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through an interaction with the SNARE Vti1b
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ABSTRACT

The invariant chain (li, also known as CD74) is a multifunctional
regulator of adaptive immune responses and is responsible for sorting
major histocompatibility complex class | and class Il (MHCI and
MHCII, respectively) molecules, as well as other li-associated
molecules, to a specific endosomal pathway. When i is expressed,
endosomal maturation and proteolytic degradation of proteins are
delayed and, in non-antigen presenting cells, the endosomal size
increases, but the molecular mechanisms underlying this are not
known. We identified that a SNARE, Vti1b, is essential for regulating
these li-induced effects. Vti1b binds to liand is localized at the contact
sites of fusing li-positive endosomes. Furthermore, truncated Ii
lacking the cytoplasmic tail, which is not internalized from the
plasma membrane, relocates Vtilb to the plasma membrane.
Knockout of li in an antigen-presenting cell line was found to speed
up endosomal maturation, whereas silencing of Vti1b inhibits the
li-induced maturation delay. Our results suggest that li, by interacting
with the SNARE Vti1b in antigen-presenting cells, directs specific
li-associated SNARE-mediated fusion in the early part of the
endosomal pathway that leads to a slower endosomal maturation
for efficient antigen processing and MHC antigen loading.
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INTRODUCTION

The major histocompatibility complex class 11 (MHCII) molecules
and the associated invariant chain (Ii, also known as CD74) are
expressed in a particular set of immune cells, typically termed
antigen-presenting cells (APCs). In addition, the MHCII and [i
molecules may be induced in non-APCs by IFNy and other stimuli
(Neefjes et al., 2011). MHCII is expressed as heterodimers
composed of two non-covalently associated type I (N-terminal in
the lumen) transmembrane polypeptides. These highly polymorphic
molecules bind to short polypeptides derived from endocytosed
protein antigens and present these to the T-cell receptors on CD4*
T-cell clones. Ii is a non-polymorphic type II transmembrane
protein that forms complexes by self-trimerization in the
endoplasmic reticulum (ER) and that provides a scaffold for the
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assembly of three MHCII heterodimers. The rate of synthesis of Ti is
significantly higher than that of MHCII (Machamer and Cresswell,
1982), and in general there is more Ii protein than MHCII in antigen-
presenting cells, although Ii has a short half-life of a few hours, and
the half-life of MHCII is 1-2 days (Kampgen et al., 1991;
Landsverk et al., 2012; Schroder, 2016). Ti then sorts several other
associated molecules, including the neonatal Fc receptor (also
known as FCGRT) (Ye et al., 2008) and major histocompatibility
complex class I (MHCI; Basha et al., 2012; Walchli et al., 2014) to
the endosomal pathway (reviewed in Schroder, 2016).

Importantly, Ii, which contains two efficient leucine-based
endosomal sorting signals, facilitates the exit of MHCII from the
ER in antigen-presenting cells and mediates rapid transport of the
MHCII-Ii complex, via the plasma membrane (PM), to the
endosomal pathway where the MHCII receptor is loaded with
antigen (Bremnes et al., 1994; Bakke and Dobberstein, 1990; Elliott
et al., 1994; Bikoff et al., 1993; Neefjes and Ploegh, 1992;
McCormick et al., 2005; Dugast et al., 2005; Wang et al., 1997; Liu
et al., 1998; Brachet et al., 1999; Sevilla et al., 2001; Caplan et al.,
2000). In addition, Ii delays transport of endosomal content from
Rab5-positive early endosomes (EE) to late Rab7a-positive
endosomes (LE) (Gorvel et al., 1995). Ii also induces fusion of
early endosomes creating enlarged endosomes (Pieters et al., 1993;
Romagnoli et al., 1993). li-positive endosomes are able to mature
normally, but with a prolonged residence time in EE (indicated by
the presence of EEA1 and Rab5) before the endosomes switch to
late, acidic Rab7a- and Lamp1-positive multivesicular endosomes
and lysosomes (Stang and Bakke, 1997; Landsverk et al., 2011).
Such a delayed endosomal pathway is found to improve MHCII
antigen presentation (Gregers et al., 2003).

Most membrane fusion events in the cell require SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor)
proteins (reviewed in Jahn and Scheller, 2006). All SNAREs
share the conserved SNARE motif of 60—70 amino acids (Weimbs
et al., 1997) and often contain a transmembrane domain. However,
some SNAREs are anchored to membranes by lipid modifications.
There are several types of SNARE domains; R-SNAREs contribute
an arginine residue to the binding layer of the assembled complex,
whereas Q-SNARESs have conserved glutamine residues (Fasshauer
et al., 1998). Q-SNAREs are further subdivided into Qa-, Qb- and
Qc-SNAREs depending on their position in the complex. One
SNARE domain of each class is required to form the complex. The
formation of this complex provides the driving power necessary for
membrane fusion.

Homotypic fusion of early endosomes can be blocked by
phosphatidylinositol 3-kinase (PI3K) inhibitors (Jones and
Clague, 1995; Powis et al., 1994). Notably, this is not the case for
homotypic fusion of li-positive endosomes in vivo and in vitro
(Nordeng et al., 2002). This indicates that the li-associated fusion
mechanisms differ from the standard early endosomal fusion
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machinery. However, the li-induced fusion of endosomes can be
inhibited by N-ethylmaleimide (NEM), suggesting that SNARE
molecules are involved in this process. So far, it is not known which
SNARE proteins drive li-mediated endosome fusion. Here, we
show that the Q-SNARE Vtilb is a key regulator of li-induced
endosome fusion. Vtilb depletion reduced li-induced endosomal
size, indicating a functional role in this process. This was further
substantiated by a co-isolation of Vtilb with Ii. Vtilb was found
enriched at contact sites between li-positive endosomes and was
present at the fusion pore. As a further proof, depletion of Vtilb
abrogated the effect of li-induced delay in endosomal maturation.
These data suggest that Vtilb is an essential element in an
li-mediated delayed endosomal pathway.

RESULTS

li regulates endosomal maturation in antigen-presenting
cells

Intracellular trafficking studies showing that Ii induces a delayed
endosomal maturation are based on non-APCs transfected with i
and MHCII (Gorvel et al., 1995; Landsverk et al., 2011). To see
whether this effect could also be seen in APCs, we used the well-
known human cell line MelJuSo, which endogenously expresses the
MHCII, invariant chain and associated molecules, although they are
not professional antigen-presenting cells (Pieters et al., 1991; Paul
etal., 2011; Bayer-Santos et al., 2016). Ii is well expressed in these
cells, and we generated Ii-knockout (Ii KO) cells using CRISPR-
Cas9 to test for the influence of Ii on endosomal maturation. The
absence of Ii in the Ii KO cells was verified by western blotting
(Fig. S4B). The progression from early endosomes to late
endosomes in MelJuSo wild-type cells (wt; expressing Cas9
enzyme) and Ii KO cells was studied using live-cell imaging. We
followed single endosomes until the exchange from an mApple—
Rab5 to an EGFP-Rab7 coat (Landsverk et al., 2011). As seen in
Fig. 1, the time until the exchange from Rab5 to Rab7 coat on single
endosomes was significantly shorter in Ii KO MelJuSo cells
compared to the time taken in wt control cells. Rab5-positive
endosomes in the control cells acquired the Rab7 coat after 23 min,
whereas this exchange was seen after 11 min in Ii KO cells
(Fig. 1B). This suggests that Ii regulates endosomal maturation not
only in model fibroblast-like cell lines transfected with Ii, but also in
cells expressing basically all components of professional MHCII
antigen-presenting cells.

