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Interorganelle Tethering to Endocytic Organelles Determines
Directional Cytokine Transport in CD4™ T Cells

Yan Zhou,*' Renping Zhao,*' Eva C. Schwarz,* Rahmad Akbar,” Mayis Kaba,"
Varsha Pattu,§ Volkhard Helms,T Heiko Rieger,ﬂ Paula Nunes-Hasler,*’" and
Bin Qu**

Delivery of vesicles to their desired destinations plays a central role in maintaining proper cell functionality. In certain scenarios,
depending on loaded cargos, the vesicles have spatially distinct destinations. For example, in T cells, some cytokines (e.g., IL-2) are
polarized to the T cell-target cell interface, whereas the other cytokines are delivered multidirectionally (e.g., TNF-«). In this
study, we show that in primary human CD4" T cells, both TNF-a* and IL-2" vesicles can tether with endocytic organelles
(lysosomes/late endosomes) by forming membrane contact sites. Tethered cytokine-containing vesicle (CytV)-endocytic organelle
pairs are released sequentially. Only endocytic organelle-tethered CytVs are preferentially transported to their desired destina-
tion. Mathematical models suggest that endocytic organelle tethering could regulate the direction of cytokine transport by
selectively attaching different microtubule motor proteins (such as kinesin and dynein) to the corresponding CytVs. These findings
establish the previously unknown interorganelle tethering to endocytic organelles as a universal solution for directional cytokine
transport in CD4" T cells. Modulating tethering to endocytic organelles can, therefore, coordinately control directionally distinct

cytokine transport. The Journal of Immunology, 2020, 205: 000-000.

ytokines are the key mediators that convey messages
between immune cells to orchestrate multifold immune
responses against pathogen-infected or tumorigenic cells.
Th cells use at least two directionally distinct modes to transport
and release cytokines. Certain cytokines are enriched and re-
leased at the T cell-target cell contact site, termed immunological
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synapse (IS), for direct communication with target cells (1-4), for
instance, to facilitate B cell Ab isotype switching (5) or to max-
imize microbicidal activity of macrophages (6). Contrary to the
IS-directed release, multidirectional release of cytokines results in
systemic immune responses, which is, among others, required to
activate cells lacking MHC class II molecules such as CD8"
T cells (7). Directed cytokine transport in Th cells is thus pivotal
to guarantee the delivery of functionally distinct cytokines to the
right target cells. Examples of polarized secretion toward an APC
include IL-2 and, for multidirectional secretion, TNF-a (8).

Tethering between different organelles, which refers to or-
ganelles in close proximity to each other featuring physically
associated membrane contact sites (MCSs), are identified in
mammalian and yeast cells (9). Several well-established MCSs
are intensively investigated including endoplasmic reticulum
(ER) mitochondria, ER Golgi, ER peroxisome, mitochondria
vacuole, mitochondria plasma membrane, and so on (10, 11). In
mammalian cells, endocytic organelles, in particular lysosomes/
late endosomes, have emerged as a new hub to mediate the for-
mation of MSCs, for instance, with mitochondria, peroxisome,
and ER (12-14), the latter two of which are involved in the
transport of cholesterol. In immune cells, the juxtaposition of
LAMP-1 clusters and lysosomal compartments is observed in NK
cells (15), and tethering between lytic granules (LG) and CD3™"
endosomes is found in CD8" T cells (16).

The large protein superfamily of soluble NSF attachment protein
receptor (SNARE) proteins mediates vesicle docking, budding,
transport, and fusion (17, 18). A few SNARE proteins, for example
Sec22b, are reported to mediate ER—plasma membrane tethering
(19). Our previous work suggests that the SNARE protein Vtilb
mediates LG tethering with CD3 endosomes in CD8" T cells (16).
Vtilb also mediates homotypic late endosome fusion or hetero-
typic late endosome—lysosome fusion together with its interacting
SNARE partners syntaxin 7, syntaxin 8, VAMP7, or VAMPS (20).
In addition, compelling evidence proves that the clathrin adap-
tor EpsinR (also known as CLINT1), the interaction partner of
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Vtilb, is essential for sorting Vtilb to the corresponding vesicles
(21-23).

In this work, using multiple forms of advanced microscopy, we
show that in primary human CD4* T cells, both TNF-a* and IL-2*
vesicles can tether with endocytic organelles. Only endocytic
organelle-tethered cytokine-containing vesicles (CytVs) are pref-
erentially transported to their desired destination, suggesting this
interorganelle tethering as a universal solution for directionally
distinctive cytokine transport. Mathematical models suggest that
selectively attaching different microtubule motor proteins (such as
kinesin and dynein) mediated by endocytic organelle tethering
could be a mechanism to direct the transport of the corresponding
CytVs. Together, our work reveals that a previously unknown
interorganelle tethering to lysosomes plays a central role in reg-
ulating directional cytokine transport in CD4™ T cells.

Materials and Methods

Abs and reagents

All chemicals not specifically mentioned were from Sigma-Aldrich
(highest grade). For immunostaining and/or Western blot, the following
Abs were used: Alexa Fluor 647-labeled anti-human TNF-a mAb
(MADb11; BioLegend), Brilliant Violet 421— or Alexa Fluor 488-labeled
anti-human LAMP1 mAb (H4A3; BioLegend), Alexa Fluor 647-labeled
anti-human IL-2 mAb (MQI1-17H12; BioLegend), rabbit polyclonal anti-
Vtilb Ab (Synaptic Systems), anticytoplasmic dynein intermediate chain
mAb (74.1; BioLegend), anti-kinesin H chain mAb (SUK-4; BioLegend),
Alexa Fluor 488 phalloidin (Thermo Fisher Scientific), Alexa Fluor 568
phalloidin (Thermo Fisher Scientific), Alexa Fluor 568 goat anti-rabbit
secondary Ab (Thermo Fisher Scientific), and anti—y-tubulin Ab (Sigma-
Aldrich). For coating coverslips, the Abs against human CD3 (BBI11;
Diaclone) and CD28 (BD Bioscience) were used. Modified small inter-
fering RNA (siRNA) against Vtilb (VtilB_8_4479; QIAGEN) and control
siRNA were purchased from QIAGEN as described in (16). For coim-
munoprecipitation (co-IP), GFP-Trap_A (Chromotek) was used for one-
step immunoprecipitation, and polyclonal rabbit anti-CLINT1 (EpsinR)
(Abcam) was used for Western blot.

CD4* T cell preparation, cell culture, and nucleofection of
T cells

PBMC were obtained from healthy donors as described in Ref. 24. Un-
touched CD4" T cells were isolated from PBMC using a CD4 negative
isolation kit (Dynabeads Untouched Human CD4 T Cells; Thermo Fisher
Scientific) and stimulated with Dynabeads Human T-Activator CD3/CD28
(Thermo Fisher Scientific). For transfection, 48 h after, stimulation beads
were removed, and 5 X 10° CD4™* T cells were nucleofected with plasmid
(1 pg) or siRNA (10 pl of 20 wM) using the P3 Primary Cell 4D-
Nucleofector Kit (Lonza). Medium was changed 6-12 h after nucleo-
fection, and the transfected CD4" T cells were maintained in AIM V
medium (Thermo Fisher Scientific) with 10% FCS and 30 U/ml of
recombinant human IL-2 (Thermo Fisher Scientific). Cells were used
24-48 h (plasmids) or 36 h (siRNA) after nucleofection for experiments
if not mentioned otherwise. Raji cells were cultured in RPMI 1640
medium (Thermo Fisher Scientific) with 10% FCS and 1% penicillin/
streptomycin. HEK293T cells were cultured in DMEM medium (Thermo
Fisher Scientific) with 10% FCS and 1% penicillin/streptomycin.

