing hf,m alone (Fig 2A-C). However, simultaneous
expression of the Rab mutants and hf,m further enhanced the
cross-presentation efficiency of both TAP1~/~ BMDC and wild-type
BMDC (Fig 2D-F). The expression of hpf,m was confirmed by flow
cytometry (Appendix Fig S2).

The above data suggest that reduced phagosomal maturation
combined with the availability of a stable pool of cell surface K®
molecules may be the key requirements for efficient cross-presenta-
tion in the absence of a functional TAP transporter. TAP-dependent
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Figure 1. Expression of hf,m partially rescues surface K® expression and antigen cross-presentation in TAP1~/~ BMDC, but does not rescue endogenous

antigen presentation.

A Cell surface H2-K® levels of wild type and TAP1~/~ BMDC transduced with control vector or a vector expressing hp,m were analyzed.

B Cross-presentation of OVA by wild type and TAP1~/~ BMDC expressing hp,m was compared to control BMDC, by measuring IL-2 production by a K°-SIINFEKL-specific
T-cell hybridoma (B3Z) cultured with paraformaldehyde-fixed BMDC that were incubated with varying numbers of OVA-coated latex beads for 6 h, prior to fixation.

C The effect of h2m on the presentation of peptides derived from endogenous antigen was assessed by measuring IL-2 levels in the culture supernatant of the B3Z
hybridoma incubated with fixed VW-OVA-infected WT and TAP1~/~ BMDC transduced with control vector or hB,m.

Data Information: In (B) and (C), a representative experiment of three independent experiments is shown. The mean + SD of assay triplicates are plotted. *P < 0.05,

**p < 0.01, and ****P < 0.001 (Student’s t-test).

cross-presentation is thought to require limited endocytic proteolysis
followed by antigen translocation into the cytosol and subsequent
proteasomal degradation. However, the above experiments show
that TAP-independent cross-presentation is enhanced in the

© 2019 The Authors

presence of Rab-GTPase mutants that restrict lysosomal degrada-
tion. Clearly, a protease must be required to produce the epitope,
raising the possibility that proteasomes may remain a critical
protease even in TAP-independent antigen cross-presentation.
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Figure 2. Expression of Rab5ACA, Rab22ACA, and Rab7ADN, respectively, increases hpf,m-enhanced TAP-independent cross-presentation.

A-C Surface H2-K® levels of wild-type and TAP1 /= BMDC co-expressing Rab mutants and h3,m were analyzed by flow cytometry.
D-F Cross-presentation of OVA by wild-type and TAP1~/~ BMDC co-expressing Rab mutants and hp,m was analyzed, and IL-2 release is shown (D—F).

Data information: In (D-F), representative means (£SD) of at the least three independent experiments per Rab mutants setup in triplicate are plotted. *P < 0.05,

**p < 0.01, ***P < 0.005, ****P < 0.001, and “ns” is not significant (Student’s t-test).

TAP-independent cell surface stability of MHC-I and antigen
cross-presentation are proteasome-dependent

Restricting peptide delivery to the ER, for example, by inhibiting
TAP, results in a reduction in MHC-I cell surface expression. We
hypothesized that if the residual surface MHC-I observed in TAP1 7/~
BMDCs depends on peptides generated by proteasomes, then a
proteasome inhibitor would also reduce cell surface expression. We
tested this prediction by measuring surface K® levels on TAP1~/~
BMDCs in response to varying doses of epoxomicin and found that
after 6 h treatment there was a concentration-dependent reduction
of K® expression (Fig 3A and B). To confirm that this was a result of
loss of peptide generation, we repeated the experiment in the pres-
ence of exogenously added SIINFEKL peptide and found that this
rescued the loss of K° surface expression (Fig 3A and B). We
repeated this analysis using TAP1~/~ BMDC transduced with hp,m
and again observed that surface K® expression was reduced by
proteasome inhibition and that this was reversed by adding SIIN-
FEKL peptide (Fig 3C and D). These findings suggest that peptide
generation by proteasomes is required for maintaining the stability
of surface MHC-I molecules in TAP1~/~ BMDCs.

Conceivably, the reduction in K® cell surface expression by the
inhibition of proteasomes could play a role in the inhibition of cross-
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presentation in TAP1~/~ BMDCs independently of a reduction in the
generation of the SIINFEKL epitope derived from OVA. To dissect the
potential roles of the two parameters, we used the peptide stabiliza-
tion strategy to uncouple proteasome-dependent epitope generation
from down-regulation of cell surface MHC-I. We used a different K®-
binding peptide, an epitope derived from HSV-glycoprotein B (gB;
Singh & Cresswell, 2010), to prevent the down-regulation of K® in
response to epoxomicin (Fig EV2). We then measured the impact of
varying doses of epoxomicin on OVA cross-presentation by TAP1~/~
BMDC expressing or not expressing hp,m in the presence of the
HSV-gB peptide. Down-regulation of K” was indeed inhibited, but
the increased cross-presentation induced by hf3;m remained sensi-
tive to proteasome inhibition (Figs 3E and EV2).

Reconstitution of TAP-independent antigen cross-presentation in
non-immune cells

The proteasome-dependent but TAP-independent antigen cross-
presentation pathway we observed could be a specialized mecha-
nism evolved in mouse BMDC or result from loss of TAP as a PLC
structural component rather than a peptide delivery function. To
examine this question, we reconstituted the pathway in a non-
immune human cell line and combined this with an alternative

© 2019 The Authors
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Figure 3. Proteasomal activity is required for stable surface K° expression in TAP1 '~ dendritic cells and antigen cross-presentation.

A-D TAP1~/~ BMDC transduced with vector control (A) or hB,m (C) were incubated with varying concentrations of epoxomicin for 6 h in the absence or presence of
exogenously added KP-binding SIINFEKL peptide and analyzed for surface expression of K by flow cytometry. Representative plots are shown (A, C). The impact of
epoxomicin on cell surface K® was analyzed by plotting K® surface expression on cells incubated with epoxomicin, normalized to that on cells incubated without

epoxomicin (n = 3) (B, D).