To test whether knockout of Ii influenced the size or the number of
early endosomes in the MelJuSo cells, we measured these parameters
using immunofluorescence (Fig. 1C-G). We labelled early
compartments in control and Ii KO cells using EEA1 as a marker
(Fig. 1C). Although the average size of early endosomes was not
affected by Ii (Fig. 1D,E), the subset of endosomes larger than 1 um
was significantly reduced in the absence of Ii (Fig. 1F), in line with
data showing that Ii increases the endosomal size when expressed in
cell lines (Pieters et al., 1993; Romagnoli et al., 1993). However, the
number of endosomes larger than 1 um in the MelJuSo cells
represented, only a small subset of early endosomes, and we detected
no significant change in the total number of early endosomes in Ii KO
cells compared to the number in control cells (Fig. 1G), and we
cannot conclude that this is physiologically relevant.

Vti1b is involved in li-mediated endosome enlargement

When Ii is expressed in non-antigen-presenting cells, the size of the
endosomal compartments increases (Pieters et al., 1993; Romagnoli
et al., 1993). In fact, there is a positive correlation between the size
increase and li-expression levels (Nordeng et al., 2002). It has been

shown that both the li-induced delayed endosomal maturation and
the induced enlargement of endosomes are dependent on i
trimerization and the presence of a net negative charge in the Ii
cytoplasmic tail, suggesting that these two effects might be caused
by similar mechanisms (Nordeng et al., 2002; Gregers et al., 2003;
Landsverk et al., 2009).

We have found previously that NEM, a chemical compound that
blocks, amongst others, SNARE proteins, can inhibit li-driven
endosomal fusion (Nordeng et al., 2002), and this led us to test for
the contribution of SNAREs. To test for SNAREs involved in
li-mediated endosome enlargement, we used the M1 fibroblast cell
line stably transfected with Ii under the control of a heavy-metal-
inducible promoter (M1 pMep4-Ii; Nordeng et al., 2002). The
M1 wild-type cell line is negative for Ii and the MHCII proteins,
and the cell line has been employed extensively to study
endosomal dynamics and antigen presentation by transfection
with immune genes (Roche et al., 1993; Stang and Bakke, 1997;
Skjeldal etal.,2012; Sand et al., 2014; Haugen et al.,2017; Long
et al., 1994).

Ii transport to li-positive endosomes was here visualized by
adding fluorescently tagged antibody recognizing the extracellular/
luminal domain of Ii, and the size of li-positive endosomes was
analysed by confocal microscopy. First, we employed some of the
known inhibitors of early endosome fusion (Fig. 2A). The MAP
kinase inhibitor SB203580 (Cuenda et al., 1995) was used to block
Rab5 activation, and wortmannin was used to inhibit PI3K activity
(Wymann et al., 1996). In agreement with earlier reports (Nordeng
et al.,, 2002), neither wortmannin nor SB203580 affected the
endosomal enlargement induced by Ii (Fig. 2A). This indicates that
MAP kinase and PI3K activity are non-essential for the li-induced
endosomal enlargement. However, NEM, a general inhibitor of
SNARE function, significantly reduced Ii-mediated endosome
enlargement by ~50% (Fig. 2A).

We thereafter evaluated the endosomal size of Ii-positive
endosomes when single human SNAREs were depleted using
RNAI. The M1 pMep4-Ii cells were transfected with control siRNA
or siRNA targeting the SNARE and were subsequently treated with
CdCl, to induce Ii expression. Interestingly, we found that silencing of
Vtilb could abrogate the li-induced endosome enlargement, whereas
Vtilb had no effect when the active mutant of Rab5 (Rab5Q79L)
(Stenmark et al., 1994; Wegner et al., 2010) was expressed in order to
increase endosome size (Fig. 2D—F). Western blot analyses confirmed
that the two different siRNAs against V711 B efficiently reduced level
of'the Vtilb target protein (Fig. 2B,C). We also quantified the number
of endosomes per cell in the above experiment and observed that the
silencing of Vtilb significantly increased the number of endosomes
after Ii expression, indicating that silencing of Vtilb inhibits the
li-mediated increased endosomal size (Fig. 2G,H). On the other hand,
silencing of Vti1b had no effect on the number of endosomes when the
endosomes were enlarged as a result of expression of RabSQ79L
(Fig. 2G,H), suggesting that the Vtilb effect is not a general
requirement for enlarging early endosomes, but is more specific for the
li-induced endosomal enlargement.

As a control we also silenced Vti1B in M1 cells where no i was
expressed, but found no change in size and number of endosomes
(Fig. SIA-D). The average size of EEA1-positive endosomes was
~0.8 um diameter, both in control cells and in VTI1B-depleted cells
(Fig. S1B,C). In order to confirm the role of Ii in enlarging early
endosomes, we transfected mCherry—Ii, together with its untagged
version (needed for the mCherry—Ii to egress the ER), in M1 cells
and stained for EEA 1, showing that the diameter of the endosomes
could increase several folds upon Ii expression (Fig. S1E).
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Fig. 1. li knockout speeds up maturation in APCs. (A) MelJuSo control or li KO cells were transfected with mApple—Rab5 (magenta) and EGFP—Rab7
(green). Single endosomes were followed over time (frame interval 30 s). Time after start of observation in minutes is indicated in each image. Arrows indicate an
endosome that undergoes Rab5 to Rab7 transition. Scale bar: 1 um. (B) Quantification of the time until the Rab5—-Rab7 switch in MelJuSo cells expressing
Cas9 (control) or li knockout (li KO) is shown. Meanzts.e.m. for three independent experiments. The bars represent average value of multiple endosomes (41 for
control, 53 for li KO cells) from several cells. (C) MelJuSo control and li KO cells seeded on coverslips were permeabilized, fixed and labelled using anti-EEA1
antibodies (grey) and DAPI (nuclei, blue). Scale bar: 10 ym. (D) The distribution of the size of EEA1-positive endosomes in control and li KO MelJuSo cells is
shown in the violin plot (more than 2900 endosomes per sample in total were analysed). (E) Average size of EEA1-positive endosomes in control and li KO cells
(more than 32 cells in total per sample were analysed). Meants.e.m. of three independent experiments. (F) Quantification of the percentage of EEA1-positive
endosomes larger than 1 pmin control and li KO MelJuSo cells. More than 2900 endosomes were analyzed for each sample. (G) Quantification of the relative number
of EEA1-positive endosomes in control and li KO cells. More than 32 cells were analysed per sample. *P<0.05; **P<0.01 (two-tailed Student’s t-test).