DNA constructs

TNF-a, IL-2, and Vtilb were cloned from human cDNA, referring to the
cDNA sequence NM_000594.3, NM_000586.3, and NM_006370.2, re-
spectively. pMax-TFP- and pMax-mCherry-TNF-a were produced by PCR
and ligated into BamHI and Xhol sites of modified pMax vector with TFP
or mCherry at the N terminus. pMax-IL-2-mCherry was produced with
PCR and cloned into EcoRI and BamHI sites of pMax construct with
mCherry at the C terminus. pMax-TFP/mCherry-Vtilb FL and TFP-Vtilb
1-207 were produced by PCR and ligated into BamHI and Xhol sites of
modified pMax vector with TFP or mCherry at the N terminus. pMax-GFP/
mCherry-Vtilb E12A and F73S were generated by PCR-mediated muta-
genesis. mCherry-Rab5a, mCherry-Rab7a, and mCherry-Rablla were a
kind gift from Jens Rettig (Saarland University). LAMPI1-EGFP and
CD63-EGFP were a kind gift from Lei Lu (Nanyang Technological Uni-
versity). The authenticity of the DNA sequences was confirmed by
sequencing.

Epifluorescence deconvolution microscopy
and immunofluorescence

CD4" T cells were settled on anti-CD3/anti-CD28 Ab-coated coverslips or
with target cells at 37°C for the indicated period of time and then fixed
with prechilled 4% paraformaldehyde. Samples were imaged with a Zeiss
Cell Observer HS system. For fixed cells, the following single bandpass
filter sets were used: GFP (38HE; Zeiss), ET-Texas Red (Chroma Tech-
nology), DAPI HE (Zeiss), Texas Red HE (Zeiss), and Cy 5 HE (Zeiss)
filter sets. Images were acquired with a 63X aPlan-Fluor Objective (nu-
merical aperture [N.A.] 1.4) and an AxioCam MRm Rev 3 with binning
1 X 1 and a z-step size of 0.2 wm. For time-lapse imaging, the filter
set was a Zeiss 62 HE triple band with single excitation filters inside the
fast-wavelength switching xenon burner DG-4 (Sutter Instrument). The
acquired images were preceded for deconvolution with the Huygens Es-
sential program by using a theoretical point spread function. To quantify
vesicle fusion, the time points of release were determined by the fluores-
cence peaks right before the drop of fluorescence.

Structured illumination microscopy

Images were taken by a structured illumination microscopy (SIM) setup
(ELYRA PS.1; Zeiss) with a 63X Plan-Apochromat (N.A. 1.4) with an
excitation light of 488, 568, and 635 nm wavelengths, and ZEN 2012
software was used for acquisition and processing of the images for higher
resolution as reported by Gustafsson et al. (25). Z-stacks of 200-nm step
size were used to scan the entire cell.

Laser scanning confocal microscopy imaging

Primary human CD4" T cells were stimulated with anti-CD3/anti-CD28
Ab-coated beads. On day 2, the beads were removed, and the T cells were
transfected with LAMP1-EGFP and mCherry-TNF-a in tandem. Sixteen
hours posttransfection, the T cells were settled on an anti-CD3/anti-CD28
Ab-coated coverslip. Images were acquired at room temperature with an
interval of 1 s by confocal microscopy LSM 710 with a X63 objective
(N.A. 1.4) and a Nikon E600 camera using ZEN software.

Tethering analysis

The fraction of tethered vesicles was analyzed as described in Ref. 16.
Briefly, deconvoluted images were analyzed with ImageJ software to en-
sure the same setting for the fluorescence intensity of cytokine carrier and
lysosomes. Tethering was analyzed and counted from one stack to another.
No matter how many lysosomes the cytokine vesicle was tethered with, it
was counted only once as a tethered vesicle. The cloud-like structures at
the centrosomal area are excluded. The fraction of tethered vesicles was
calculated as (number of tethered vesicle/number of total vesicle) X 100%.
In addition, the results of automated analysis were double checked manually.

Correlative light and electron microscopy

Correlation light and electron microscopy (CLEM) was performed as
previously described (26). Briefly, day 3 stimulated human primary CD4*
T cells expressing mCherry-IL-2 and LAMP1-EGFP were seeded on
35-mm optical polymer bottom p-Dish Grid 500 culture dishes (Ibidi) and
fixed in 4% paraformaldehyde/PBS. High-resolution and low-resolution
fluorescence and brightfield images were then acquired using a deconvo-
lution microscope. Once the imaging was completed, the dish was washed
in PBS and fixed in a buffer with 2.5% glutaraldehyde/2% paraformal-
dehyde, 2 mM CaCl,, and 0.15 M cacodylate (pH 7.4) for 3 h on ice and
washed five times in cold cacodylate. The dish was then stained and em-
bedded for focused ion beam scanning EM imaging as previously de-
scribed (27). Samples were mounted on an aluminum pin using Pelco
C100 cyanoacrylate glue and Pelco conductive silver paint (Ted 583; Ted
Pella) and sputter coated with gold for 30 s using a Q150T ES coater
(Quorum Technologies). Focused ion beam scanning EM imaging was
performed on a Helios NanoLab G3 microscope (FEI). Images were ac-
quired at the highest resolution setting, resulting in 3.18 X 3.18 nm pixels,
using the electron beam at 2 kV/0.4 nA, and milling sections with the
ion beam at 30 kV/2.5 nA every 10 nm using the AutoSlice and View
software (FEI).

Total internal reflection fluorescence microscopy imaging

Total internal reflection fluorescence (TIRF) microscopy images were
acquired using a Leica DMI6000 B TIRF MC microscope (Leica Micro-
systems) equipped with a high-speed EM charge-coupled device camera
(C9100-02; Hamamatsu Photonics), an HCX Plan-Apochromat X100
objective lens (N.A. 1.46; Leica Microsystems), and Leica AF6000 soft-
ware. During acquisition, cells were kept in Ringer solution without
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calcium and followed by perfusion with Ringer solution containing
0.5 mM Ca** or 10 mM Ca** at 37°C or room temperature as indicated in
the figure legends. Two-color acquisition was achieved by fast switching
excitation lasers so that images from green and red channels were aligned
perfectly. Live-cell imaging was recorded for 10 min by TIRF microscopy
at excitation wavelengths of 488 and 561 nm, respectively. The acquisition
speed was around 7 Hz, and the exposure time was around 70 ms for each
channel. Images were analyzed with ImageJ software.

Western blot and co-IP

Proteins were separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes. After blocking with 5% nonfat milk, membranes
were incubated with primary Abs (anti-Vtilb and anti—y-tubulin), followed
by corresponding HRP-conjugated secondary Abs. Target proteins were
detected using an ECL kit (ECL Detection Kit; Amersham Biosciences).
HEK293T cells overexpressing GFP-tagged Vtilb (wild-type [WT] or
mutants) were lysed with lysis buffer and the lysate was incubated with
GFP-Trap-A (Chromotek) for 4 h at 4°C. Afterward, the GFP-Trap was
washed, and Western blot was performed with anti-CLINT1 Ab.

Quantitative real-time PCR

CD4" T cells were harvested at the indicated time points, and RNA iso-
lation with TRIzol Reagent (Thermo Fisher Scientific) was performed
according to the manufacturer’s instructions. cDNA was synthesized from
RNA via reverse (R) transcription using SuperScript II R Transcriptase
(Thermo Fisher Scientific). Afterward, real-time PCR was carried out in a
CFX96 Real-Time System C1000 Thermal Cycler (Software Biorad CFX
Manager, Version 3.0) using QuantiTect SYBR Green Kit (QIAGEN).
Sequences of primers used for TNF-a forward (F): 5'-CCTCTCTCTAA-
TCAGCCCTCTG-3', TNF-a R: 5'-GAGGAC CTGGGAGTAGATGAG-
3'; IL-2 F: 5'-TCCTGTCTTGCATTGCACTAAG-3', IL-2 R: 5'-CAT C-
CTGGTGAGTTTGGGATTC-3'; and Vtilb F: 5'-ATATATGCTGTAGA-
GAATG AGC-3', Vtilb R: 5'-TGGAAAGCAGCAGCTTGTTG-3'".