E The effect of epoxomicin on cross-presentation of OVA-coated beads by TAP1

BMDC expressing hf,m was determined by incubating the BMDC with OVA-

coated latex beads in the presence of varying doses of epoxomicin and 10 uM gB peptide. After 6 h, the cells were fixed and incubated with B3Z cells and IL-2

production was measured.

Data information: In (B, D), the means (SEM) of three independent experiments are plotted. Data were analyzed by performing a non-linear regression analysis. In (E), a
representative experiment of three independent experiments is shown. The mean (+SD) of assay triplicates is plotted. Data were analyzed by performing a linear

regression analysis.

means of inhibiting TAP function. We previously showed that the
non-hematopoietic 293T cell line can efficiently mediate cross-
presentation of OVA immune complexes when supplied with human
FcRyllb and K® (Giodini et al, 2009). We expressed two different
viral TAP inhibitors in these 293T-FcR-K® cells. One, US6, is
encoded by human cytomegalovirus (HCMV), and the second,
ICP47, is encoded by herpes simplex virus-1 (HSV-1). US6 and
ICP47 inhibit human TAP function via distinct mechanisms, on the
luminal and cytosolic sides of the ER, respectively (Lehner et al,
1997; Neumann et al, 1997). TAP inhibition was confirmed by
measuring the resulting decrease in surface H2-K" levels by flow
cytometry (Fig EV3A). The impact of the viral inhibitors on cross-
presentation was assessed by comparing 293T-FcR-KP cells express-
ing the viral genes to cells expressing LacZ as a control. The cross-
presentation efficiency of the cells expressing the US6 or ICP47 was
reduced by approximately 80% compared to cells expressing LacZ

© 2019 The Authors

(Figs 4A and B, and EV3C), even though surface KP levels remained
substantial, suggesting that the availability of stable pool of cell
surface K may not be sufficient to drive maximum TAP-indepen-
dence. We hypothesized that reduced phagosomal degradation in
the cells expressing the viral TAP inhibitors could also be required,
and used the Rab mutants to inhibit phagosomal maturation as
described above for the BMDCs. Indeed, co-expression of US6 or
ICP47 with any of the Rab mutants (Fig EV3A and B) that delayed
phagosomal maturation reversed the ability of the viral TAP inhibi-
tors to inhibit cross-presentation (Figs 4A and B, and EV3C); 293T-
FcR-K® cells expressing US6 or ICP47 plus the respective Rab
mutants cross-presented OVA at an efficiency close to 80% of the
control cells expressing LacZ plus the Rab mutants (Fig 4A and B).
The residual 20% reduction in cross-presentation may be attribu-
table to the reduction of surface K® molecules caused by the viral
proteins (Fig EV3A).
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Figure 4. Reconstitution of TAP-independent cross-presentation in 293T-FcR-K" cells by expressing Rab5ACA, Rab22ACA, and Rab7ADN.

A B 293T-FcR-K® cells co-expressing empty vector or Rab mutants (RabSACA, Rab22ACA, and Rab7ADN) individually, with either LacZ as a control or US6 (A) or ICP47 (B),
were analyzed for cross-presentation of OVA using B3Z cells. The effects of US6 and ICP47 on cross-presentation were analyzed by plotting the mean percentage of
IL-2 release by cells co-expressing US6 (A) or ICP47 (B) with control vector or Rab mutants compared to cells co-expressing LacZ with control vector or Rab

mutants, respectively.
C-E

293T-FcR-K® cells expressing RabSACA (C), Rab22ACA (D), and Rab7ADN (E) were incubated with opsonized OVA-coated latex beads in the presence of varying doses

of epoxomicin. After 6 h, the cells were fixed and incubated with B3Z cells, and IL-2 production was measured.

Data information: In (A) and (B), means (+SEM) of three independent experiments for each Rab mutants are plotted. **P < 0.01 (Student’s t-test). Representative
experiments of three independent experiments are shown for each Rab mutants (C—E). The means (£SD) of assay triplicates are plotted. Data were analyzed by

performing a linear regression analysis.

Overall, the data above suggest that a major fraction of cross-
presentation by 293T-FcR-K® cells expressing the Rab mutants is
TAP-independent, and, as for the TAP1™/~ BMDCs, we further
found that this enhancement of cross-presentation remained sensi-
tive to proteasome inhibition (Fig 4C-E). The requirement for both
reduced phagosomal degradation and a stable pool of cell surface K"
molecules for proteasome-dependent cross-presentation cannot be
explained by current models.

Proteasomes are imported into the
endolysosomal/phagosomal lumen

We postulated that the entry of active proteasomes that generate the
SIINFEKL epitope into the endolysosomal lumen could explain the
proteasome dependence we observe in cells lacking TAP activity. To
approach this question, we first used immunoelectron microscopy
to examine endolysosomal compartments in BMDCs for the pres-
ence of proteasomes. Endolysosomal membranes were labeled with
anti-LAMP1 antibody (5 nm gold particles, white arrowhead), and
proteasome distribution was first analyzed using a rabbit antibody
specific for the immunoproteasome subunit LMP2 (Appendix Fig
S3A), detected using 15 nm gold particles (black arrowhead). In
addition to cytosolic labeling, we also observed LMP2 subunits
localized to LAMP1-positive vacuoles in BMDC (Fig 5A and B). As a
specificity control, we compared the labeling of INF-y-treated MEF
cells derived from wild-type and LMP2 knockout mice. The labeling

6 of 15 The EMBO journal ~ 38: €99266 | 2019

of LMP2 knockout MEF cells was much lower than wild-type MEF
cells (Fig 5A and B, Appendix Fig S3B), establishing a background
level of labeling by the LMP2 antibody. To further verify proteasome
localization within the endolysosomal compartment, we performed
immunoelectron microscopy using LAMP1 antibody together with
antibodies raised against three different subunits of constitutive
proteasomes (15 nm gold particles, black arrowhead), namely o5
and B5, which are components of the outer and inner rings of the
208 particle, respectively, and S2, located in the 19S cap of the 26S
particle. In addition to cytosolic labeling, all three components were
located in membrane-bound compartments labeled with LAMP1
(Fig 5C and D, Appendix Fig S3C). Quantitative analysis revealed
that approximately 15% of the proteasomes, defined by labeling
with antibodies against three distinct proteasome subunits, were
within the LAMP1-positive membrane compartment (Fig 5E).