Vti1b localized to docking sites between li-positive domains were observed. The Vtilb-mCitrine domains were
endosomes during their fusion usually found at the contact sites between two li-positive
Given the well-documented role of SNARE proteins in endosomes (Fig. 3C top row), and quantification showed that
membrane fusion, we decided to study the localization of Vtilb accumulated at ~80% of the contact sites between Ii-
Vtilb in M1 pMep4-1i cells transfected with Ii and Vtilb— positive endosomes (Fig. 3D). We conducted the same instead
mCitrine. Interestingly, cells expressing Vtilb—mCitrine showed using mCherry—Rab5Q79L to induce enlarged endosomes
that this SNARE protein is localized at the contact sites between  (Fig. 3C bottom row). Vtilb also clustered at the contact zone
li-positive endosomes (Fig. 3A,B). When the endosomes were  between Rab5Q79L-positive endosomes, but this was only seen
small (up to 1.5 um) (Fig. 3A), generally we saw one domain of for 40% of the endosomal contact sites. This shows that Vtilb
Vtilb, whereas for larger endosomes (Fig. 3B) more Vtilb has a significant preference to be present at the contact site of

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-

3



RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs244624. doi:10.1242/jcs.244624

A 160 B C 15
140 oA ,@/ = L ke
P R R 400
g o\0120 N éQ‘ A,\\ A&\ <
§ =100 > 2 > ? 80
[} 10}
§ £ 80 50| e S S | Tibulin 5 60
0o 3 x
2 >60 o
B2 40 2 40
oo . =
20 25| N vaib —q>—, 20
0 = 0
(0@ Q/‘v «Qy Q;%\ 0
PN Q«\&
> )
SIVTI1B #1 siVTIB #2 E
_— : o
£
[e]
(%2}
o]
©
C
(0]
(]
=
©
°
1 ANIZ
&%.0@& ,\Q;Q(
S\\ L
> &

+ EGFP-Rab5 Q79L

-
R -
o] £ 75 \
9 2
o —
T 5.0
3 ; ||
$ | L
° { |
[ I I
25 \
H //"\\\/’“w ) (] ) \“, \\
. ~200, —* = 00 SSESE N VY
X180 = 8 150 ‘ ‘ ‘
5 = 160 .
o © 140 Q | >§<'\ g@z A géﬂ/
£ 5120 §100 | 6&/\\" o0 QQ;\'\Q? o
S 2400 2 NOUSOE N 4’\
S 0 8o o ) ; > o
25 60 S50 L) +li +EGFP-RabS Q70
il s
[ 20 @
® > - £ 0 [ Y
2 I
&Q‘ % Q;?% Q‘ ,\Q>)§< Q)&( c I
FOINISFOININ N
T TS & ot ST
+li + EGFP-RabS Q79L £ A/\\ 4«\\ £y Af\\'\ &
> o
+ii +EGFP-RabS Q7oL

Fig. 2. See next page for legend.

fusing li-positive endosomes, as compared to contact sites in  Vti1b interacts with li

Rab5Q79L-induced enlarged endosomes. We also observed that Because Vtilb has a role in the regulation of the Ili-mediated
Vtilb—mCitrine localized to contact sites between li-positive endosomal enlargement and colocalizes with Ii, we tested whether
endosomes in MelJuSo cells (Fig. 3E), indicating that Vtilb also  this SNARE could interact with Ii. First, we transfected either EGFP
associated with invariant chain at endosomal contact sites in  (as a negative control) or Vtilb—mCitrine into M1 pMep4-Ii cells.
antigen-presenting cells. The expression of i was induced by overnight CdCl, treatment, and
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Fig. 2. li-induced enlargement of endosomes is dependent on Vti1b.

(A) Results of endosome quantification after treatment of M1 pMep4-li cells
with different drugs affecting early endosome fusion, meanzts.e.m. of three
independent experiments. Wort., wortmannin. (B) M1-pMep4-li cells
transfected with control siRNA (siCTRL) or siRNAs against Vti1b (siVTI1B #1
and siVTI1B #2) were lysed and subjected to western blot analysis using
anti-Vti1b and anti-tubulin antibodies. Detection of tubulin was used as loading
control. (C) Quantification of Vti1b abundance is shown. Data represent the
meanzs.e.m. of three independent experiments. (D) M1-pMep4-li cells were
transfected with control siRNA or siRNAs targeting VTI1B. After 48 h of
transfection, cells were either treated overnight with 7 yM CdCl, to induce

li expression (top row) or transfected with EGFP—Rab5Q79L (bottom row).
Cells expressing li were treated with anti-li antibody coupled with an Alexa
Fluor 488 fluorescent dye for 30 min before fixation and imaging. Confocal
images are shown. Dashed lines indicate the shape of the cells. Scale bars:
10 pm. (E) Quantification of the percentage of endosomes (diameter >3 um) in
control and Vti1b-silenced cells expressing either li or EGFP—Rab5Q79L. Data
represent the meants.e.m. of three different experiments (n=50). (F) Violin plot
showing the distribution of endosome size (Feret’s diameter) in the various
conditions. Red dot and line indicate meants.d. Number of endosomes
analysed per condition was >1600. (G) Quantification of the number of
endosomes per cell in control and Vti1b-silenced cells expressing either li

or Rab5Q79L. Data represent the meants.e.m. of three different experiments.
(H) Violin plot showing the distribution of endosome number per cell in the
various conditions. Black dot indicates the mean. Number of cells per condition
analysed >60. *P<0.05; **P<0.01; ***P<0.001 (two-tailed Student’s t-test).

we then performed a co-immunoprecipitation (co-IP) experiment
using anti-GFP nanobodies (which also recognize mCitrine). We
evaluated the presence of Ii in the eluates by western blotting
(Fig. 4A). We observed a band indicating the presence of Ii after
immunoprecipitation of Vtilb—-mCitrine with anti-GFP antibodies
but not for the control EGFP (Fig. 4A), showing that Vtilb interacts
with Ii. In order to further elucidate the interaction between Vtilb
and Ii, we transfected Vtilb—mCitrine and full-length wild-type
His-tagged Ii (His-Ii wt) or Ii lacking the cytoplasmic tail
(His—A27Ii) in HeLa cells. As a negative control, we used cells
co-transfected with EGFP and His-Ii wt. Then, we performed a
co-IP assay using anti-GFP nanobodies (Fig. 4B). Interestingly,
Vtilb—mCitrine interacted with full-length Ti and with His—A271i
(Fig. 4B), showing that the cytoplasmic tail of Ii is dispensable for
binding to Vtilb.

Invariant chain lacking the cytoplasmic tail relocates Vti1lb
to the plasma membrane

Vtilb contains a very short luminal domain (three amino acids)
and a long cytoplasmic tail (Brunger, 2005), whereas i has a short
(30 amino acids) cytoplasmic domain and a long luminal domain
(Koch et al., 1989). Ii without a cytoplasmic tail is known to
localize to the PM (Bakke and Dobberstein, 1990). To
characterize the localization of these two associated proteins, we
co-expressed Ii lacking the cytoplasmic tail, tagged with a
hexahistidine tag (His—A271i), and Vtilb—mCitrine in HeLa cells
and, as control, the same set up using full-length Ii. VtilB with
full-length Ii localized to intracellular vesicles including, Ii-
positive endosomes, similar to the localization in VtilB-
transfected cells without Ii (Fig. 5). However, when VtilB was
co-expressed with His—A271i, a large fraction of Vtilb colocalized
with His—A27Ii at the PM, and less Vtilb was localized to
vesicles, as quantified in Fig. 5B. Because Vtilb was found to
bind to both Ii wild-type Ii and His—A27Ii, and part of the Vtilb
was relocated to the PM by His—A271i, this suggests that these two
molecules are associated in the biosynthetic pathway and that
Vtilb could be guided by i to the endosomal pathway when i is
expressed.