Data analysis

Data were analyzed using Image] v1.50g, AxioVision (Zeiss), Microsoft
Excel (Microsoft), and Huygens deconvolution (Scientific Volume Imag-
ing). For CLEM, drift correction, reslicing, and alignment were performed
using Amira, ImageJ, and CorelDraw software, respectively. The statistical
differences were analyzed with GraphPad Prism 6.0 using Student 7 test if
not otherwise mentioned. All values are given as mean = SEM if not
otherwise mentioned: *p < 0.05, **p < 0.01, and ***p < 0.001.

Prediction of essential residues for the interaction between
Vtilb and its cognate SNAREs

At first, we evaluated the suitability of several computational tools to predict
the energetic effects of mutations on the stability of SNARE protein. For
this, we retrieved the coordinate file of an atomistic x-ray structure of the
complex of the Vtilb protein with EpsinR (23) (Protein Data Bank [PDB]
identifier 2V8S) from the PDB (28). The energetic effects of hypothetically
engineered alanine point mutations were predicted using the three pro-
grams: MAESTRO (29), ROSETTA (30), and BeAtMuSiC (31). MAE-
STRO approximates a change in protein stability (AAG) due to a point
mutation by a machine learning approach. ROSETTA and BeAtMuSiC use
statistically derived potentials to estimate the effect of the protein mutation
on the binding affinity of the complex. Results from the predictions were
compared with the experimental observations of Miller et al. (23) who
reported that mutating positions S8W, E12A, E65W, and F73S of Vtilb
and of F52D, MS53D, Y54D, and R96S on EpsinR strongly disfavored
formation of their complex. As shown in Supplemental Table I, BeAt-
MusSiC, when applied to the 2VS8S structure, assigned positive (i.e.
, destabilizing) AAG values to seven out of eight of these residues with
an average AAG value of 1.95 kcal/mol. MAESTRO assigned positive
AAG values to four of these residues (average 1.26 kcal/mol), and
ROSETTA to none of these (average —0.02 kcal/mol). Hence, we selected
the BeAtMuSiC tool to predict the unknown effects of point mutations
in an endosomal SNARE core complex. For this purpose, we retrieved
the coordinate file of an atomistic x-ray structure of the endosomal
SNARE core complex containing Vtilb (PDB identifier 1GL2) (32) from
the PDB. The complex comprises four chains: A (Endobrevin/VAMPS),
B (Syntaxin7), C (Vtilb), and D (Syntaxin8). The following pairs in-
volving Vtilb were analyzed: Endobrevin—Vtilb, Syntaxin7-Vtilb, and
Syntaxin8—Vtilb. The predicted changes in binding affinity upon hy-
pothetical alanine point mutations introduced to residues at the bind-
ing interface were then predicted for these pairs using BeAtMuSiC
(Supplemental Table II).

Ethical considerations

Research carried out for this study with human material (leukocyte
reduction system chambers from human blood donors) was authorized
by the local ethics committee (declaration from 16.4.2015 [84/15; Prof.
Dr. Rettig-Stiirmer]).

Results
Transport of TNF-a and IL-2 is directionally distinct

To investigate the transportation of cytokines, we focused on
TNF-a and IL-2 as representative examples. We used primary
human CD4* T cells stimulated with anti-CD3/anti-CD28 Ab-
coated beads. We found that in these T cells, both TNF-o and IL-2
are upregulated upon IS formation of T cells with anti-CD3/anti-
CD28 Ab-coated coverslips. TNF-a mRNA level was already
enhanced 30 min after IS formation (Supplemental Fig. 1A),
whereas the first peak of IL-2 mRNA appeared at 60 min after IS
formation (Supplemental Fig. 1B). Quantification of immuno-
staining shows that the expression of endogenous IL-2 is initiated
later than TNF-a and reached a comparable level of TNF-a 2 h
after IS formation (Supplemental Fig. 1C).

Next, we verified the localization of endogenous TNF-a and
IL-2 in primary human CD4" T cells at various time points upon
IS formation. We settled CD4" T cells on glass coverslips coated
with anti-CD3/anti-CD28 Abs to obtain a spatially well-defined
IS between the T cell and the coverslip. Deconvolution mi-
croscopy results show that TNF-« first appeared in a condensed
structure in vicinity to the IS, and then TNF-a—containing ves-
icles (hereafter referred to as TNF-a* vesicles) were transported
multidirectionally (Fig. 1A, upper panel). The condensed struc-
ture is colocalized with Golgi marker GM130 (Supplemental
Fig. 1D). In comparison with TNF-o, endogenous IL-2 first
appeared 60 min after activation and is mainly accumulated at
the IS (Fig. 1A, lower panel). Further analysis of the distribution
of endogenous TNF-a and IL-2 in the same T cells (Fig. 1B)
showed that at 60 min after IS formation, ~50% of the TNF-o*
vesicles were at the IS. With time, at 90 min, fewer TNF-a* vesicles
(~38%) stayed at the IS; in other words, more TNF-a" vesicles were
transported away from the IS (i.e., multidirectionally). In contrast,
IL-2* vesicles were enriched at the IS already at early time points
(60 min, 58%), and their number further increased with time (90 min,
~64%/120 min, ~61%). In conclusion, simultaneous recordings from
the same cell revealed that, at later time points, IL-2 is enriched at the
IS, whereas TNF-a is more multidirectionally distributed, which was
especially prominent at 90 min. We noticed that at 120 min, the
fraction of TNF-a at the IS was slightly enhanced compared with
90 min. This might be due to newly generated TNF-a.* vesicles or the
release of TNF-a" vesicles away from the IS. Thus, we confirm
that transportation of TNF-a and IL-2 is directionally different,
namely TNF-o multidirectionally and IL-2 to the IS.

CytVs are tethered with lysosomes/late endosomes

To reveal how this directionally distinct transport of CytVs is
regulated, we examined their subcellular localization. Various
organelle markers, such as early (Rab5), late (Rab7), recycling
endosomes (Rabl1), or lysosomes (LAMPI1), were cotransfected
with fluorescently tagged TNF-a. We found that TNF-a™ vesicles
were positioned in close vicinity to particular endosomal com-
partments, especially late endosomes (Rab7a®) and lysosomes
(LAMPI1") (Fig. 1C, 1D). This consistent juxtaposition of the two
vesicles suggests that they may be physically tethered.

To distinguish whether Rab7a and LAMP1 compartments coloc-
alize or tether independently with TNF-a* vesicles, we cotransfected
mCherry-Rab7a and LAMP1-EGFP in bead-activated CD4" T cells.
We observed that a large proportion of Rab7a colocalized with
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FIGURE 1. TNF-a" vesicles are juxtaposed to endocytic organelles. (A and B) TNF-a* vesicles and IL-2" vesicles are distinctively transported after IS for-
mation. CD4" T cells were settled on CD3/CD28 Ab-coated coverslips. Endogenous TNF-a or IL-2 was stained with corresponding mAb conjugated with Alexa
Fluor 488 or Alexa Fluor 647. Maximum intensity projections (MIP) of the exemplary cells from three independent experiments are shown in (A). Quantification of
distribution of TNF-a and IL-2 in the same T cells is shown in (B). The segment encompassing one fourth of the cell’s diameter close to the coverslip was defined as
IS area (@IS). The fraction of IL-2 or TNF-a (percentage of total number) was analyzed from three independent experiments. Mann—Whitney U test was used.
(C and D) Subcellular localization of TNF-« in primary human CD4" T cells. Fluorescently tagged TNF-a and indicated markers for each particular intracellular
compartment were transiently overexpressed in stimulated CD4™ T cells. Quantification of the tethering rate of TNF-a* vesicles with endosomal markers is shown in
(D) (from two independent experiments). (E) Colocalization of Rab7a and LAMP1. Anti-CD3/anti-CD28 Ab-coated beads—stimulated primary human CD4" T cells
were transiently overexpressed with LAMP1-EGFP and mCherry-Rab7a. One representative cell out of two independent experiments is shown. (F) TNF-a* vesicles
are tethered with LAMP3. Stimulated primary human CD4" T cells transiently overexpressing mCherry-TNF-a and LAMP3-EGFP (n = 3 independent experi-
ments). The samples in (A)—(F) were scanned by deconvolution microscopy with a X63 objective. (G) Endogenous TNF-ac and LAMP1 were stained with Alexa
Fluor 647-labeled anti-human TNF-oo mAb and Alexa Fluor 488-labeled anti-human LAMP1 mAb. The samples were scanned by superresolution SIM with a X63
objective. One representative cell out of three independent experiments is shown. (H-J) TNF-a—lysosome tethering is increased with time upon stimulation. Bead-
stimulated CD4" T cells were settled on anti-CD3/anti-CD28 Ab-coated coverslips and fixed at indicated time points. Exemplary cells are shown in (H). The
fractions of TNF-o* vesicles tethered with LAMP1™* vesicles and the numbers of TNF-a* vesicles are shown in (1) and (J), respectively. Twenty-four cells from three
independent experiments were analyzed. (K). The tethering rate was not affected by overexpression of TNF-a.. Results of endogenous and overexpressed TNF-a are
from six and five independent experiments, respectively. Scale bars, 5 wm, except in (C) (3 pm). **p < 0.01, **#*p < 0.001.