Efforts to perform immunoelectron microscopy on phagosomes
containing latex beads were inconclusive, so in an attempt to con-
firm that proteasomes enter the phagosomal lumen we performed
confocal microscopy on BMDCs that had phagocytosed latex beads
coated with Alexa 647-conjugated fluorescent OVA. Phagosomal
membranes were delineated with an antibody to the LAMP1, and
proteasomes were detected using an antibody to the immunoprotea-
some subunit LMP2. We observed some LMP2 staining associated
with the phagosomes (Fig 5F), but because of the limitations of opti-
cal microscopy, we could not determine whether the proteasomes
were within the lumen or simply proximal to it. However, as

© 2019 The Authors
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and G). To quantitate the luminal proteasomal content, we normal-
ized the LMP2 fluorescence intensity to the Alexa 647-OVA content
associated with the LAMP1-positive structures and found signifi-
cantly higher proteasomal content in cells expressing RabSACA and
Rab22ACA (Fig 5H). These results were confirmed with an antibody
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Figure 5. Proteasomes access the endolysosomal and phagosomal lumen.

A

F, G

EM micrographs of double immuno-gold labeling using antibodies against immunoproteasome subunit LMP2 and the endolysosomal membrane marker LAMP1 in
BMDC, WT MEF, and LMP2 KO MEF. Large gold particles (15 nm, black arrowhead) label LMP2 and small gold particles label LAMP1 (5 nm, white arrowhead; Scale
bars = 500 nm). The insets are the magnification of region of interest containing LAMP1-positive vacuole (Scale bars = 100 nm), marked by the black rectangle.
The distribution of LMP2-positive signals (n = 22 images) assessed by plotting the number of gold particles labeling LMP2 within the LAMP1-positive membrane
compartment versus those outside the LAMP1-positive organelles.

Immuno-gold labeling with antibodies against constitutive proteasome subunits, a5, 5, and 19 S2 (15 nm, black arrowhead), co-labeled with an anti-LAMP1
antibody (5 nm, white arrowhead) in BMDC (Scale bars = 500 nm). Regions of interest containing LAMP1-positive vacuoles are marked by the black rectangles and
magnified in the insets (Scale bars = 100 nm).

Immuno-electron microscopy images (n = 23) were analyzed by plotting the total number of gold particles labeling proteasome subunits inside and outside the
LAMP1-positive membrane compartments (D). These data are also presented as the percentage of the total gold particles that are within the LAMP1-positive
organelle (E).

BMDC transduced with genes encoding GFP, GFP-Rab5ACA, and GFP-Rab22ACA under the control of an inducible promoter were fixed and stained for LMP2 and
LAMP1 and analyzed by confocal microscopy (F, G) 24 h after doxycycline induction and 4 h after Alexa 647-OVA-coated bead uptake. A single optical section (F)
and the 3D-rendering (G) of 10 optical sections of a representative cell are shown (Scale Bar 10 pum). Region of interest containing LAMP1-positive vacuole
containing beads coated with Alexa 647-conjugated OVA, marked by white rectangles, is magnified as inset (Scale bars = 1 um).

The same cells were analyzed for LMP2 fluorescence intensity within the phagosomal lumen as defined by a region of interest positive for Alexa 647-OVA enclosed
within a limiting membrane positive for LAMP1. The fluorescence intensity of LMP2 within the phagosomal lumen normalized to Alexa 647-OVA was calculated,
and data compiled from independent experiments (n = 3) are plotted (H). For each transduced cell type, images of at the least 27 cells acquired across three
independent experiments were analyzed and each cell is represented as a data point.

BMDC co-expressing LMP2-RFP and GFP-Rab5ACA (1) or GFP-Rab22ACA (J, K) were live imaged 16 h after doxycycline induction and 30 min after uptake of Alexa
647-coated latex beads (Bar 10 um). Images were acquired every 3 min, and images taken at 12-min interval are presented (I-K). The arrowheads in panel (I and J)
mark the phagosome or vacuoles containing LMP2, respectively. The boxed region in panel (J) marks a phagosome that has been enlarged in panel (K) (Bar 1 um).

Data information: In (E), the mean (+SD) is plotted and individual data points represent analysis of an individual image. In (H), the means (+SD) are plotted. Individual

circles represent analysis of individual cells. ***P < 0.005, and **P < 0.01 (Student’s t-test).

to the immunoproteasome subunit, LMP?7 (Fig EV4A-C). The punc-
tate staining of the lumenal proteasomes suggests that, at least initi-
ally, they may be within small membrane-bound vesicles within the
endolysosomal compartment, potentially recruited from the cytosol
(Figs 5F and G, and EV4A and B).

To investigate the phenomenon kinetically, we performed live
time-lapse imaging of BMDCs after uptake of Alexa 647 OVA-coated
latex beads, with frames 3 min apart. To detect the proteasomes,
the cells were co-transduced with LMP2 tagged with red fluorescent
protein (RFP) together with GFP-tagged Rab5ACA (Fig 5I, Movie
EV1) or GFP-tagged Rab22ACA (Fig 5J and K, Movies EV2 and
EV3). The time-lapse images revealed interesting differences
between BDMCs expressing the two Rab mutants. Beads with asso-
ciated OVA were present in Rab5ACA-positive phagosomes that
over time became positive for punctate LMP2-RFP (Fig 5I, Movie
EV1 arrowhead), while bead-associated fluorescent OVA in
Rab22ACA-positive phagosomes appeared to be released into a
proximal but separate Rab22ACA-negative vacuolar compartment
that was positive for LMP2-RFP (Fig 5J and K; Movies EV2 and
EV3). However, in both cases vacuoles containing OVA also
contained the proteasomal marker, consistent with the hypothesis
that proteasomal degradation within the phagocytic pathway gener-
ates the KP-restricted OVA epitope.