The influence of li knockout on Vti1b distribution in antigen-
presenting cells

In the intracellular trafficking experiments above, we transfected
wild-type or mutant Ii into cells lacking MHCII and associated
genes (i.e. M1 and Hela cells), and it was of interest to see whether
lack of Ii could influence the distribution of Vtilb in MelJuSo cells,
which endogenously express genes in a similar manner to APCs
(Paul et al., 2011). To test for this, we transfected Vtilb—mCitrine
into MelJuSo Ii KO and MelJuSo control cells followed by fixation
and labelling with anti-CI-M6PR, an antibody that labels the trans-
Golgi network (TGN) and endosomes (Fig. 6). Interestingly, Vtilb—
mCitrine colocalized more with CI-M6PR (also known as IGF2R)
in the Ii KO cells as compared with colocalization in the control cells
(Fig. 6A,B). We also evaluated the number of vesicles positive for
Vtilb—mCitrine, which was drastically reduced to about 40 vesicles/
cell in the i KO cells, as compared to an average of 240 vesicles/cell
for control cells (Fig. 6C). The volume of the CI-M6PR-positive
structures in the Ii KO and control MelJuSo cells was not
significantly different (Fig. 6D). As shown in Fig. 6, we were
able to rescue the phenotype by transfecting cDNA for Ii into the [i
KO cells. This indicates that the altered intracellular distribution of
Vtilb is indeed caused by the Ii KO and not by an off-target effect.
Interestingly, these vesicles positive for Vtilb and Ii were also
Rab5- or Rab7-positive (Fig. S2). In fact, we transfected Vtilb—
mCitrine in MelJuSo control cells together with either mcherry—
Rab5 or mApple—Rab7 and stained for endogenous Ii.
Approximately 80% of endosomes positive for both Vtilb and Ii
were also Rab7-positive, whereas 20% of the Vtilb- and li-positive
endosomes were Rab5-positive, indicating that Vtilb and Ii are
found in both early and late endosomes (Fig. S2).

CI-M6PR localizes in the trans-Golgi, the plasma membrane and
the late endosomal pathway (Hille-Rehfeld, 1995). To better
establish the localization of Vtilb in the MelJuSo Ii KO cells, we
also analysed the colocalization of Vtilb with the Golgi-resident
protein giantin (also known as GOLGB1; Linstedt and Hauri, 1993)
and with TGN46 (also known as TGOLN2), which mainly resides
in the TGN (Prescott et al., 1997). As shown in Fig. 7, more
colocalization with both of these Golgi proteins was observed in the
Ii KO cells.

Vtilb has been reported to be in a complex with other endosomal
SNARE proteins (Antonin et al., 2000; Wade et al., 2001; Pryor
et al., 2004). However, the colocalization of CI-M6PR with fusion
proteins of Vamp7, Stx8 and Vamp8 was not altered in the Ii KO
cells (Fig. S3), indicating that the effect of Ii is not general for
endosomal SNARESs and is possibly specific for Vtilb.

Vti1b is expressed in APCs and its protein levels are not
affected by li expression

Given the important role of Ii in professional APCs and in antigen
presentation (reviewed in Schroder, 2016), we determined Vtilb
protein level in APCs and other cell types. The expression levels of
Vtilb in monocyte-derived dendritic cells (DCs), EBV-
immortalized B cells, the melanoma cell line MelJuSo, HeLa,
Raji, M1 and Neuro2A cells were analysed by western blotting
(Fig. S4A). Vtilb was widely expressed (Fig. S4A). To test whether
Ii affects the expression levels of this SNARE protein, we analysed
the melanoma cell line MelJuSo (Fig. S4B,C), assaying both control
and Ii KO cells. The expression of Vtilb was not affected by Ii
expression. Similarly, high levels of Ii expression in M1 pMep4-Ii
cells after induction with CdCl, (Fig. S4D) also did not affect Vtilb
expression (Fig. S4E). Ii expression does not affect endogenous
Vtilb expression.
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pMep4-li cells were either transiently transfected with Vti1b—mCitrine (green) and treated with 7 uM CdCl, for 8 h to induce li expression (top, magenta) or
co-transfected with Vti1b—mCitrine and mCherry—Rab5Q79L (bottom, magenta). Cells expressing li were treated with anti-li antibody coupled with an Alexa Fluor
647 fluorescent dye antibody for 1 h before live imaging using Fast AiryScan. Two images from cells transfected with mCherry—Rab5Q79L are shown,
representing the somewhat different localization of Vti1b in different cells. Scale bars: 2 ym. (D) Quantification of the percentage of transfected Vti1b localized at
the contact sites in cells expressing li or mCherry—Rab5Q79L is shown. Data represent the meants.e.m. of three independent experiments. (E) MelJuSo
cells transfected with Vti1b—mCitrine were labeled with anti-li antibody coupled to Alexa Fluor 647 for 4 h before fixation. Representative images of endosomes
positive for li (magenta) and Vti1b—mCitrine (green) are shown. Scale bar: 1 um. *P<0.05 (two-tailed Student’s t-test).

Silencing of Vti1b abrogates the endosomal maturation one may predict that depletion of Vtilb also counteracts the
delay induced by li li-induced endosomal maturation delay, and we tested this
Ti expression delays endosomal maturation from early Rab5-positive  hypothesis next.

endosomes to late Rab7-positive endosomes (Gorvel et al., 1995; The rate of endosomal maturation was determined by measuring
Landsverk et al., 2011), which correlates with li-induced endosomal  the extent of colocalization of the fluorescent fluid-phase marker
enlargement (Nordeng et al., 2002; Gregers et al., 2003). From this,  dextran—Alexa Fluor 488 with Lysotracker Deep Red, as a function
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Fig. 4. Vti1b interacts with li. (A) M1-pMep4-li wild-type cells were transiently transfected with EGFP or Vti1b—mCitrine, and li expression was induced by
treatment with CdCl, overnight. Cells were lysed and co-IP was performed using GFP-Trap magnetic beads. Whole-cell lysates (WCL, right) and
immunoprecipitated samples (IP, left) were subjected to western blot analysis. (B) HeLa cells were transiently co-transfected with either EGFP or Vti1b—mCitrine
and His-tagged wild-type or mutated li (His—li wt and His—A271li, respectively), as indicated in the figure. Cells were lysed after 24 h of transfection and thereafter
co-IP with GFP-Trap magnetic beads was performed. Whole-cell lysates and immunoprecipitates were subjected to western blot analysis. GFP and li were
visualized using the corresponding anti-GFP or anti-li antibodies. Images shown are representative of three experiments.

of time in live cells. When we performed the assay in M1 pMep4-Ii
cells without inducing Ii, 52% of dextran localized with Lysotracker
Deep Red after 35 min. When expression of Ii was induced using
CdCl,, the colocalization of dextran with Lysotracker was strongly
delayed, with only 20% overlap after 35 min (Fig. 8A). This again
was dependent on Vtilb, because silencing of Vtilb before
induction of Ii expression abrogated the Ili-mediated delayed
maturation, and the rate of endosomal maturation was similar to
that in uninduced cells. Moreover, we checked whether the effects
that we observed were due to different internalization rates of
dextran. However, this was not the case, because the number of
dextran-positive vesicles at the initial time point was similar in all
samples (Fig. 8B). This suggests that Vtilb is essential for the Ii-
induced delay in endosomal maturation.