LAMPI1 (Fig. 1E, Pearson correlation coefficient = 0.78 = 0.05,
n = 10). To further explore to which organelle type TNF-a™ vesicles
are juxtaposed, we used LAMP3 (CD63), another marker for lyso-
somes. We found that the LAMP3* compartment was also juxtaposed
to TNF-a™ vesicles (Fig. 1F). To investigate whether endogenous
TNF-a* vesicles are also juxtaposed to lysosomes, we used
superresolution SIM. We observed the vesicles containing en-
dogenous TNF-a to be in close vicinity of lysosomes marked by

endogenous LAMP1 (Fig. 1G). Thus, we conclude that TNF-o*
vesicles are juxtaposed to late endosomes/lysosomes. Hereafter,
we used LAMP1 as the marker for late endosomes/lysosomes.
Next, we analyzed whether this juxtaposition could be changed over
time upon IS formation. The immunostaining results show that the
percentage of endogenous TNF-a juxtaposed to lysosomes was sig-
nificantly increased from <40% at 60 min to around 60% at 90 min
after IS formation and stayed relatively stable afterward (Fig. 1H, 11).
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The total numbers of TNF-a™ vesicles remained unchanged during
this period of time (Fig. 1J). In addition, we found no difference in
the fraction of LAMPI-tethered TNF-a between endogenous and
overexpression cases (Fig. 1K), indicating that overexpression of
TNF-a does not change the tethering rate. These results suggest that
tethering between lysosomes and TNF-a* vesicles may be promoted
by IS formation.

Considering that the transport patterns of TNF-a (multidirectional)
and IL-2 (IS polarized) are different, we hypothesized that, in contrast
to TNF-a" vesicles, IL-2" vesicles will not tether with endocytic
organelles. However, we found that the vesicles containing endoge-
nous IL-2 were also juxtaposed to LAMP1* organelles at all time
points examined upon the formation of IS with no significant dif-
ference (Fig. 2A, 2B). Noticeably, the overall number of IL-2* ves-
icles was decreased at 150 min compared with earlier time points
(Fig. 2C), likely because of their release. To establish whether the two
organelles were truly close enough to be physically tethered to one
another, we performed CLEM. We found that fluorescently detected
mCherry-IL-2/LAMP1-EGFP vesicle pairs could be resolved as
two tethered vesicles with a physical attachment in the higher-
magnification EM images (Fig. 2D, 2E). The distance between
these tethered vesicles is 26.6 = 3.0 nm (n = 10), which is within the
range of MCSs to define interorganelle tethering (9, 10). In addition,
small regions of electron-dense accumulations, which are character-
istic of MCSs (33) and are thought to represent protein tethering
complexes, can be discerned at the site of contact between lysosomes
and CytVs (Fig. 2E, arrowheads). Thus, together, these data dem-
onstrate that CytVs can physically tether with LAMP1™ organelles.

Tethered CytV-lysosome pairs are transported in tandem and
released sequentially

To exclude the possibility that tethering is an artifact introduced
by fixation, we examined tethering in live CD4™ T cells by live-
cell imaging. To be able to track the tethered TNF-a-LAMP1
pairs for a considerably long period of time, we used TIRF
microscopy. With TIRF, only a thin layer of around 200 nm
above the glass coverslip is illuminated. We observed that tethered

B

|L-2/LAMP1

% of IL-2" tethered with LAMP1"
)
o

FIGURE 2.

100 s

TNF-a-LAMP1 pairs were transported in tandem (Fig. 3A,
Supplemental Video 1). Remarkably, on rare occasions, we ob-
served that after a short contact with another TNF-a—lysosome pair,
the transport of a tethered TNF-a—lysosome pair could be switched
to the opposite direction (Fig. 3B, Supplemental Video 2). Next, we
examined the cotransport of IL-2-LLAMP1 pairs using laser con-
focal scanning microscopy (LCSM). Live-cell imaging shows that
tethered IL-2 and LAMP1 vesicles were also transported in a tandem
manner (Fig. 3C, Supplemental Video 3). Very occasionally, sepa-
ration of CytV-LAMPI pairs was detected (Fig. 3D, Supplemental
Video 4). Thus, we demonstrate that CytV-lysosome tethering is
present in live cells and is not an artifact of fixation.

We next examined if and how CytV-lysosome pairs are released.
We examined TNF-a—lysosome pairs with high frequency time-lapse
imaging (~7 Hz) using TIRE. We found that after docking at the
plasma membrane, TNF-a fluorescence vanished first followed by
the fusion of the tethered lysosome (Fig. 3E, 3F, Supplemental Videos
5 and 6). Notably, after the release of TNF-a was initiated, as indi-
cated by a sharp drop of the mCherry (TNF-a) fluorescence, the
fluorescence intensity of LAMP1" vesicles at the TIRF plane was first
intensified (highlighted by the light green boxes) and then gradually
declined with time (Fig. 3E, 3F). The increase in fluorescence of the
second vesicle suggests that the vesicle moves closer to the TIRF
plane because the intensity of illumination by the evanescent field
would increase exponentially with the distance (34). Thus, these re-
sults indicate that tethered TNF-o* and LAMP1* vesicles are re-
leased sequentially. Notably, as shown in these two examples, TNF-o
and LAMP1 fluorescence often appeared to be highly colocalized,
which could be the result of a quasiperpendicular spatial orientation
of the tethered TNF-a—LAMPI1 pairs with respect to the plasma
membrane. More precisely speaking, as sketched in Fig. 3E, 3F, if
LAMPI1™ vesicles are positioned on top of the TNF-a™ vesicles, when
the latter is docked at the plasma membrane, the fluorescence from
TNF-a* and LAMP1* vesicles would be largely overlapped when
observed at the TIRF plane.