The difference between the effects of the two Rab mutants could
be because they differentially affect the rate of endosome-phago-
some fusion. However, Rab22A has been hypothesized to play a role
in sorting cargo from early phagosomes/endosomes into a pathway
leading to degradation rather than one leading to recycling (Weigert
et al, 2004; Cebrian et al, 2016). Thus, the exit of OVA from the
Rab22ACA-positive phagosomes could be a result of a sorting
process mediated by Rab22A. Nevertheless, these live imaging
experiments confirm that proteasomes gain access to the phagoso-
mal lumen. They also indicate that the LMP2-positive structures
within the phagosomes disappear over time. The punctate structures
initially visible may represent small vesicles that rupture after
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arrival in the phagosome, diffusing the fluorescent signal so that it
is no longer visible.

Phagosomal content undergoes ubiquitination and degradation
by proteasomes

For phagosomal proteasomes to generate antigenic peptides in situ,
they would have to be active. We first examined this question by
using flotation to purify phagosomes from Rab mutant-expressing
293T-FcR-K® cells that had internalized opsonized latex beads
(Desjardins et al, 1994). The phagosomes were treated with deter-
gent to remove membrane, which was efficient as assessed by
Western blot analysis of the pelleted beads and supernatant using an
anti-LAMP1 antibody (Appendix Fig S4A). Importantly, proteasomes
remained associated with the beads after detergent treatment, deter-
mined by Western blot analysis with an antibody to the 5 subunit
(Appendix Fig S4A). The beads were then assayed for proteasome
activity using a fluorogenic proteasome substrate (LLVY-AMC) and
an ATP regenerating system. Fluorescence was measured at hourly
intervals, and specificity was confirmed by including epoxomicin in
a parallel control incubation. Beads purified from 293T-FcR-K® cells
expressing Rab mutants had 2- to 3-fold higher epoxomicin-inhibi-
table activity than those from cells expressing a control vector
(Fig 6A, Appendix Table S1). The results support the hypothesis that
active proteasomes within the early phagosomes are active.

As an additional approach, we developed a flow cytometry-based
phagosomal degradation assay, which is a modification of the
phagosomal degradation assay we used to measure the impact of
Rab mutants on phagosomal degradation (Fig EV1). BMDCs were
allowed to internalize latex beads with covalently bound Alexa 647-
OVA for 3 h. After internalization, a crude phagosome preparation
was incubated for 16 h at 37°C in the presence of a lysosomal
protease inhibitor cocktail but with an ATP regenerating system to
allow proteasomal degradation. Various concentrations of epox-
omicin were added. The degradation of OVA was measured by flow

© 2019 The Authors
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Figure 6.

cytometry of the beads after removal of the phagosomal membrane
with detergent. Prior to detergent treatment, the phagosomes were
incubated with a rabbit anti-OVA antiserum to coat any latex beads
that had failed to internalize or that were in phagosomes lacking intact
membranes. After detergent treatment, the beads were incubated with
an Alexa 488-conjugated secondary antibody to rabbit IgG, to allow
exclusion of non-phagocytosed beads upon subsequent flow cytometric
analysis (Appendix Fig S4B). Flow cytometry clearly showed that
degradation of bead-bound OVA occurred and that it was inhibited by
epoxomicin (Fig 6B and C), confirming that active proteasomes were
present within the lumen of the purified phagosomes.

Finally, a key requirement for cytosolic proteasome degradation
is ubiquitination of the substrate. To ask whether the proteasomal

© 2019 The Authors
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Figure 6. Phagosomal proteasomes are active.

A Activity of proteasomes within the phagosomes was determined by
measuring the fluorescence intensity of fluorogenic proteasome substrate
incubated with latex beads from detergent-treated phagosomes treated
or untreated with epoxomicin. The fluorescence intensities were
measured at 1-h intervals, and values plotted represent the ratio of the
signals in the absence versus the presence of epoxomicin (A).

B, C Intraluminal proteasome-dependent degradation of phagocytosed
antigen was measured by flow cytometric analysis of phagocytosed latex
beads covalently conjugated with Alexa 647-OVA. Latex beads were
extracted by mechanical disruption of BMDC and incubated with ATP,
lysosomal protease inhibitor cocktail, and varying dose of epoxomicin at
37°C for 16 h. After incubation, latex beads were treated with detergent
and analyzed by flow cytometry (B). The mean of Alexa 647 fluorescence
associated with the latex beads incubated with epoxomicin was
normalized to fluorescence of untreated beads from independent
experiments were plotted (n = 4) (C).

D, E Ubiquitination of phagosomal cargo within the phagosomes was
assessed by measuring the acquisition of GFP fluorescence by
phagocytosed latex beads conjugated with OVA post-detergent
extraction from BMDC expressing GFP or GFP-Ub (D). The mean of
fluorescence intensities of GFP on the beads from independent
experiments was plotted (E).

Data information: In (A), representative experiments of three independent
experiments are shown for each Rab mutant. In (C), the means (+SEM) are
plotted. Data obtained from five independent experiments were analyzed by
performing a linear regression analysis, and **P < 0.01, *P < 0.05 (one-way
ANOVA). In (E), the mean + SEM of six independent experiments has been
plotted. ****P < 0.001 (Student’s t-test).

degradation in phagosomes could involve ubiquitination, we
expressed GFP (control) or GFP-tagged ubiquitin (GFP-Ub) (Dan-
tuma et al, 2006) in BMDCs and allowed them to internalize beads
covalently conjugated with OVA. After 4 h at 37°C, the cells were
detergent extracted and analyzed for the ubiquitination of phagoso-
mal cargo by measuring GFP fluorescence on the beads. Those
isolated from BMDCs expressing GFP-Ub acquired a significantly
higher fluorescence signal than the control (Fig 6D and E). This
indicates that phagosomal cargo in BMDCs is subject to ubiquitina-
tion, further supporting the concept that an active ubiquitin/protea-
some system in phagosomes is involved in cross-presentation.

Discussion

We demonstrate here that active proteasomes can enter phagoso-
mal/endosomal compartments and drive TAP-independent peptide
accumulation within them. We hypothesize that this mediates cross-
presentation that is particularly evident when phagosomal matura-
tion is inhibited using gain-of-function Rab mutants that limit this
process and therefore proteolysis by lysosomal proteases. In contrast
with the conventional vacuolar pathway proposed to rely on lysoso-
mal proteases, epitopes produced by this novel pathway would
match those generated by cytosolic processing in virus-infected cells
or tumor cells. We hypothesize that compartmentalization of protea-
somes within phagosomes drives a high local concentration of
peptides that facilitates efficient MHC-I loading, evidenced by the
reduction of MHC-I surface expression when proteasomes are inhib-
ited and its reversal when exogenous peptide is added.