Because Vtilb depletion was able to abrogate li-induced delay in
endosomal maturation in M1 cells, we next tested its role in the
MelJuSo wild-type and Ii KO cells. When we treated the wild-type
cells with siRNAs targeting VTIIB and transfected them with
mApple—Rab5 and EGFP—Rab7, we observed that the time until the
exchange from Rab5 to Rab7 coat on single endosomes was 20 min
for control cells (Fig. 8C,D), whereas depletion of Vtilb decreased
the time required for the Rab5 coat to be exchanged with a Rab7
coat. The Rab5-positive endosomes in the Vtilb-silenced cells
acquired the Rab7 coat after 15 (for V'7T11B siRNA #1) or 12 (for
VTIIB siRNA #2) minutes, similar to our earlier data in MelJuSo Ii
KO cells. These results in antigen-presenting cells corroborate the
data from the M1 cells, showing that Vtilb is required by Ii for
inducing the delay in endosomal maturation. To test whether this
effect was specific for cells with Ii, we also depleted V'771B in Ii KO
cells and found that, in this case the Rab5—Rab7 coat exchange was
not affected (Fig. S5), supporting the conclusion that the role of
Vtilb in endosomal maturation is via interaction with Ii.

DISCUSSION

Invariant chain associates with MHCII, and the first function to be
described for the protein was an ability to sort MHCII molecules to
intracellular endosomal compartments. It was later shown that Ii
actively sorts other molecules to the endosomal pathway, such as

CD1 and MHCI, both molecules that participate in antigen
presentation to specific T cells (for reviews see Neefjes et al.,
2011; Schroder, 2016). Another striking feature of Ii is its ability to
delay endosomal maturation in non-antigen-presenting cells
(Gorvel et al., 1995; Landsverk et al., 2011). In addition, ITi has
“fusogenic’ properties, because Ii expression in cells leads to
homotypic fusion of early endosomes (Nordeng et al., 2002;
Romagnoli et al., 1993; Stang and Bakke, 1997). This had led to the
hypothesis that Ii is a key immunological molecule that is essential
for creating a subset of endosomes called ‘immunoendosomes’
suitable for slowly processing endosomal contents for optimal
antigen loading (Neefjes et al., 2011). The MHCII-positive
multivesicular late endosomal compartment in antigen-presenting
cells (Peters et al., 1991) should therefore be a typical
immunoendosome. The idea that i may delay endosomal
maturation was, until now, only based on observations of
fibroblast cells transfected with Ii (Gorvel et al., 1995), which
may differ from antigen-presenting cells. Here we show that Ii KO in
the antigen-presenting MelJuSo cells also affects endosomal
maturation, in this case resulting in faster maturation (Fig. 1A,B).
A correlation has been found between the li-induced enlarged early
endosomes and li-induced maturation delay, and mutations of the
charged residues from negative to positive in the cytoplasmic tail of
Ii abrogate both effects (Gregers et al., 2003; Nordeng et al., 2002)
indicating that similar mechanisms are involved in both.

How could Ti regulate the endosomal pathway? An NMR study
has shown that the cytoplasmic tails of Ii could interact in trans and
possibly interact in homotypic fusion (Motta et al., 1997). Ii has a
short cytoplasmic tail of 30 amino acids, which would prevent it
from acting as a genuine SNARE. It is thus more likely that other
molecules are recruited to Ii to assist in regulating the endosomal
pathway. We have also showed previously that EEA1 and Rab5 are
not essential for the Ii-induced fusion and enlargement of
endosomes (Nordeng et al., 2002). However, the chemical
compound NEM, which inhibits the SNARE function, blocks
fusion and formation of li-induced enlarged endosomes (Nordeng
et al., 2002), bringing our attention to the involvement of SNAREs
in this the process.
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Fig. 5. Vti1b and His—-A27li colocalize at the plasma membrane. (A) HeLa cells were transfected with Vti1b—mCitrine alone (No li) or co-transfected together
with His-tagged wild-type or mutated li (His—li wt and His—A27li, respectively), as indicated in the figure. Confocal images are shown. Upper three rows
represent maximum intensity projections. Given the complex localization of Vti1b when His—A271i was expressed, the bottom two rows represent arbitrary single focal
planes of the cell transfected with Vti1b—mCitrine and His—A27li in order to show: in section 1, the vesicular and PM localization; and in section 2, perinuclear
distribution of Vtitb—-mCitrine. Scale bars: 10 pm. (B) Quantification of the number of Vti1b—mCitrine-positive vesicles in HeLa cells transfected as indicated. Data
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By screening a SNARE siRNA library, we observed that
silencing of the Qb SNARE Vtilb strongly decreased li-induced
endosomal size changes (Fig. 2B—H). Interestingly, although Vtilb
has a major role in the fusion of late endosomes, it has not been
implicated in the fusion of early endosomes (Luzio et al., 2009;
Pryor et al., 2004; Kreykenbohm et al., 2002; Antonin et al., 2000).
Taken together, this suggests that Ii employs a SNARE complex that
is independent of the canonical early endosomal fusion machinery.
This seems to be specific for Ii, because we found that enlargement
of endosomes induced by the expression of the constitutively active

mutant of Rab5, Rab5Q79L (Wegner et al., 2010) was not affected
by Vtilb silencing (Fig. 2D-H). Interestingly, the reduction of the
size of li-positive endosomes was accompanied by an increase in the
number of li-positive endosomes, corroborating that Ii-induced
enlargement of endosomes is due to an increase in endosomal fusion
between li-positive endosomes, rather than reduced fission.

In support of these data, we demonstrated that transfected Vtilb
was preferentially localized at the contact sites of li-positive
endosomes (Fig. 3). Strikingly, the effect was highly pronounced
for the li-enlarged endosomes, and Vtilb was detected at 80% of

8



RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs244624. doi:10.1242/jcs.244624

A

CI-M6PR

Vtitb-mCitrine

control

control + li

li KO

li KO + i

B

Merge

R
~
o

*
*
*

P
a o
o o

I-M6

N
o

% colocalization
Citrine/
w
o

CI-M6PR volume

Fig. 6. Vti1b localization is altered in MelJuSo li KO cells. (A) MelJuSo control and li KO cells transfected with Vti1b—mCitrine were either transfected with
His—li (+li) or not, as indicated in the figure, and subsequently labelled live for li by treating the cells with an anti-li antibody coupled with Alexa Fluor 647

for 4 h. Cells were stained after fixation with an anti-CI-M6PR antibody and DAPI. Representative images (maximal projections) of Vti1b—mCitrine (green),

li (grey), CI-M6PR (magenta) and nuclei (blue, DAPI), and a merge image, are shown. Scale bars: 10 um. (B) Quantification of the percentage of colocalization
between Vti1b—mCitrine and CI-M6PR in control, li-overexpressing (control+li), li KO or li-transfected li KO cells (li KO+li) is shown. (C) Quantification of the
number of vesicles per cell positive for Vti1b—mCitrine in control, li-overexpressing, li KO or li-transfected li KO cells. (D) Quantification of the volume of CI-M6PR
positive structure in the indicated samples. Data represent the meanzts.e.m. of at least three independent experiments. At least 50 cells per condition were

analysed. *P<0.05; **P<0.01 (two-tailed Student’s t-test).

the endosome—endosome contact points. Using expression of
Rab5Q79L to enlarge endosomes, we found that Vtilb was only
seen in 40% of the contact sites. This indicates that Vtilb is located
at the fusion domain of the endosome and that invariant chain
expression positively influences the location of Vtilb at this site.
Immunoprecipitation studies showed that Vtilb binds to i,
directly or indirectly, and this interaction may be the reason for
the presence of Vtilb in the contact zone between li-positive
endosomes (Fig. 4). The fact that His-tagged Ii lacking the
cytoplasmic tail (His—A271i) also co-immunoprecipitated Vtilb
suggests that the interaction is indirect or via the transmembrane
domains of the two proteins.