To test this hypothesis, we needed to be able to distinguish
simultaneous release from sequential release. The former would be
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IL-2"* vesicles are tethered to LAMP1* vesicles. (A-C) IL-2" vesicles are juxtaposed to LAMP1* vesicles. Endogenous IL-2 and LAMP1

were stained with Alexa Fluor 647-labeled anti-human IL-2 mAb and Alexa Fluor 488—labeled anti-human LAMP1 mAb. The tethering rate of IL-2*
vesicles with LAMP1* organelles and the total number of IL-2" vesicles are shown in (B) and (C), respectively. The results for 90, 120, and 150 min were
from five donors (79 cells), five donors (75 cells), or four donors (64 cells), respectively. (D and E) IL-2* vesicles physically tether with LAMP1™ vesicles.
CD4* T cells were cotransfected with mCherry-IL-2 and LAMP1-EGFP. CLEM was performed to examine the localization of IL-2* vesicles (red) and
LAMP1* lysosomes (green). Arrowheads highlight the small regions of electron-dense accumulations. Three examples of tethered IL-2-lysosome pairs are
shown. Two exemplary cells from two independent experiments are shown. Scale bars, 5 wm (A and D) or 500 nm (E). **p < 0.01, ***p < 0.001.
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FIGURE 3. Cotransportation and sequential release of tethered CytV-LAMPI™" vesicles. LAMP1-EGFP and mCherry-TNF-a or mCherry-IL-2 as in-
dicated were cotransfected in primary human CD4* T cells. (A and B) Tethered TNF-a—LAMPI1"* vesicles were transported in tandem. (C) Cotransportation
of tethered IL-2-LAMP1* vesicles. (D) Separation of tethered IL-2-LAMP1* vesicles. (E and F) Sequential secretion of tethered TNF-a—-LAMPI1™ vesicles.
The frame, at which TNF-a* or LAMPI1™ vesicles was released, is marked by red or green lines. Increase in LAMP1 fluorescence at the TIRF plane after
TNF-« fusion is highlighted by the green boxes. (G and H) Two examples of simultaneous release of colocalized TNF-a and LAMPI. Transportation and
release of vesicles were visualized at room temperature using either TIRF with a X100 objective with an interval of 146 ms (A, B, and E-H) or with laser
scanning confocal microscopy with an interval of 1 s (C and D). The CD4" T cells were settled either on anti-CD3/anti-CD28 Ab-coated coverslips (A, B,
and E-H) or on poly-L-ornithin—coated coverslips (C and D). All results are from three independent experiments. Scale bar, 1 pm.

the consequence of the release of truly colocalized TNF-a* and
LAMP1" vesicles. In transfected CD4" T cells, colocalization of
TNF-a-LAMPI1 was indeed observed on some occasions. Espe-
cially when the overexpression level of LAMP1 was high, TNF-a
was observed to be surrounded by LAMP1. This colocalization of
overexpressing TNF-a and LAMPI can be resulted from missorted
overexpressing LAMP1; as such, TNF-a—LAMP1 colocalization
was never observed in endogenous conditions. Nevertheless, we
took advantage of those colocalized TNF-a—LAMPI vesicles to
characterize simultaneous release of TNF-a and LAMP1. We found
that in the case of simultaneous release, the intensity of LAMP1
fluorescence did not increase after TNF-a release (Fig. 3G, 3H).
Therefore, we prove that the sequential releases shown in Fig. 3E,
3F hold true, which further supports our conclusion that TNF-o*
vesicles and LAMP" endocytic organelles are tethered.

Tethering between CytVs and endocytic organelles is mediated
by Vtilb

To determine the molecular basis mediating the tethering between
CytVs and lysosomes, we put our focus on Vtilb, a SNARE protein
necessary for the juxtaposition of LG and CD3" endosomes in

CDS8* T cells (16). We first used modified siRNA to downregulate
endogenous Vtilb in primary human CD4" T cells. We show that
expression of Vtilb in CD4" T cells was downregulated by
modified siRNA to <40% at both mRNA and protein levels
(Fig. 4A—C). Immunostaining shows that in Vtilb-downregulated
CD4* cells, the fraction of TNF-a* vesicles tethered with lyso-
somes (LAMP1") was significantly reduced (Fig. 4D, 4E). The
total numbers of TNF-a™ or LAMPI" vesicles remained un-
changed (Fig. 4F). These experiments show that Vtilb is involved
in tethering TNF-a™ vesicles to lysosomes and that TNF-a—lysosome
tethering does not affect the number of TNF-a™ vesicles and lyso-
somes. We further examined whether blockage of Vtilb function
could affect TNF-a release. Because Vtilb siRNA is not fluo-
rescently labeled, to identify transfected T cells, we overexpressed the
cytosolic fragment of Vtilb 1-207 to block the interaction of Vtilb
with its cognate partners (35). We examined the secretion of TNF-a
by TIRF microscopy. The results show that the cytosolic fragment of
Vtilb 1-207 significantly diminished the fraction of the T cells that
could release TNF-a (Fig. 4G) as well as the fusion events in each
TNF-o—secreting cell (Fig. 4H). This result indicates that Vtilb-
regulated LAMPI1 tethering is also involved in TNF-a secretion.
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FIGURE 4. CytV—-endocytic organelle tethering is Vtilb dependent. (A—C) Downregulation of Vtilb in T cells. Primary human CD4* T cells were
stimulated with anti-CD3/anti-CD28 Ab-coated beads. Then, modified siRNA against Vtilb or control (Ctrl) siRNA were introduced into the cells. The cells
were used for analysis 36 h after transfection. The mRNA level of Vtilb was determined using quantitative RT-PCR (n = 3 independent experiments with
duplicates for each condition) in (A). TBP was applied as the reference gene. The protein level of Vtilb was determined using Western blotting with
~y-tubulin as the internal control as shown in (B). Quantification of (B) is shown in (C) (n = 3 independent experiments). (D) Tethering between TNF-a* and
LAMPI1™ vesicles is decreased by Vtilb downregulation. Stimulated primary human CD4* T cells were conjugated with target cells (SEA/SEB-pulsed Raji
cells) at 37°C for 60 min and then fixed. Quantification of tethered TNF-a fraction as well as the total vesicle numbers of TNF-o* and LAMP1™* vesicles
(30 cells from three independent experiments) are shown in (E) and (F). (G and H) Overexpression of Vtilb 1-207 reduces TNF-a release. Stimulated
primary human CD4* T cells transiently overexpressed mCherry-TNF-a with Vtilb FL-TFP or Vtilb 1-207-TFP were settled on anti-CD3/anti-CD28 Ab-
coated coverslips. Movement and release of vesicles at the IS at 37°C were visualized by TIRF microscopy. The percentage of CD4" T cells that could
release TNF-a is shown in (G). The number of TNF-a released in each cell is shown in (H). Results are from five independent experiments. (I-K) Tethering
between IL-2 and LAMP1 is decreased by Vtilb downregulation. Stimulated primary human CD4™" T cells were settled on anti-CD3/anti-CD28 Ab-coated
coverslips at 37°C for 150 min before fixation. Endogenous IL-2 and LAMP1 were stained. The IS planes are shown, whereby IL-2/LAMPI pairs are
highlighted by the arrowheads. Percentage of tethered IL-2* vesicles and the vesicle numbers from three independent experiments are shown in (J) and (K).

All samples were scanned with deconvolution microscopy with a X63 objective. Scale bar, 5 pm. *p < 0.05, **p < 0.01, ***p < 0.001.

Similarly, the level of IL-2-lysosome tethering is also decreased
significantly by downregulation of Vtilb (Fig. 41, 4J). The number
of IL-2" vesicles remained unchanged, whereas the number of
LAMPI1" vesicles was slightly reduced (Fig. 4K), which cannot be
fully attributed to the substantial reduction in the level of IL-2—
lysosome tethering by Vtilb downregulation. Thus, we conclude
that tethering between CytVs and lysosomes is mediated by Vtilb.

Next, we looked for the interaction partner of Vtilb to regulate
tethering. We focused on EpsinR because it has been shown to bind
Vtilb and regulate the sorting of Vtilb (23). Using co-IP, we
confirmed that two point mutants of human Vtilb, namely Vtilb-
F73S and Vtilb-E12A, were not able to bind endogenous EpsinR
as their WT counterpart Vtilb-WT (Fig. 5A), which is in good
agreement with the previous report (23). Overexpression of Vtilb-
F73S or Vtilb-E12A in primary CD4" T cells substantially re-
duced TNF-a—-lysosome tethering (Fig. 5B, 5C) without affecting
the total number of TNF-a* vesicles or lysosomes (Fig. 5D). We
noticed that the overexpressed Vtilb is predominantly distributed
on the plasma membrane, which might be due to the redundancy
introduced by overexpression.

