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HE BH EEYZKE (tunneling nanotubes, TNTs) JEAAAETAUMINI AL RELS M, HAT B HOm MBS i A= M B As e
Rk, TNTs RZ5H SR | AFAeist ) de A SOE UG AR e, BSOS HBh ST S DI REAF e — e X . iARBIF S R 8 P T
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microscope, TEM) WL%L TNTs PN ¥ i §% iz Fl 2 |
TG Rl A R £ R (correlative light and
electron microscopy, CLEM) T B 45 4ff i W %5
TNTs P 1z i 49) Jo G4 160 45 1 4 4 LA S TN T 1Y
N e RS e B SR N 0 S S P A R
% 4¢ (high content analysis system, HCA) %% &
LSCM W% TNTs A4 AE, HiliK TNTs I Al
A, WEEEZE FH TNTSs iy 4 i a) ) Ji e iz sh A8 7
FFHR ST TNTs % 1z W) Jou 70 808 oA A RR Ao
LSCM J2AE 5 2 ML) i 7 B ARG o i, HoR
MO, 256 AL RERIE T, BA &
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Nt 968 AS49 i . IEATE 25 AS49/DDP 41
J0E) e S A B g a9 Hucy s %A (cisplatin,
Cis-DDP) (%% . PHR1624), {# [ Sigma 2\ ;
6 4 1M1 (fetal bovine serum, FBS) (4K 5 .
FB25015), 3E[H Clark A H]; McCoy’s SA 5537
(it : WG210224C), bt B BBAYRHEA
FRZAH]; DMEM/FI2 5558 (4t . 20210301),
FECAHT (AenD) EYRHARATR; 0.25% [
I (5. 25200-056), FEE Gibco/AH]; HE
ZMEEEZE (#S . SV30010), 5[ Hyclone 23
Fl 5 /N ZEBE 4R R ORI Alexa Fluor 488 1 B4
(wheat germ agglutinin Alexa Fluor 488 conjugate,
WGA-488) (It . 2260867), £ [ Invitrogen 23
F; Vybrant DiD 4 fi#ric % (Vybrant DID cell-
labeling solution, DID) (L5 . 2246612), ZE[H

Invitrogen /A 7 ; Hoechst 33342 YL {4 % (It 5 .
20210507), HEIEEEFEERHEARA RS,
1.2 KWHE
1.2.1  Zfifudssz

A549. A549/DDP 4f il T 37°C . & S 95%.
COMREE 5% 5514 T, 43 ilTE S 10% FBS 1100 U/ml
HHEE. 100 mg/L5E5 ) DMEM/F12 5 McCoy’s
SARTFR P TR SR . AS49/DDP il T 1 pmol/L
AR ST T R gl 358 LR FE IR 25 1, JFF 508w
2 J8 B 4 o I8 A 1Y 58 4 B SR RO TR £k
Sy
1.2.2 e geta . el 2T

W4 A549 o AS49/DDP 4 it , 181 40 g 2% i
% 1.0x10%ml,  A549 4f il LI WGA-488 {ilj Bk ¥
+Hoechst 33342 9 gy bt e o (MR B 43 il oy
8 mg/L. 10 mg/L, 37°CHLW¥ 7 15 min) ; AS549/
DDP i Jif1 L) DiD+Hoechst 33342 5 G Ye ke o, (4
e FE 4y 51~ 5 umoL/L, 10 mg/L, 37°CHLiE&H
15 min) ; FH-H I IEYRIXT AS549 5 A549/DDP 4
AT g e, P a A AN S E T BE
T ML) PBS UE U, 4% T A7 SRR T 24 £L
TCT 4jE R 57 (Beaver A r)) 1% 15 mm HER AL
(NESTZNHA]) 1. a. ASA94IMefplisss, 2.0x10°AL;
b. A549/DDP 40 il S 55 5%, 2.0x1074L; c. A549
5 AS49/DDP YiIfifE 1 : 1IRARFE, UM% 2.0
10741 ZKZEWEH 4 h 14 20 IS BE 5 756 20 b AL
B2 [ A A Y 0 )5 B 97 48 h &5 T iME AT,
K 4% Z R EEF 2 10 min, 2 D-PBS YEEIF
AP E 7] AL
1.3 BRNESTRSERESHIZE
1.3.1 fUERS

f=5 PR 70 BT 2 48« PerkinElmer High Content
Analysis System Operetta CLS,
132 RESHE

AR R BT o PI5E: 20xAir. NA
0.4; HzhIXIA . Two Peak (Default); FAFEFE .
Non-Confocal, Binning: 2; i ifi : Brightfield,
Digital Phase Contrasts; HLfLHLEF%H : 246 Field;
HEE)Z: 9.0 um; FAHZE: 3; JZEEFE .
1.5 pm; BUAAEAEIAETE] . 30 min; FAHEAAT K
48 h,