When M1 cells were not transfected with any Ii expression
construct, Vtilb was located mainly on endosomes. However, when
Ii lacking the cytoplasmic tail (His—A271i) was expressed, a large

fraction of Vtilb was retained at the PM, together with His—A271i.
This confirms that this mutated version of Ii is able to interact with
Vtilb. When wild-type Ii was expressed, Vtilb relocated to the
endosomal pathway, indicating that the Vtilb-bound fraction is
sorted by wild-type Ii. Taken together, this supports a model where
Vtilb is sorted to endosomes in non-antigen-presenting cells
without i, whereas i is able to dominate the sorting of a fraction of
Vtilb when this molecule is expressed in APCs.

We also noticed that the distribution of Vtilb was shifted to the
perinuclear region and that there were correspondingly fewer Vtilb-
positive vesicles when Ii was deleted in the Ii KO MelJuSo cells
(Figs 6, 7). This suggests that in MelJuSo cells, Vtilb has adapted to
endosomal sorting with Ii, and when i is removed this causes a shift
in the localization of Vtilb, that is, less Vtilb is sorted to the
endosomal pathway.
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Vti1b—mCitrine and subsequently stained after fixation and permeabilization with an anti-TGN46 antibody and DAPI. Representative images (maximal
projections) of Vtitb—mCitrine (green), TGN46 (magenta) and nuclei (blue, DAPI), and a merge image, are shown. Scale bars: 10 ym. (B) Quantification

of the percentage of colocalization between Vti1b—mCitrine and TGN46 in control and li KO cells is shown. At least 50 cells per condition were analysed.

Data represent the meants.e.m. *P<0.05 (two-tailed Student’s t-test).

Vtilb, as well as its yeast homologue Vtilp, is a versatile
molecule that can be in different complexes and adopt different
localization depending on its regulation (Antonin et al., 2000; Von
Mollard et al., 1997; Fischer von Mollard and Stevens, 1999). Vtilb
has also been implicated in several different trafficking pathways
where it participates in regulating fusion and/or maturation (Antonin
et al., 2000; Pryor et al., 2004; Nozawa et al., 2017; Furuta et al.,
2010; Offenhauser et al., 2011). Furthermore, Vtilb is reported to be
part of a SNARE complex that functions in the fusion of LEs
(Antonin et al., 2000). Indeed, Vtilb is important for homotypic
fusion of LEs, whereas only a weak effect of Vtilb was detected on
homotypic fusion of EEs when using the SNARE antibody to
inhibit endosomal fusion in vitro (Antonin et al., 2000). In addition,
another SNARE complex containing Vtilb is able to regulate the
heterotypic fusion between LEs and lysosomes (Pryor et al., 2004).

In immune cells, Vtilb plays an important role in different
trafficking pathways that are of relevance for the immune response
(Dressel etal., 2010; Manderson et al., 2007; Murray et al., 2005). In
macrophages, it regulates both the exocytic and endocytic pathways
by taking part in different SNARE complexes (Murray et al., 2005;
Manderson et al., 2007; Offenhauser et al., 2011) and it is
fundamental for the trafficking of proinflammatory cytokines from
the TGN to recycling endosomes (Manderson et al., 2007; Murray
etal., 2005). In cytotoxic T-lymphocytes (CTLs), killing capacity is
mainly mediated by exocytosis of cytotoxic proteins in lytic
granules, specialized secretory lysosomes, and this is dependent on
Vtilb (Dressel et al., 2010; Qu et al., 2011). Moreover, Vtilb is
found on recycling endosomes that transport newly synthetized
perforin, independently of lytic granules, from the TGN to the PM
(Lesteberg et al., 2017).
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Fig. 8. li causes a delay in trafficking dependent on Vti1b. (A) Colocalization of dextran and Lysotracker Deep Red (LTR) in M1 pMep4-li cells expressing li
(+li), or not, and treated with control siRNA (siCTRL) or siRNAs against VT/1B (siVTI1B #1 and siVTI1B #2), as indicated. Data represent the meants.e.m. of at
least three independent experiments. *P<0.05; **P<0.01; ***P<0.001 (one-way repeated measures ANOVA followed by Tukey’s post hoc test). (B) Quantification
of the number of dextran-positive vesicles at the start of the imaging. More than 40 cells per condition were analysed. Data are meants.e.m. (C) MelJuSo
control cells treated with control RNA or individual VTI1B siRNAs were transfected with mApple—Rab5 (magenta) and GFP-Rab7 (green). Single

endosomes were followed over time (frame interval 30 s). Time after start of observation in minutes is indicated in each image. Arrows indicate typical single
endosomes that undergo transition from Rab5 (magenta) to Rab7 (green). Scale bars: 1 ym. (D) Quantification of the time until the Rab5—-Rab7 switch is shown.
Meanzs.e.m. for at least three independent experiments. The data are presented as meants.e.m. of multiple endosomes (55 for control RNA, 71 for VTI1B
siRNA #1, 47 for VTI1B siRNA #2 cells) from several cells. The measurements of each individual endosome depend on its visibility in time and space

and, as such, is not precisely accurate. *P<0.05 (two-tailed Student’s t-test).

Furthermore, Vtilb functions are regulated by another SNARE
protein, syntaxinl1 (Stx11), which is highly expressed in cells of the
immune system. Stx11 binds Vtilb, possibly with other regulatory
proteins, and modulates its availability in different SNARE
complexes, thus regulating the trafficking steps between late
endosomes, lysosomes and the cell surface in macrophages
(Offenhauser et al., 2011). Intriguingly, expression of Stx11 is
able to affect Vtilb complex formation with sets of Q-SNARE
partners, whereas its depletion causes enlargement of LEs, an
increased trafficking from LEs to the PM and a reduced fusion of
LEs with lysosomes (Offenhauser et al., 2011).

Similarly to Stx11, Ii binds Vtilb and regulates its availability
on different compartments and endosomal fusion and maturation.
Therefore, we could speculate that Ii might have a regulatory role
on Vtilb in APCs, similar to that of Stx11 in macrophages.
Moreover, Vtilb can move from TGN to late endosomes by
binding to the AP1 interactor Clint1 (also known as EpsinR; Hirst
et al., 2004). Ii, in addition to interacting with AP1, can also
interact with AP2, responsible for internalization from the plasma
membrane (Kongsvik et al., 2002; Hofmann et al., 1999). Ii is
essential for efficient trafficking of MHCII to the endosomal
pathway and efficient antigen presentation, but can also deliver

several other transmembrane proteins to endosomes, as discussed
earlier. We now suggest that Vtilb, due to its interaction with Ii, is
sorted to the early endosomal pathway in antigen-presenting cells
and thus participates in controlling endosomal maturation and
fusion.

Interestingly, Vtilb abundance in DCs was higher compared
to that in HeLa cells and other non APCs tested in this work
(Fig. S4A). Similarly, in the B16 melanoma cell line, Stx7 and
Vamp8 SNARESs are upregulated as part of the specific machinery
necessary for the biogenesis of melanosomes (Wade et al., 2001). A
higher level of Vtilb protein in APCs could therefore be needed for
specific transport steps fundamental for DC functions such as
antigen processing and loading.