Our next question is whether these two point mutants of Vtilb
(F73S and E12A) may interfere with the interaction between Vtilb
and its cognate SNARE proteins. To this end, because it is very
difficult to get a large enough number of primary T cells required to

perform co-IP for all SNARE partners of Vtilb, we sought as-
sistance from molecular modeling. We tested three computational
tools, MAESTRO, ROSETTA, and BeAtMuSiC (36), based on
structural data on the Vtilb/EpsinR complex. BeAtMuSiC (31)
was determined as a suitable tool as it predicts seven out of eight
residues that were previously experimentally determined to be
important for the formation of this complex (Supplemental Table I).
Furthermore, BeAtMuSiC suggests that F73 and E12 are not
involved in Vtilb binding with its cognate SNARE proteins
Syntaxin7, Syntaxin8, and VAMP8/Endobrevin (Supplemental
Table II). Therefore, Vtilb F73S and Vtilb E12A appear to
specifically block interaction between Vtilb and EpsinR without
affecting the binding of Vtilb to its cognate SNARE partners. We
therefore conclude that the interaction between Vtilb and EpsinR is
required for CytV-lysosome tethering.

Lysosome tethering determines the direction of CytV transport

One important question is whether lysosome tethering contributes
in any way to the distinct destination of TNF-a* and IL-2* vesicles,
and if yes, how. To address this question, we designed experiments
to analyze the localization of tethered versus untethered TNF-o*
and IL-2" vesicles. For this analysis, the whole cell was divided
into two different segments along the z-direction. As shown
in Fig. 6A, the segment encompassing one fourth of the cell’s

0202 ‘2T JOqUIBAON UO \/ “PBIA HRUION[GICSapLIE] PUN =*AlUN SYISIDUS. AeeS T /B10" jountuiLu | Mmmy/:d1y WOy papeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000195/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000195/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000195/-/DCSupplemental
http://www.jimmunol.org/

8 INTERORGANELLE TETHERING DIRECTS T CELL CYTOKINE TRANSPORT

GFP-Vti1b
kDa GFP WT F73S E12A
T5— | s o — —| Input EpsinR
507 — — —
Input GFP
25— ——
IP: GFP-Trap
75’| » | IB: aEpsinR
B mCherry TNFa LAMP1 TNFa/LAMP1

Vtilb E12A Vtitb WT

Vti1lb F73S

C x T T S
.. 80 I 50y XXX
2~ T s o~ 2. —ns.
S8l B . Jgo o E T
So] . .t B3O 20 —= >
8% o ompe 3@ ~ =
£ 90 %, Py = 210 e e
to} > oe ..... ‘6 > H
= 0 2

WT E12A F73S WT E12A F73S
D n.s n.s

4 n.s. n.s @ 4 n.s. n.s

5 @ 0 58 0 A
= — *e L3 “ O e
g .é 01 . . . ggso| . :
EQ o0l i . E > o0 == -
S = = & E} s T e
sEof ¥ o W gl T ¥
|9 [ 0 . |9 i 0 :

WT E12A F73S WT E12A F73S

FIGURE 5. Interaction between Vtilb and EpsinR is required for CytV—
endocytic organelle tethering. (A) Point mutants E12A and F73S of Vtilb
abolish the interaction with EpsinR. GFP-tagged Vtilb WT, F73S, E12A,
and GFP control vector were transiently transfected in HEK293T cells.
Cells were lysed 24 h after transfection for co-IP. (B) Point mutants E12A
and F73S of Vtilb substantially reduce tethering between TNF-a and
LAMPI1. Fluorescent protein mCherry-tagged Vtilb WT, F73S, or E12A
were transiently overexpressed in primary human CD4" T cells. Twenty-
four hours after transfection, T cells were settled on anti-CD3/anti-CD28
Ab-coated coverslips for 60 min followed by staining of endogenous TNF-«
and LAMPI1. The samples were scanned with deconvolution microscopy
with a X63 objective. A few examples of TNF-a—LAMP1 pairs are high-
lighted by arrowheads. Scale bar, 5 wm. Quantification of tethering proba-
bility and numbers of TNF-a* and LAMP1™ vesicles are shown in (C)
and (D), respectively. All results are from three independent experi-
ments. ***p < 0.001

diameter close to the coverslip was defined as the IS area, and the
rest of the cell was defined as the distal area. The analysis shows
that the majority of lysosome-tethered TNF-a * vesicles were in
the distal area, whereas the majority of untethered TNF-a" vesi-
cles were close to the IS (Fig. 6B, 6C). Conversely, the majority of
lysosome-tethered IL-2 were enriched at the IS, whereas the
majority of untethered IL-2 were in the distal area (Fig. 6B, 6D).

These data suggest that by tethering to lysosomes, CytVs can be
delivered to their desired destinations for both polarized and
multidirectional localization.

The next question is whether the same LAMP1" organelle can
tether with both TNF-a © and IL-2" vesicles. To address this
question, we stained endogenous TNF-«, IL-2, and LAMP1 si-
multaneously in the same T cells. Quantifications shows that for
both time points (90 and 120 min), the fractions of LAMP1*
vesicles tethered with IL-2* or TNF-a* vesicles were comparable
(Fig. 6E, IL-2 versus TNF-a). We also observed that only occa-
sionally, the same LAMP1" vesicles could tether with both IL-2*
and TNF-a" vesicles (Fig. 6F, IL-2 and TNF-a). Moreover, the
numbers of IL-2* or TNF-a* vesicles that tethered with LAMP1
also confirm that the majority of TNF-a* and IL-2" vesicles do not
share the same LAMP1* organelles (Fig. 6F).

Proportion of endocytic organelle-tethered CytVs modulates
transport mode of CytVs

Subsequently, we investigated how lysosome tethering regulates
the two modes of distribution. The direction of cargo transport is
primarily defined by the attached motor proteins, namely plus and
minus end directed microtubule motor proteins kinesin and dynein.
There are more than 40 members of the kinesin superfamily (37).
Specifically, blocking the function of several kinesin isoforms
simultaneously either by pharmaceutical intervention or by small
interference RNA in primary human T cells is experimentally very
challenging, if not impossible. Therefore, we used mathematical
models to understand how tethering could regulate these two
modes of cytokine transport. First, we quantified the experimental
observations by the introduction of various probabilities for
untethered (index 0) and tethered (index t) vesicles. The proba-
bilities for dynein and kinesins being attached to tethered and
untethered TNF-a or IL-2 vesicles and the probabilities for
untethered and tethered TNF-a* or IL-2" vesicles to be located at
the IS or distal to it were extracted from the experimental data
(Figs. 6, 7) and are listed in Supplemental Table III. Based on
these results, we analyzed the interrelation between lysosome
tethering and location probabilities (close to or away from the IS)
for TNF-a* and IL-2" vesicles, respectively.

As shown in Eq. 1, the probability for CytV to be located at the
IS (p’}"st“’ ) is the sum of the probabilities of tethered and untethered
CytV that are located at the IS:

ptjzgal — ptethering . ptIS 4 (1 _ ptethering) _p(}s (1)

The probabilities of tethered and untethered CytV that are located
at the IS (p%¢ and pYs) were experimentally determined. For TNF-c,
Phe=0.3 (0%, 1,;=0.7), and pYs =0.6 (9%, ,,;=0.4). For IL-2, p%,=0.4
(0%;512=0-6), and ptg = 0.8 (ph..,,,=0.2). Therefore, for TNF-a and
IL-2, the correlation between p'%® and p'“*herind is opposite, as

elaborated in Egs. 2 and 3:

_total TNFa _ , TNFa _ _TNFa .
Prs - pTcthcring 03+ (1 pchhcring) 0.6

TNFa
=06-03- pTﬁth,ﬂ'r'm‘t/ (2)
total IL—2 IL-2 IL-2
pl%a = pT(’l‘hm'ing 0.8+ (1 - pTcthcrmg) 0.4
1L-2
=04+4+04- pTethering (3)