Earlier studies have described TAP-independent and proteasome-

dependent MHC-I-restricted antigen processing. We recently
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reported that the presentation of an epitope derived from endoge-
nous PMEL protein in melanoma cells depends on proteasomal
degradation but is independent of TAP function (Vigneron et al,
2018). Our studies revealed this phenotype in cross-presentation by
expressing hp,m in TAP1~/~ BMDCs to increase surface K° expres-
sion and availability. A prior study used the alternate strategy of
incubating TAP-deficient cells at lower temperature to achieve the
same ends and rendered cross-presentation TAP-independent and
proteasome-dependent (Merzougui et al, 2011). Interestingly, it has
also been shown that MHC-II-restricted epitopes derived from influ-
enza virus can be generated by the proteasome and presented by a
TAP-independent mechanism (Miller et al, 2015). This observation
could also be explained by the presence of active proteasomes
within the phagosomal/endolysosomal lumen. It has been specu-
lated that an alternate peptide transporter might be driving these
pathways (Lawand et al, 2016), and our data certainly do not elimi-
nate the possibility of such a transporter working in tandem with
luminal proteasomes. TAP-Like (TAP-L), a TAP homologue local-
ized to lysosomal membranes, has been suggested as a candidate,
although it was recently shown that BMDC derived from TAP-L
knockout mice do not exhibit impaired cross-presentation (Lawand
et al, 2018).

Our current understanding of proteasome function within cells is
based on the presence of active proteasomes in the cytosol, nucleus, or
the cytosolic side of membrane compartments (Wojcik & DeMartino,
2003). The majority of proteasome substrates identified have been
cytosolic, nuclear, or membrane proteins. Recent cryo-electron micro-
scopy analysis has shown that proteasomes localize to the cytosol and
cytosolic protein aggregates in neuronal cells (Asano et al, 2015; Guo
et al, 2018). However, studies in yeast and plant cells have shown that
endocytic compartments contain proteasomes, although no evidence
was presented that they were active (Marshall et al, 2015; Cohen-
Kaplan et al, 2016). Work by Houde et al (2003) used a protease
protection approach with purified DC phagosomes and showed that
most of the proteasomes were degraded and therefore associated with
the cytosolic face. However, a fraction of the proteasomes was not
degraded and may correspond to those present in the lumen that we
describe. No data on activity are available in this case, but here we
used two different approaches to demonstrate proteasomal activity in
the lumen of phagosomes. In the first, we assayed for ATP-dependent,
epoxomicin-sensitive cleavage of a fluorescent proteasome substrate
by phagosomes isolated from 293T-FcR-K® cells. This required the
expression of Rab mutants, which presumably increases proteasomal
content. In the second, we demonstrated post-purification epoxomicin-
sensitive degradation of fluorescent OVA covalently linked to latex
beads that were isolated from phagosomes. In addition, we showed
that OVA-conjugated beads in the lumen of phagosomes can recruit
ubiquitin. In the latter two sets of experiments, no Rab mutants were
required to observe the effects. Overall, the data strongly support the
hypothesis that active proteasomes within phagosomes can mediate
cross-presentation.

TAP-independent cross-presentation was evident in human
293T-FcR-K® cells, but functional activity by TAP-deficient BMDCs
was only readily observed when the level of surface MHC-I mole-
cules was boosted by the introduction of human $,m. This suggests
that the critical antigen presenting molecules may be mature, recy-
cling MHC-I molecules derived from the cell surface rather than
directly delivered from the ER. This is in line with previous
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suggestions that trafficking of cell surface MHC-I through sorting
endosomes and recycling endosomes facilitates cross-presentation
(Lizee et al, 2003; Nair-Gupta et al, 2014). In our experiments, we
showed that enhancing cell surface expression of H2-K” molecules
on hB,m-positive TAP1~/~ BMDCs by adding an irrelevant K®-
binding peptide resulted in increased cross-presentation of OVA,
consistent with peptide exchange occurring during recycling.

Previous studies have reported that phagosomes within cross-
presenting DCs maintain a close to neutral pH and a weak prote-
olytic environment (Savina et al, 2006; Samie & Cresswell, 2015).
This is thought to preserve protein antigens, or large fragments of
them, allowing their translocation into the cytosol (Kovacsovics-
Bankowski & Rock, 1995). These conditions are also likely to
provide a suitable environment for the maintenance of proteasomal
activity. Such sequestration would therefore be expected to have a
significant impact on cross-presentation in cells that demonstrate
slower kinetics of phagosomal/endosomal maturation, consistent
with the increased cross-presentation we observe upon expression
of the Rab mutants. Notably, ER-derived aminopeptidases that can
trim peptides following TAP-mediated translocation into the ER and
generate MHC-I-binding peptides from N-terminally extended
precursors can be recruited to phagosomes (Ackerman et al, 2003).
Co-localization of these enzymes in the phagosome would be
expected to further facilitate cross-presentation of functionally rele-
vant epitopes. Whether the peptide editor tapasin, or its homologue
TAPBPR (Neerincx & Boyle, 2017), or the endosome-resident
aminopeptidase, IRAP(Saveanu et al, 2009), play a role are ques-
tions that merits analysis.

A remaining important question is how delivery of proteasomes
into endocytic organelles is mediated. The immunoelectron micro-
scopic analysis of BMDCs, as well as the disappearance over time of
proteasome-containing puncta in BMDCs expressing the Rab
mutants, suggests that entry of small vesicles containing protea-
somes that are derived from the cytosol may be involved. A number
of cellular pathways involved in the delivery of cytosolic proteins
into the endolysosomal compartment have been described. The more
notable ones are macroautophagy, chaperone-mediated autophagy,
and budding of intraluminal vesicles (Crotzer & Blum, 2008).
Macroautophagy or budding of intraluminal vesicles could deliver
large protein complexes such as proteasomes, which would be
consistent with our immunoelectron microscopy data. However, the
molecular machinery involved in these processes also impacts other
cellular functions, making simple interpretation of inhibition, knock-
out, or knockdown experiments difficult. For example, components
involved in macroautophagy play a role in maintaining cell surface
MHC-I expression (Loi et al, 2016). The ESCRT components have
been identified as key proteins that drive intraluminal vesicle
budding but they also play a role in endolysosomal membrane repair
(Skowyra et al, 2018), which also could potentially impact cross-
presentation. Experiments to examine the possible involvement of
one or more of these potential mechanisms in cross-presentation that
may avoid these complicating issues are ongoing.