Here, we show that both the fusogenic properties of Ii and the
maturation delay depend on Vtilb, because silencing Vtilb reversed
the li-induced maturation delay in M1 and MelJuSo cells (Fig. 8). In
this case, increased fusion mediated by Ii and the SNARE Vtilb,
and possibly other interactors, on early endosomes would lead to a
prolonged EE phase. Ii is also found to delay protein proteolysis
(Gregers et al., 2003; Landsverk et al., 2011) and the part of the
endosomal pathway that is trafficked by Ii would then create an ideal
pathway for proteolytically processing instead of rapidly degrading
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antigenic proteins for MHC antigen loading of MHCI, MHCII and
CDl1, all of which associate with Ii.

Based on these data, we propose the following model. Ii binds
directly or indirectly to Vtilb for transport via the PM to endosomes,
where the complex can engage further in trans-SNARE complex
formation. A higher degree of endosomal fusion dependent on a
relocation of the ‘late’ SNARE Vtilb to early endosomes prolongs
the EE phase and leads to a slower maturation, creating a less
proteolytic endosomal pathway. The model further postulates that,
because li-positive endosomal vesicles engage in homotypic fusion,
then not only i but also associated molecules like MHCII can be
concentrated in some late endosomal/lysosomal vesicles, described
previously as the MIIC compartment (Peters et al., 1991).

It is very interesting that the expression of a single protein specific
to antigen-presenting cells, Ii, has the ability to reshape the
endosomal pathway in a specific way. Ii not only chaperones
MHCII and other molecules to the loading compartment, but seems
to be directly involved in shaping this specialized organelle of
APCs. The antigen-loading compartment has a unique proteolytic
environment, less aggressive than that of classical lysosomes
(Neefjes, 1999), which is needed for efficient but not full
processing of antigens. We suggest that this property is intricately
connected to the ability of Ii to delay endosomal maturation. In
addition, the antigen-loading compartments integrate antigen input
from several sources other than endocytosis, such as phagocytosis,
macropinocytosis and autophagy (Blum et al., 2013), but whether the
transfer of these to the immunoendosome is by a general or a more
specific mechanism is not known.

In conclusion, we show that the Qb SNARE Vtilb is involved in i-
mediated endosomal fusion. Ii redistributes Vtilb from the Golgi to
early endosomes, which leads to delayed maturation of endosomes.
This mechanism of regulating the endosomal pathway could be
critical for optimal MHCI and MHCII antigen loading and
subsequent presentation, and thus for an efficient normal immune
response.

MATERIALS AND METHODS

Cell lines

The human fibroblast-like M1 cells (Royer-Pokora et al., 1984), the M1 cells
stably transfected with pMep4-Ii (Skjeldal et al., 2012), the human
melanoma cell line MelJuSo (Johnson et al., 1981), the human lymphoblast
cell line Raji (Pulvertaft, 1964), the human adenocarcinoma HeLa cells
(ATCC CCL-2) and the rat neuronal Neuro2A cell line (a gift from Cecilia
Bucci, University of Salento, Lecce, Italy; Cogli et al., 2013) were described
previously. Healthy donor-derived Epstein-Barr virus growth-transformed
lymphoblastoid cell lines (EBV-LCL) were provided by Sebastien Wilchli
(Oslo University Hospital, Oslo, Norway).

Mononuclear cells were isolated from buffy coats from healthy donors
through density-gradient centrifugation by using Lymphoprep® (Axis
Shield, Dundee, UK). Bufty coats from anonymous donors were obtained
from the local blood bank (Section for Inmunology and Blood Transfusion,
Ulleval University Hospital, Oslo, Norway) according to the guidelines of
the local blood bank approved by the Norwegian Regional Committee for
Medical Research Ethics. Monocyte-derived dendritic cells (MDDCs) were
generated from plastic-adherent or directly isolated monocytes (Monocyte
Isolation Kit II, Miltenyi Biotec, Bergisch Gladbach, Germany) through
culture for 6 days in Roswell Park Memorial Institute medium (RPMI-1640;
Lonza, Basel, Switzerland) containing 100 ng/ml granulocyte—macrophage
colony stimulating factor (GM-CSF; Immunotools, Friesoythe, Germany) and
20 ng/ml IL-4 (Invitrogen, Life Technologies, Carlsbad, California, USA)
supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin (Sigma, St Louis, Missouri, USA).

M1 and HeLa cell lines were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM; Lonza) supplemented with 10% FCS, 2mM

L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin (all Sigma).
Additionally, 200 pg/ml hygromycin B (Sigma) was added to stably
transfected M1 cells. MelJuSo, Raji, EBV and MDDCs were grown in either
Iscove’s Modified Dulbecco’s Medium (IMDM; for MelJuSo cells) or
RPMI-1640 supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. For live-cell microscopy, cells were
grown in 35-mm glass-bottom dishes (MatTek, Ashland, Massachusetts,
USA), 8-well glass-bottom p-Slides (Ibidi, Grafelfing, Germany), or
4-chamber 35-mm glass-bottom dishes (CellVis, Mountain View,
California, USA) for 24 h in complete medium.

Establishment of CRISPR/Cas9 li KO MelJuSo cell lines

The process of establishing CRISPR-Cas9 null alleles was described
previous (Wijdeven et al., 2015). Briefly, MelJuSo cells were transfected
with px330 Sp-Cas9 and sgRNA vectors (5'-TCGCGCTGGTCATCCATG-
AC-3’ and 5-GGAAGATCAGAAGCCAGTCA-3' targeting i exon 1)
together with a vector coding for blasticidin resistance using
Lipofectamine®™ 2000. Successfully transfected cells were selected by
treatment with blasticidin for 1 week. Colonies grown from resistant cells
were picked, expanded and screened for Ii knockout by western blotting.

Constructs

mEGFP-C1 and mApple—Rab7 were from Addgene (plasmid numbers
54759 and 54945, respectively; deposited by Michael Davidson, Florida
State University, Tallahassee, USA). His6-li p33 wt and His6-A27li in
pCGFP-EU were purchased from GenScript. pPCGFP-EU empty vector has
been described before (Kawate and Gouaux, 2006) and was provided by
Jens P. Morth (University of Oslo, Norway). mcherry—Rab5Q79L,
mApple—Rab5, mcherry—Rab5, EGFP-Rab5Q79L and EGFP—Rab7 have
been described previously (Bergeland et al., 2008; Stenmark et al., 1994,
Bucci et al., 2000). The Vtilb—mCitrine plasmid was constructed as follows.
The coding sequence of human V'771B was amplified by PCR using 5’ and
3’ primers containing an EcoRI and a BamHI restriction site, respectively.
Forward primer was 5'-AATCAGAATTCATGGCCTCCTCCG-3'; reverse
primer was 5'-CATCGGATCCCAATGGCTGCGAAAGAATTTG-3'. The
fragment was then subcloned into pECFP-N1 plasmid cut with EcoRI and
BamHI. The identity of all plasmids was confirmed by Sanger sequencing
(GATC biotech).