WICHRALZF R E W T . P15 20xAir. NA
0.4; H3X%HE: One Peak (Default); FHIEMRIR .
Confocal, Binning: 2; i i& : Brightfield, DID
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(Ex644/Em665) . Alexa Fluor 488 . Hoechst 33342;
PAFLAREF . 58 Field; A E)Z: -7.0 um; A
BE% 35 28R 1.5 pm; SORFARIE AT
[ : 7~8 min; FAHLEAT 48 h

14 BAPAREABERMEIRSHILE

141 fUERS

FOCHRIL R RS . OLYMPUS FV10i,
142 ZHEHE

FHRBEE AT . YBi. 60x NAL13S R Y6: ;
IWIEYEPE . Hoechst 33342, Alexa Fluor 488. DID.,
Phase contrast; Acquire Map Image A % i i .
Alexa Fluor 488, DID; 4% i i Y Sl I8 4R K
49.6%. 49.6%. 41.6%. 36.6%; %%l i #OG5m
WK : 68.3%. 51.1%. 27.9%. BRik; HIMEE .
1 024x1 024; H)ZE: 15~20)2; )= 8] [5] fF
1 pum; FUEIESIHREE] . 29 00:00:26.05 AT
[]: #J00:26:40.4.

1.5 TNTs Z4E#

i I IMARIS 9 B 4% O G F 18 23R 42 il
G AT A R =R AL, XAt
G5t B A3 . FIH Sport T HARiC LA 4l
I 2 TNTs $212 (2O U5 S, MBS 18 BT %
PRGN B S A 1
1.6 TNTsZ&ito#r

TNTs & 846 %5 Bl 4 100 /> 40 i i TNTs %5 17
TNTs AR . KB FIE uids Bt v = o9 i
Harmony 4.1 R4 5 4~ Bl AL A (8] & 0L EF HE1 710 5% .
# IR, % GraphPad Prism 9 #0F %t HLAb 3R
THEGERI + s 3R, PR FLESR ST FEAR ¢
Krgs BTG IEAa i Hr255) . LLP<0.05%
ZRBAAFEITHE L,

2 g B

21 HCAWZETNTsHEE TR

o7 FH & AR 53 BT ZR G445 5] AS49/DDP 4t Jifd ]
FH 24 L A - RS 5 - 240 B 2 1) B o7 - R RS il 15 DX 4
ARAALEIIE B TNTs iy 2zt B2 (BRI fih o3 B AL B
MCTNTs) (B 1) R, n & AT & 485
STE 5 A BEALS [A] R AL EIE, WLEE [R A e 4
[B] TNTs JE G 0L, 25BN HiE IR AS49 41
L, AR R R R | R T i AT SR F TNTSs
R, TNTsEX¥ KN 14.71 pm, F¥EHE N
227 um, TNTsEBAEECH 4; 5 AS49 4ifUAH L,
ML FR Y AS49/DDP AU, FEANMIE BERAIG . BE

BRI B AT S E] TNTs JE i,  HJE i TNTs B
%, TNTsIE 3550 11 (P<0.001), TNTs 4544
ML K, FHKE R 2544 um, B ERZN
2.59um (K2),
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Fig.1 Pattern diagram of formation mechanism of
tunneling nanotubes
Two modes of TNTs formation: the fusion of the cell membranes of the
contacting cells, followed by the translocation of the cells in the
opposite direction, allows the formation of TNTs; the cells emit
filopodia-like membrane projections, followed by membrane fusion
allows the formation of TNTs.

0~8 min i, FRic T 21 14 2% 6 19 W )~ A549/
DDP 2 i st 423 5 16 min i, 4 210 I A JRE 45 foh 5
16~72 min B, 9 200 60 S 42 fh g AR E — 25 14 o
72~136 min i, PN ZEHT5rE, JHAE 144 min Aif
JE M TNT 2544 ; 144~224 min B}, TNT AWK AE
A, B %232 min K. TNT 2 FE /£ 7E 80 min
(K13, EIS1). KE3aiiiB] T TNTs$E filh 43 25 19 IE 1
B EI3b, ciaBH T B 1 AU K 22 )5 P4y
BIAREIE UTNTs,  FRATTE H A AR BT W8 o A A
AT . /NIETRRA EE fl OF N STE BTN Ts; B13d
J&7R T TNTsIE 15 2R 5 4 R &S . BISTZ M
A Tea] g BT ) 5 P 200 PRz e, O B fh i A
. wb, TNTSAEFERT R, DA K TNTs{ 2k & 588k
TG T AR SR S P T TNTSIE i i 72, 7T
DI 5 22 AT AR 404 TNTSTE BB B o7
FHHIX 2 A TNTSIE ) .
2.2 LSCMM ZZTNTs = 445 #) B TNTs 52 i1 1 JR
Y e