It is unlikely that the pathway we describe here is the exclusive
mechanism that mediates cross-presentation. There is considerable
evidence that internalized antigenic proteins can be translocated
into the cytosol from endocytic organelles, facilitating the cytosolic
pathway of cross-presentation (Cebrian et al, 2011; Lu et al, 2018),
and for a role for lysosomal proteases such as cathepsin S (Shen
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et al, 2004). A combination of these processes, perhaps mediated by
different subsets of DCs, would be expected to expand the repertoire
of peptides available for cross-presentation. However, only the
translocation-dependent pathway and the process we have outlined
here would routinely produce peptides that match those generated
by conventional antigen processing. Future studies should focus on
the relative roles of these pathways in the initiation of CD8-positive
T-cell responses to a variety of pathogens and tumors.

Materials and Methods
Mice

C57BL/6 and TAP17/~ breeding pairs were purchased from the
Jackson Laboratories. The mice were housed and bred at Yale
Animal Resource center according to institutional guidelines.

Plasmids

Human B,-microglobulin was cloned into BamHI and NotI site of
PMX-IRES-Puro and pRetroX-Tight-Pur. PCR fragment encoding GFP
was cloned into BamHI and NotI site of pRetroX-Tight-Pur to create
pRetroX-Tight-Pur-GFP plasmid, and in doing so, the original BamHI
site was disrupted and a new BamHI site was created at the 3’ end
of GFP encoding region. The constitutively active RabSA?”°" and
Rab22A%%4L mutants were cloned into the newly created BamHI and
NotI site of pRetroX-Tight-Pur-GFP in frame with the GFP coding
sequence. Myc-tagged dominant-negative Rab7™*N was cloned into
NotI site of pMX-IRES-Puro. The Myc-tagged constitutively active
human Rab5A%”°" and Rab22A%°*" mutants were cloned into BamHI
and Notl site of pMX-IRES-Thyl.1 (Seo & Cresswell, 2013), and
dominant-negative mouse Rab7™**N mutant was cloned into NotI
site pMX-IRES-Thy1l.1. Retroviral constructs expressing US6 and
ICP47 have been previously described (Panter et al, 2012). LMP2
coding region in frame with RFP coding region was cloned into the
BamHI and EcoRI site of pRetroX-Tight-Pur. PCR fragment encoding
GFP-ubiquitin was amplified from GFP-Ub gifted from Nico
Dantuma (Addgene plasmid #11928) and cloned in pRetroX-
Tight-Pur.

Antibodies and reagents

Polyclonal antibodies against GFP (S3) and monoclonal Myc-Tag
antibody (9E10) were used for detecting the expression of tagged
Rab mutants. Monoclonal antibodies against H2-K® (Y3) (Anderson
& Cresswell, 1994) and human B,-microglobulin antibody (BBM.1)
(Abcam) were used for flow cytometry analysis. Anti-LMP2 and
anti-LMP7 antibodies were generously provided by Dr. George N
DeMartino, University of Texas Southwest Medical Center (Fabunmi
et al, 2001). A monoclonal LAMP1 antibody (1D4B) was obtained
from eBioscience. Antibodies to LMP2 purchased from Proteintech
(14859-AP) was used for immunoelectron microscopy. Antibody to
the B5 subunit of proteasomes was purchased from Bethyl Laborato-
ries (Cat No.-A303-847A). Antibodies raised against o-5 and 19S S2
were obtained from Abcam (ab11437 and ab3315) Epoxomicin was
purchased from Enzo Life Sciences. SIINFEKL and gB peptides were
purchased from GenScript.
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Cell culture

BMDCs were cultured from C57BL/6 and TAP1 /™ mice. Bone marrow
was harvested from the femurs and the tibia of 6- to 8-week-old mice,
and the cells were differentiated for 5-7 days in RPMI 1640 containing
10% heat-inactivated fetal calf serum (Gemini Bio-Products), 100
units/ml penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO), 25 mM
HEPES (GIBCO), 1% nonessential amino acids (GIBCO), 1 mM v-gluta-
mine (GIBCO), 50 uM B-mercaptoethanol (GIBCO), and conditioned
media from a GM-CSF producing cell line, J558. The B3Z hybridoma
specific for OVA,s; 564 Was a gift from Dr. Nilabh Shastri (University of
California, Berkeley) and grown in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum (Gemini Bio-Products), 100
units/ml penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO), 25 mM
HEPES (GIBCO), (GIBCO), 1 mM ti-glutamine (GIBCO), 50 uM pB-
mercaptoethanol (GIBCO), and 1 mM pyruvate. 293T-FcR-K® cells
were grown in IMDM with 10% heat-inactivated fetal calf serum (Gem-
ini Bio-Products), 1x glutaMax (GIBCO), 2 mg/ml G418, and 2 pg/ml
puromycin. MEF cells derived from WT and LMP2 knockout mice
were processed for immunoelectron microscopy after being treated
with 10 nM of INF-y for 72 h in a RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum (Gemini Bio-Products), 100
units/ml penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO), 25 mM
HEPES (GIBCO), (GIBCO), 1 mM r-glutamine (GIBCO), 50 uM B-
mercaptoethanol (GIBCO), and 1 mM pyruvate.

Transfection and retroviral transduction

293T-FcR-K® cells were transfected with Rab mutants cloned into
pMX-IRES-Thy1.1 using Lipofectamine 2000 (Invitrogen). Transfec-
tion was carried out according to the manufacturer’s guidelines. In
brief, 293T-FcR-K® cells were transfected with 25 pg of the plasmid
with 60 pl of Lipofectamine 2000 for 6 h. After overnight culture at
37°C, transfected cells were isolated by magnetic-activated cell sort-
ing using biotinylated anti-Thy1.1 antibody (BioLegends) and strep-
tavidin magnetic beads (Miltenyi Biotec) according to the
manufacturer’s manual.