The fraction of TNF-a accumulated at the IS is negatively correlated
with the probability of TNF-a tethering with lysosomes (p7.y/%,,)
(Fig. 8A), whereas for IL-2, the higher the tethering rate, the higher
the propensity to stay at the IS (Fig. 8B). For the vesicle distribution
to be considered to be multidirectional, at the most, half of the

vesicles may be found near the IS. Thus, a line may be drawn when
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FIGURE 6. Tethering to LAMP1" organelles determines the transport direction of cytokines. CD4"* T cells were restimulated with anti-CD3/anti-CD28
Ab-coated beads for 120 min (B-D) or 90 or 120 min (E and F). After bead removal, the T cells were fixed and stained with corresponding Abs. (A)
Distribution of vesicles in the vicinity to the IS (@IS) or away from the IS (@distal). (B-D) Tethering is involved in directional transport for both TNF-a*
and IL-2" vesicles. Anti—-TNF-a or anti-IL-2 and anti-LAMP1 Abs were used. Z-stacks were taken with a z-step size of 0.2 wm by deconvolution mi-
croscopy with a X63 objective. Distribution for TNF-a* and IL-2* vesicles at the IS or distal areas was shown in (B). Analyses of distribution of TNF-a* or
IL-2" vesicles are shown in (C) and (D). Scale bar, 5 wm. Results were from three independent experiments (24 cells). (E and F) Tethering of LAMP1 with
CytVs in the same T cells. Endogenous TNF-a, IL-2, and LAMP1 were stained after fixation. The fractions of LAMP1 tethered with IL-2, TNF-a, or IL-2
and TNF-a are shown in (E). The numbers of CytVs tethered with LAMP1™ organelles are shown in (F). Results were from two independent experiments

(16 cells). **p < 0.01, ***p < 0.001. MIP, maximum intensity projection.

t"ml equals 0.5, which defines the boundary between polarized ver-

sus multldlrectlona] transport. Consequently, the tethering probability
of TNF-a must be larger than 0.33 (Fig. 8A, gray area) for multidi-
rectional transport to occur. For IL-2, to achieve a polarized pattern
(piotat TL=2=0.5), the tethering probability of IL-2 needs only to be
larger than 25% (p**""*?=0.25 Fig. 8B, gray area). Thus, we con-
clude that tethering with lysosomes facilitates that TNF-a and IL-2
achieve their desired destinations.

Next, we analyzed the impact of tethering-regulated motor
protein recruitment on CytV transport. For TNF-o, we assume that
the kinesin outperforms dynein if both motor proteins are
recruited on the same vesicle, which is also supported by the fact
that the stall force of kinesin is much higher than the stall force of
dynein (38). We also introduced a dynein inhibition probability on
TNF-a vesicles and denoted it as p7. Then, the probability for

(il/n
untethered TNF-« to be at the IS, p? g 18t

Pl = (125 ) (1 = plh) + (1= plih )l (1 = 28s)
+ ngﬁpgun (1 - p(lf‘in)

where the first term on the right-hand side is the probability for having
neither dynein nor kinesin on untethered TNF-a vesicles, in which case
the vesicle stays close to the microtubule organizing center (MTOC)
and thus at the IS. The second term is the probability that a vesicle
contains dynein, that this dynein is not inhibited, and that the vesicle
does not contain kinesin, in which case it would also stay near the
MTOCI/IS. The third term is the probability that dynein is present but is
inhibited, yet kinesin is also absent, in which case the vesicle would still
remain near the IS. This equation can be simplified to the following:

p(I)S =1 _pgin =08

Notably, neither pj, nor pi" play a role in determination of
TNF-a distribution, only the presence of kinesin. In other words,

for an untethered TNF-a* vesicle to remain at the IS, kinesin has to
be absent, and for their transport away from the IS, kinesin must be
present. Because the quantification of our experimental observation
about the number of vesicles being located at the IS or at the distal
area (dist) shows that p‘}s is around 0.6 (and hence pgist =0.4), there
should be other kinesins (e.g., kinesin-3 [denoted as kin-x]) involved
besides kinesin-1, so that we have

DPkin = Pkin—1 + Pkin—z

Because we measured the probability of finding kinesin on untethered
vesicles to be pY, | = 0.2 and p0,,, = pY;,, = 0.4, the probability
for other kinesins, pgm_ » should be around 0.2. In comparison, on
tethered TNF-a* vesicles, the probability to have dynein or kinesin is
pdw = 04 and pl,,= 0.5, respectively. The resulting probability to
find tethered TNF-a* vesicles at the IS are then:

Prs = 1= Pjyy = 0.5 (4)
Experimentally, we observed p}4=:0.3, which is smaller than the
value predicted from Eq. 4 based on the measurement of kinesin-
1. Therefore, we postulate again the presence of other kinesins on
tethered TNF-a" vesicles, such that

t t t
Pkin = Pkin—1 + Pin—z
Therefore, we get the following:
¢ ¢
Prs = 05— Plin—z

To obtain pig ~ 0.3, one must again have p}, = 0.2, which
is similar to pgmﬁ , the probability for other kinesins on unteth-
ered TNF-a" vesicles.

To analyze how the recruitment of motor proteins and tethering
contributes to the final distribution of IL-2, we first assumed that
kinesin outperforms dynein, as for TNF-a. Thus:
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g =1—p) =0.4(exp. determined)
phe = 1 —pl,;, = 0.8(exp. determined)

With this, the probability for kinesin on untethered and tethered
IL-2 should be pzm = 0.6 and p!,, = 0.2. The latter is incompatible
with our experimental result p, _,= 0.4. Therefore, the assump-
tion that kinesin always outperforms dynein must be false for
IL-2. We can postulate two alternative scenarios that could help
explain this discrepancy.

First, we could assume conversely that dynein outcompetes
kinesin (Mechanism 1) (e.g., by the number of dyneins being much
larger than the number of kinesins). Then, we obtain

t 3 i t
Prs = (1 _pkm) +pd’!ﬂ’/pk"’”’
0 0 0 0
Prs = (1 - pk,;,,,) + p(]yw,pkin

where the first term on the right-hand side is the probability for the
absence of kinesin, and the second term is the probability that both
dynein and kinesin are present, in which case dynein wins. By insert-
ing the experimental values for pgyn (0.3) and pf’iyn (0.5), we get:

pffS =1- 05p§cin (5)

Fig. 8C shows the dependency of IS enrichment (P;s) on the attach-
ment of kinesin (Py;,), as given by Egs. 5 and 6. One can see that the
probability to find IL-2 at the IS is negatively correlated with their
attached kinesin (Fig. 8C), which is expected. In addition, one can
see that by increasing the deposition of dynein, tethering of IL-2*

vesicles increases the propensity of finding IL-2* vesicles at the IS.
For the probability of untethered IL-2 being found at the IS, p? g, o
be around 0.4 (experimental observation), the required pgm should
be 0.86 (Fig. 8C, blue dashed lines), which again implies additional
kinesins are involved in the case of untethered IL-2* vesicles. For
tethered IL-2" vesicles, pis = 0.8, and the corresponding p};,
should be 0.4 (Fig. 8C, red dashed lines), which agrees with the
experimentally determined p!, _, (Fig. 7, Supplemental Table III).

In a second scenario, we assumed that kinesin is inhibited on IL-2

(Mechanism 2) with probability pi”. Then, one has

kin®

inh

Pls = (1= i) + Piinphin = 0.4(exp. determined)  (7)

Pis = (1= Pign) + PiinDlin = 0-8(exp. determined)  (8)

where the first term on the right-hand side is the probability that
kinesin is absent on IL-2" vesicles, in which case the vesicles stay
close to the MTOC and thus at the IS. The second term is the
probability that kinesins are present but inhibited. By plotting P;g
as a function of pﬁgﬁ, we find that with Mechanism 2, the proba-
bility of IL-2" vesicles to be enriched at the IS is positively cor-
related with and proportional to pm (Fig. 8D, left panel) and
independent of dynein attachment (Eqgs. 7, 8). To reproduce the
experimentally determined values for p‘}s (0.4) and p}s (0.8), the
kinesin inhibition probability pi* on tethered IL-2 must be sub-
stantially higher compared with untethered if Py, is identical for
tethered and untethered IL-2. If, in contrast, p}j}fi is identical in
both cases, the recruitment of kinesin on tethered IL-2 should be
considerably lower than untethered IL-2 (Fig. 8D, right panel).
The above-mentioned Mechanisms 1 and 2 could also be
combined (kinesin inhibition and outperformance of dynein over

uninhibited kinesin, Mechanism 3). Then, one has the following:
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In this combined case, the probability of IS enrichment of IL-2*
vesicles is also positively correlated with and proportional to p{'*
and, in addition, is also dependent on dynein attachment (Fig. 8E).
To obtain the experimentally determined values for p(}s (0.4) and

phg (0.8), the dependency of pi* on Py;, is similar as for Mech-
inh on tethered

vin

anism 2, namely identical Py;, requires higher p’’
compared with untethered IL-2* vesicles, and identical p;:l’j; would
imply a lower level of total kinesin on tethered as compared with
untethered IL-2" vesicles (Fig. 8F). Notably, the range of Py;, to
obtain a positive value of p}»’l’jl’ from Mechanism 3 is narrower than
Mechanism 2. In addition, Mechanism 2 and Mechanism 3 predict
higher pfgﬁand/or lower Py;, on tethered IL-2" vesicles, suggesting
that tethering is correlated with removing or detaching kinesins on

tethered IL-2" vesicles.