Antibodies and reagents

Primary antibodies: mouse anti-li (clone M-B741, targeting the
extracellular/luminal domain, 555538; 1:500) and the anti-EEA1 antibody
(BD610456; 1:100) were from BD Biosciences (Franklin Lakes,
New Jersey, USA); mouse anti-tubulin (13-8000; 1:12,000) from Life
Technologies (Carlsbad, California, USA); sheep anti-TGN46 (AHP500;
1:100) from AbD Serotec (Oxford, UK); rabbit anti-GFP (ab6556; 1:2000),
rabbit anti-Vtilb (ab184170; 1:200 for western blotting), rabbit anti-giantin
(ab24586; 1:1000), rabbit anti-CI-M6PR (ab32815; 1:200) from Abcam
(Cambridge, UK). Alexa Fluor secondary antibodies (Invitrogen) were used
at 1:200 dilution for immunofluorescence analyses. Secondary antibodies
conjugated with horseradish peroxidase (GE Healthcare, Chicago, Illinois,
USA) were used at 1:5000 for immunoblotting.

Anti-li for live immunostaining was labelled using a monoclonal antibody
labelling kit (Molecular Probes, Eugene, Oregon, USA), according to the
manufacturer’s protocol, with Alexa Fluor-488, -555, or -647.

DAPI (Sigma-Aldrich) was used at 0.1 pg/ml. LysoTracker Deep Red,
used at a concentration of 50nM, and dextran—Alexa Fluor 488
(10,000 MW), used at a concentration of 0.5 mg/ml, were purchased from
ThermoFisher (Waltham, Massachusetts, USA).

Poly-L-lysine (PLL, 0.01% solution), wortmannin and N-ethylmaleimide
(NEM) were all purchased from Sigma.

siRNA transfection

Individual siRNAs were transfected by forward transfection using
Lipofectamine® RNAiMax reagent (ThermoFisher) according to the
manufacturer’s protocol. In brief, 250,000 cells/well were seeded in 6-
well plates (VWR, Radnor, Pennsylvania, USA) in 1 ml antibiotic-free
medium 24 h prior to transfection. Transfection mixes were prepared by
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diluting 2.5 pl siRNA stock (80 uM) in 250 pl Opti-MEM (ThermoFisher)
and 6 ul RNAiMax in 250 pl Opti-MEM followed by immediate mixing of
both. The transfection mixture was then incubated at room temperature for
20 min before addition to the cells. 4 h after transfection, 1 ml of complete
medium was added. Medium on the cells was replaced the next day. 48 h
after transfections, cells were washed twice with pre-warmed PBS,
trypsinized for 1 min, resuspended in 2 ml complete medium and split
between 35-mm imaging dishes (MatTek) or 8-well slides (Ibidi) for
imaging and 6-well plates for lysis and subsequent biochemical assays.

Plasmid transfection

For plasmid transfection, cells were transfected using Lipofectamine® 2000
(ThermoFisher) according to the manufacturer’s protocol. In brief, cells
were seeded the day before transfection. Before transfection, the medium
was replaced with Opti-MEM. Transfection mixes were prepared with 1.5 pl
Lipofectamine® 2000 (ThermoFisher) per 1 pg of plasmid DNA. The
transfection mix was then added dropwise to the cells.

Immunofluorescence

For immunofluorescence, cells were grown on 10x10 mm number 1.5
high-precision coverslips (Marienfeld, Germany). Cells were washed twice
with ice-cold PBS, fixed at room temperature for 15 min with 3%
paraformaldehyde, quenched for 2 min with 50 mM NH,CI, washed
again twice with PBS, permeabilized for 15 min with 0.25% saponin
(Sigma) in PBS, incubated with primary antibody for 20 min, washed three
times for 5 min each with 0.1% saponin in PBS, incubated with appropriate
secondary antibody for 20 min in the dark, washed three times for 5 min
each with 0.1% saponin in PBS, washed twice with PBS, and mounted with
Mowiol on glass slides (Thermo Fisher).

Endocytic trafficking assay

Cells were grown for 24h on 35-mm 4-chamber glass-bottom dishes
(CellVis) in complete medium without Phenol Red. Dextran and LysoTracker
Deep Red were added, and cells incubated for 5 min at 37°C before removal
of the dyes. Cells were washed three times to remove traces of the dyes.
Imaging of the samples started 5 min after the removal of the dextran. Cells
were imaged every 5 min.

Confocal imaging

Live imaging of transfected cells and imaging of immunostained cells was
performed on a Zeiss LSM880 microscope equipped with a Plan Apo
63x1.4 NA oil immersion objective. Live cells were imaged using Fast
AiryScan mode with optimal sampling for super-resolution.

Image processing and analysis

Endosome size was quantified using ImageJ software (NIH, Bethesda, MD,
USA). In brief, confocal 3D stacks were maximum projected and, in the case
of EGFP—Rab5Q79L images, the cytoplasmic background was subtracted
using rolling-ball background subtraction. The resulting images where then
binarized using a manually adjusted threshold for each image. After that, the
images were inverted, morphologically opened, and objects split by
watershed processing and manual splitting where needed. Finally, the
analyse particles function was used to measure all objects. The Feret’s
diameter was used as the measurement of object size, and objects larger than
3 um were considered enlarged endosomes. Violin plots showing the
distribution of endosomal size and number were created with RStudio
software and the ggplot2 package (RStudio, Inc.). Dextran—LysoTracker
Deep Red colocalization was quantified using the colocalization function in
ZEN blue software (Zeiss). Weighted colocalization coefficient was used as
a measure of the colocalization of dextran with LysoTracker DeepRed.

Immunoblotting

Cell lysates were subjected to SDS-PAGE followed by blotting onto PVDF
membranes (Millipore, Burlington, Massachusetts, USA), and probed
with each primary antibody diluted in 2% blotting-grade non-fat dry milk
(Bio-Rad, Hercules, California). Next, membranes were incubated with
secondary antibodies conjugated to HRP and subsequently with

SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher)
before digital imaging (Kodak image station 4000R) or detection with
Amersham ECL Prime Western Blotting Detection Reagent before exposure
on Amersham Hyperfilm ECL (both GE Healthcare).

Statistical analysis

Unless indicated otherwise, columns and error bars represent the mean
+s.e.m. of at least three independent experiments. Treatments were
compared to control using two-tailed Student’s r-test, either paired or
unpaired as appropriate (Microsoft Excel), or ANOVA followed by Tukey’s
post hoc test in the GraphPad Prism 4 software when comparing multiple
samples within the same graph (control versus li-expressing cells; Ii-
expressing cells versus li-expressing vtilb-depleted cells). Differences were
considered statistically significant at P<0.05 (indicated by *), P<0.01 (**)
and P<0.001 (***), respectively.

Co-immunoprecipitation

Co-immunoprecipitation experiments using GFP-trap (ChromoTek,
Munich, Germany) were performed according to the manufacturer’s
protocol. In brief, 1x10°-2x10° cells were seeded on 10-cm cell culture
dishes and incubated for 24 h at 37°C, 5% CO,. The cells were then
transfected using Lipofectamine 2000, as described above. M1 pMep4-li
cells were treated with 7 uM CdCl, overnight to induce expression of Ii.
Cells were washed twice with ice-cold PBS and lysed in 200 pl lysis buffer
[10 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM EDTA, Complete protease
inhibitors (Sigma), 1 mM PMSF (Sigma) and 0.5% NP-40 (Sigma)] for
30 min on ice. Lysates were cleared by centrifugation at 13,000 g for 10 min
at 4°C, diluted with 300 pl lysis buffer and loaded on magnetic agarose anti-
GFP beads (GFP-trap_MA, ChromoTek) for 1 h at 4°C. Beads were then
washed three times. Proteins were eluted using 2% Laemmli sample buffer
with freshly added dithiothreitol (200 mM, Sigma-Aldrich) for 10 min
at 95°C.
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