BMDC were transduced with retroviral plasmids expressing Rab
mutants as described previously (Samie & Cresswell, 2015). BMDC
from wild-type or TAP1~/~ mice were transduced with pMX-IRES-
Puro hf,m to assess the impact of human B,m on cell surface K®, and
cross-presentation BMDC from wild-type mice were co-transduced
with  pRetroX-Tet-ON  advanced with pRetroX-Tight-Pur-GFP
Rab5AY" or pRetroX-Tight-Pur-GFP-Rab22 A% to assess the role of
Rab mutants on cross-presentation and confocal microscopy. BMDC
derived from wild-type mice were transduced with pMX-IRES-Puro
Rab7AT?*N to measure the effect of Rab7AT**N on cross-presentation.
BMDC from wild-type or TAP1~/~ mice were co-transduced with
pRetroX-Tet-ON advanced and pRetroX-Tight-Pur-hf2m along
with pRetroX-Tight-Pur-GFP-Rab5A%”°" or pRetroX-Tight-Pur-GFP-
Rab22A%%" in order to assess the role of TAP function on
cross-presentation. BMDC from wild-type or TAP1~/~ mice were
co-transduced with pMX-IRES-Puro Rab7A™*N and pMX-IRES-Puro
hp2m. For live cell imaging, wild-type BMDC were co-transduced
with pRetroX-Tet-ON advanced and pRetroX-Tight-Pur-LMP2-RFP
along with pRetroX-Tight-Pur-GFP-Rab5A%"°" or pRetroX-Tight-Pur-
GFP-Rab22A%%L, BMDCs transduced with inducible vectors were
cultured in the presence of 1 pg/ml of doxycycline for 16 h prior to
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the experiment. For ubiquitination assay, BMDC were co-transduced
with pRetroX-Tet-ON advanced and pRetroX-Tight GFP-Ub.

In vitro cross-presentation assay

Transduced and doxycycline-induced BMDCs were seeded into
wells of a 96-well plate in triplicate, at a density of 1 x 10° cells per
well. The cells were incubated with latex beads with non-covalently
bound OVA for 6 h at 37°C and fixed by incubating the cells in 1%
paraformaldehyde for 5 min. Following the fixation, the cells were
washed with 200 mM glycine and B3Z medium twice to quench the
paraformaldehyde. B3Z cells were incubated with the fixed BMDCs
for 16 h, and IL-2 secreted by B3Z cells in the culture supernatant
was measured by ELISA as the readout for cross-presentation.

Sorted 293T-FcR-K® cells expressing Myc-tagged Rab mutants
were seeded in triplicate into wells of 96-well plates at a density of
1 x 10° cells per well. Cells were incubated for 12 h with opsonized
latex beads (Polysciences) non-covalently bound to OVA (Worthing-
ton Biochemical Corporation). Following the incubation with latex
beads, the cells were fixed with 1% paraformaldehyde for 5 min
and 200 mM glycine was added to stop fixation. After washing the
cells with B3Z culture medium, 200 pl of B3Z cells at a cell density
of 3.5 x 10° cells/ml was added to each well and cultured with fixed
cells for 16 h. The concentration of released IL-2 was measured
using an IL-2 ELISA Kit (BD OptEIA Mouse IL-2 ELISA Kit).

Endogenous antigen presentation assay

Endogenous antigen presentation assay was performed as per the
protocol described earlier (Ackerman et al, 2006). In brief, BMDC
transduced with control vector or human B,m were infected with
varying MOI of recombinant vaccinia virus-expressing OVA (VV-
OVA). Six hours postinfection, cells were fixed with 1% paraformalde-
hyde and cultured with B3Z. Antigen presentation efficiency was eval-
uated by measuring IL-2 concentration in the B3Z culture media.

Flow cytometry

Cell surface staining of H2-K® was done by incubating BMDC or
293T-FcR-K® with 1-200 dilution of Alexa 647-conjugated Y3 mono-
clonal antibody for 30 min at 4°C. BMDC were stained for cell
surface CD11c using PE-conjugated CD11c antibody (BD Bios-
ciences). The expression of cell surface hf,m was assessed by incu-
bating BMDC with 1-100 dilution of unconjugated monoclonal
antibody BBM.1 (Abcam) for 30 min at 4°C and washed with PBS
containing 1% fetal calf serum. Cell surface-bound unconjugated
BBM.1 antibody was detected by incubating with 1-1,000 dilution of
Alexa 647-conjugated goat anti-mouse IgG (Invitrogen) for 20 min at
4°C. Cell surface staining data were acquired on an Accuri flow
cytometer system (BD Biosciences), and data were analyzed with
FlowJo software.

Immunofluorescence staining, confocal microscopy, image
quantification, and live cell imaging

Transduced BMDC were cultured with latex beads non-covalently
bound to Alexa 647-conjugated OVA at a density of 5-10 beads per
cell on coverslips in a 24-well plate and incubated at 37°C for 4 h.
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The cells were fixed in 4% paraformaldehyde for 30 min and
permeabilized in 0.5% saponin. Cells were stained with anti-LMP2
or anti-LMP7 antibody and co-stained with an anti-LAMP1 antibody.
Z-section images of cells were acquired using a Leica SP8 confocal
microscope using a 63x oil immersion objective.

The image slices were analyzed to quantify LMP2 and LMP7
fluorescence intensity within the phagosomal lumen as defined by
Alexa 647-positive OVA enclosed within LAMP1-positive limiting
membrane. Using the freehand selection function of ImageJ (NIH),
the region of interest marking the phagosomal lumen was identified.
Average fluorescence intensity of the LMP2 or LMP7-positive pixel
within this region of interest was quantified using the “measure”
function of ImageJ. Average fluorescence intensity of pixels positive
for Alexa 647 OVA within the region of interest was also measured.
The final data were plotted as a ratio of average fluorescence inten-
sity of LMP2 or LMP7 to the average fluorescence intensity of Alexa
647 OVA.