Discussion

In this work, using various microscopic approaches including high-
resolution microscopy, live-cell imaging, TIRF, and CLEM, we
prove that CytV physically tether with endocytic organelles,
namely late endosomes/lysosomes. In this study, we used two

+ -2.0

0 0204 06 08 1.0 02 04 06 08 1.0
inh
Pin Pin

methods for IS formation, Raji cells and anti-CD3/anti-CD28Ab-
coated coverslips. Raji-CD4-T cell model represents a “real” IS,
whereas the coated coverslips are optimal for high-resolution
TIRF microscopy. More particularly, with Ab-coated coverslips,
the position of the IS can be much more precisely determined.
Remarkably, to observe the details of vesicle movement and re-
lease at the IS, TIRF is required, which can be conducted only
with a coverslip-based experimental setup. To confirm tandem
transportation of CytV-LAMP1 pairs, we used TIRF and LCSM.
When using TIRF, EGFP and mCherry were illuminated one after
the other with a lag of 73 ms; colocalized CytV-LAMP1 could
look like being tethered when moving fast. Fortunately, this pos-
sibility is excluded by the tandem transportation of tethered
CytV-LAMPI1 pairs visualized by LCSM, whereby EGFP and
mCherry were illuminated simultaneously, confirming that tandem
transport of tethered CytV-LAMP1 pairs does occur.

Tethering between organelles/vesicles is a stable state, which
does not result in fusion or coalescence of the tethered entities.
Interestingly, prior to fusion events, the vesicle/organelle mem-
brane and the target membrane are also positioned in close vicinity
and physically connected. This stage is termed “docking,” which
shares many common characteristics with canonical interorganelle
tethering. Compelling evidence shows that membrane fusion
mediating proteins can also serve as major players to initiate and
maintain contact sites for tethered organelles/vesicles. One example
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is Sec22b, a SNARE protein, which mediates ER—plasma mem-
brane tethering by forming an incomplete, nonfusogenic SNARE
complex with syntaxin 1 on the plasma membrane (19). Another
good example is Vps39, a component of the homotypic fusion and
protein sorting complex, which is involved in tethering vacuoles
with mitochondria (39—41). Both Sec22b and Vps39 have well-
established roles in mediating vesicular fusion (42—45), indicating
that mediating fusion and tethering are not mutually exclusive.

Proteins mediating tethering of opposing membranes can be
classified into “principal tether” and “auxiliary tether.” The dif-
ference is whether the protein(s) are necessary and sufficient for
the formation and/or maintenance of contact sites independent of
other components (10). The absence of principal tethers leads to a
reduction of tethering. In this work, we reveal that downregulation
of Vtilb leads to a reduction in CytV—endocytic organelle teth-
ering in primary human CD4" T cells and that the interaction
between Vtilb and its interaction partner EpsinR is essential for
the formation of MCSs between CytV and late endosomes/
lysosomes. These findings suggest that Vtilb and EpsinR play a
key role in forming and/or maintaining endocytic organelle-
related interorganelle tethering in T cells. Whether Vtilb and
EpsinR are located on two opposing membranes and serve as
primary tethers is still not known. In theory, Vtilb could also be
first sorted to the corresponding vesicles via EpsinR (23) and then
mediate CytV-lysosome tethering by forming a nonfusogenic
SNARE complex with its cognate SNARE partners. To identify
which of the above-mentioned possibilities is true requires further
investigation. By Vtilb downregulation, the numbers of LAMP1*
vesicles were unchanged in Fig. 4F but slightly reduced in Fig. 4J.
This reduction is so small that we suspect it might be introduced
by the variation among donors. Vtilb is not thought to be involved
in regulating the generation of CytVs or lysosomes.

Interorganelle tethering is believed to be a major mechanism for
communication between many, possibly all, organelles (10). The
roles of interorganelle tethering identified so far mainly concern
the exchange of small molecules between tethered organelles/
vesicles at MCSs, for example lipids, ions, and glucose (13, 19,
46, 47). In this work, we prove that in primary human CD4*
T cells, CytVs tether with lysosomes/endosomes by forming a
physically connected MCS. By tethering with lysosome, 1L-2*
vesicles are directed to the IS, whereas TNF-a* vesicles are
multidirectionally targeted.

Mathematical models are used widely to illustrate complex
biological processes including vesicular transportation (48-51).
Our mathematical models suggest that this distinct preference in
transportation is likely linked to the change in the attachment of
motor proteins, namely dynein and kinesin, by late endosome/
lysosome tethering. This possibility is supported by the evidence
that ER endosome MCSs regulate the trafficking of endosomes by
providing a platform to transfer kinesin-1 from ER to endosomes
(52, 53).

The organelles that CytVs tethered with are shown in this work to
be Rab7 positive. Rab7 is reported to be involved in ER-late
endosome tethering (54). Intriguingly, Rab7 is responsible for
recruiting kinesin-1 from ER to endosomes at ER endosomal
MCSs under conditions of low cholesterol, and in parallel, under
conditions of high cholesterol, Rab7 is involved in attaching dy-
nein to late endosomes via its interaction partner RILP (52, 53). A
recent study reported that the Rab7 effector PLEKHM1 competes
with SKIP to modulate the recruitment of kinesin (55). Thus, Rab7
could be involved in regulating the recruitment of dynein or
kinesins onto tethered CytVs through MCSs, depending on the
resident components on targeting CytVs. Other potential players,
however, should not be excluded.

In this study, we formulated a model for the correlation of
transport direction with LAMP1 tethering and with vesicle motor
equipment based on the quantification of experimental observa-
tions. By counting the number of TNF-a" or IL-2" vesicles,
untethered or tethered, that are equipped with dynein or kinesin,
we determined the probabilities pj,,, P}, Ph,,» and pj,,, and
by counting the number of vesicles being located at the IS or
at the distal area, we determined the probabilities p(}s, pgist,
pig and pl,,. One observes that for TNF-a" vesicles and for
untethered IL-2" vesicles, the probability for kinesin-1 equipment
(pxin) 1s strictly related to the probability to be located distal (pgis();
in all three cases, the difference between pgic and pyin.; is 0.2,
which indicates the existence of another type of kinesin that has
not been tested for. Moreover, one observes that for tethered IL-2*
vesicles, the probability to be equipped with kinesin, (pin.1), 1S
larger than the probability to be located at the distal area, pgjg
which indicates the existence of a mechanism that impedes
kinesin action. Together, our model predicts that endocytic or-
ganelle tethering-regulated changes in the probabilities of kinesin
and dynein attaching to TNF-a* or IL-2* vesicles can result in a
multidirectional distribution for TNF-a* vesicles and an IS po-
larization for IL-2* vesicles. These results further support our
conclusion that the multidirectional and polarized modes of cy-
tokine transport in T cells are regulated by lysosome tethering,
most likely by modulating the attachment of motor proteins to the
CytVs.
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