Live cell images were acquired using a Leica SP8 laser scanning
confocal microscope with a temperature, humidity, and CO,
controlled chamber. Transduced BMDC seeded onto glass bottom
plate were cultured with latex beads with non-covalently bound
Alexa 647-conjugated OVA at a density of 5-10 beads per cell.
Following incubation for 30 min at 37°C for the cells to adhere, the
plates were transferred to the live cell-imaging chamber. Stacked
images of the cells were acquired every 3 min. Using ImageJ (NIH),
individual Z-sections were stitched to generate contiguous movies.

OVA degradation assay

Alexa 647-conjugated OVA was covalently coupled to 3 pm latex
bead with carboxylate reactive group. The coupling was done in the
presence of EDAC in a coupling buffer (50 mM MES pH 5.0).

BMDC expressing control vector or Rab mutants were pulsed
with the latex beads covalently conjugated with Alexa 647 OVA for
1 h at 37°C, at a dilution of 10 beads per cell. Non-internalized
beads were removed by pelleting the cell on top of a FBS cushion.
Cells were plated onto 96-well tissue culture plate at a density of
2 x 10° cells per well. At different time point, detergent-containing
buffer was added to the wells (TBS, 1% Triton X-100, 0.1% SDS).
The cells were extracted in the buffer for 1 h at 4°C, and the latex
beads released postextraction were analyzed by flow cytometry.

Immunoelectron microscopy and analysis

BMDC were fixed in 4% paraformaldehyde, 0.2% glutaraldehyde in
PBS for 30 min followed by further fixation in 4% PFA for 1 h. After
rinsed in PBS, the cells were re-suspended in 10% gelatin and
placed in 2.3 M sucrose overnight at 4°C before transferred to
aluminum pins and frozen rapidly in liquid nitrogen. The frozen
blocks were cut with a Leica EM FC6 Ultramicrotome, and 60-nm-
thick sections were collected on carbon/formvar-coated grids. The
immunolabeling was performed using the Tokuyasu method
(Tokuyasu, 1973). Briefly, after treated with 0.1 M ammonium chlo-
ride to quench free aldehyde groups, sections were blocked in 1%
fish skin gelatin in PBS. The grids were then incubated with primary
rabbit antibodies against proteasome o5, 35, 19S S2 at a dilution of
1:200, LMP2 at a dilution of 1:300 and mouse anti-Lamp1 at 1:100.
Sequential labeling was performed with secondary antibody
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followed by 15 and 5 nm Protein A Gold (Utrecht Medical Center).
All grids were rinsed in PBS, fixed in 1% glutaraldehyde for 5 min,
and transferred to a uranyl acetate/methylcellulose drop before
being collected and dried. Grids were examined and imaged in a FEI
Tecnai BioTwin TEM at 80 kV accelerating voltage. Images were
recorded using Morada CCD and iTEM (Olympus) software.

For quantitation, all 22-23 images were captured at a magnifi-
cation 43,000x. LMP2 gold particles were defined by setting the
threshold in ImageJ. The numbers of gold particles were counted by
using the “Analyze Particle” function of ImageJ.

Proteasome activity assay

293T-FcR-K® cells transfect with Rab mutants were cultured with
3 um latex beads coated with opsonized OVA for 12 h at a density
of 50 beads per cell. Phagosomes were isolated by a previously
described protocol (Desjardins et al, 1994) and incubated for
15 min at 4°C in 0.5% Triton X-100 in PBS, and the isolated latex
beads were washed twice with proteasome assay buffer (25 mM
HEPES pH 7.5, 0.5 mM EDTA, 0.05% NP-40, 0.001% SDS). The
latex beads were pelleted and re-suspended in proteasome assay
buffer along with the fluorogenic proteasome substrate (Suc-LLVY-
AMC) and an ATP regeneration buffer (0.5 mM ATP, 0.5 mM UTP,
50 pM GTP, 5 mM creatine phosphate, 25 pg/ml creatine phospho-
kinase, 0.05 mM EGTA, and 0.5 mM MgCl,). Parallel reactions were
set up in the presence of 10 uM epoxomicin and in the absence of
ATP, respectively. The reaction mix was incubated at 37°C, and flu-
orescence signals were measured every hour for 3 h.

Proteasome-mediated OVA degradation and OVA
ubiquitination assay

BMDC were incubated with latex beads covalently conjugated to
Alexa 647 OVA at a dilution of 10 beads per cell for 3 h. Post bead
uptake cells were layered onto 2 ml FBS and pelleted by centrifuga-
tion at 150 g for 5 min. Cells were re-suspended in a hypotonic
homogenization buffer (250 mM sucrose, 3 mM imidazole, pH 7.0)
and incubated on ice for 5 min. The cells suspension was passed
through 26 g needle four times to released the phagosomes. Crude
phagosomes were obtained by collecting the supernatant of 500 g
for 5-min spin of the cell lysate. Phagosomes were re-suspended in
an assay buffer (50 mM HEPES pH- 7.4, 78 mM KCI, 4 mM MgCl,,
8.37 mM CaCl,, 10 mM EGTA) and incubated with protease inhi-
bitor cocktail (Sigma-Aldrich, P1869), ATP regeneration system and
varying doses of epoxomicin for 16 h at 37°C. Following the incuba-
tion, phagosomes were incubated with rabbit anti-OVA antibody at
4°C for 30 min, following which phagosomes were detergent
extracted to solubilize the membrane and remove the degradation
products. Detergent-extracted beads were incubated with anti-rabbit
Alexa 488 for 30 min at 4°C. The beads were analyzed by flow
cytometry using Accuri, BD. The beads that were negative for anti-
OVA staining were analyzed.

BMDC expressing GFP or GFP-Ub were pulsed with latex beads
covalently conjugated with OVA for 1 h at 37°C, at a dilution of 10
beads per cell. The non-internalized beads were removed layering
the cells on FBS and pelleting the cells at 150 g for 5 min. Cells were
plated onto 96-well tissue culture plate at a density of 2 x 10° per
well and incubated at 37°C for 4 h. Cells were detergent extracted
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(1% Triton X-100, 0.1% SDS) for 1 h at 4°C. The latex beads released
after detergent extraction were analyzed by flow cytometry.

Expanded View for this article is available online.
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