HE— 25 LSCM WSS AN [) 37. 754 e 44t e (] )2
A TNTs 2544 . [l 4a Ut 7R > AS49/DDP 4l fifd (4%
BUG) R AS49 4l (£0€a%¢%) ) TNTs 45
o AT HEBRAS 2O AR BT = A ) 22 57
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Fig.2 Observation of intercellular TNTs by high content analysis system
(a) Brightfield high content imaging of tunneling nanotubes (red arrow: TNTs). (b) Comparison of TNTs index between A549 and A549/DDP cells
(x = s, n=5); (¢, d) Comparison of the length and diameter of TNTs formed by A549 and A549/DDP cells. ***P<0.001 vs A549 group, n=5.

FHSSthmcYy, K 4b R AS49 il (gkaa
) fHin AS49/DDP 4H il (ZLf8285%) 1 TNTs 45
P o I AT L, S TR] S 28 iR 40 e ] R LA A
TNTs. MLk, BWELE] T H AS49 i fE (40
o) L2 AR R A TR A TE i 7] A549/DDP 2
i (BRa), LAANMRSE M-l A 220k O A2 R
P A -8 L 5 At 20 i Pl A AL A TNTs - (R

DLz R PR AR B A S Rl 9 7 O B TNT)
(Kl4e, K1),

it —25 ] FH IMARIS # 4% TNTs Z5 #4471 =
Aesg, K4 PR yz B T DI S B T i
LA TNTs Z5A04FF1E,  ELE IS xy 5 yz ST 36 1] I8 il
WS R TNT Hiz sk 28 B (1814a, b).
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Fig. 3 Observation on the dynamic formation of TNTs by high content analysis system
The formation process of TNTs was observed. A549/DDP cells are labeled with red fluorescent dye DID, and A549 cells are labeled with green
fluorescent dye WGA-488 conjugate, and the nucleus of both kinds of cells are labeled with Hoechst 33342. Green and pink arrows trace two
different A549/DDP cells, respectively. The red arrow indicates the TNT structure. (a) A549/DDP cells were close to each other. (b) The contact area
of A549/DDP cells increased gradually. (c) With the reverse translocation of A549/DDP cells, the contact area of the two cells decreased gradually.

(d) TNT were formed with reverse translocation of A549/DDP cells and finally disappeared.
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Fig. 4 Structural Characteristics of TNTs Observed by LSCM
(a) An A549/DDP cell (green fluorescence) TNT extended to an A549 cell (red fluorescence) and the vesicles (red arrow) were transported in the
TNT. (b) An A549 cell (green fluorescence) TNT extended to an AS49/DDP cell (red fluorescence) and vesicles (red arrow) were transported in the
TNT (red arrow). (c) The thin tubular structure formed by the bulge of A549 cell membrane (red fluorescence) is extending to A549/DDP cell (green

fluorescence), forming a close-ended TNT (red arrow).
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J6) & H TNT i AS49 4ilfig (s aiet), IR
AS549/DDP . AS549 2T 43 5Bk FR A AHAA 4R Jf F 2z
RN, 7'32"~22'36", A LELFR IR Tt & A549/
DDP il Jitd 14 21 {6 %€ 30 78 TNT P P 5% iz 2 52 ik
AS4941IfiEE, 30'8"~45'12", HEHIFE TNT %z iR
FME W, X W] A549/DDP A h A 240 i ) 52 14
AS549 4 W 38 FE 0 1y T 1) R B A i ot AR R
1, AT WL, @t HCA ZE A48 g il E— 25
FE BhASWEE T BB TNTs 9 05 32 D) REFE W) o8 1%
Jrla) . I HER T R

FIFH LSCM AR G kAT =i g, APl
TNTs (L P iz g . Bian, *tE ea (HPE
4b) HEHENMEEGIET =4 EdE: a |, JF
Jit Hoechst 33342 38 16 Jf- S A A0 g F2 17, T DL iE (1
AR 1) AN A% K M A 2 i A i e g (&
6b) , A T R BT UL 2% B i B AN ] (AS49 K
A549/DDP) & V% T3 i B9 TNT 4544 5 b. JF ik
Hoechst 33342 } WGA-488 3@ i, 1 UL fit{& A549
A (WGA-488 fHEXWIbRiIC, xudt) WY
i (S a566) 8t TNT #EASZ K A549/DDP 4iififd
H (&l 6c); c. TPl Hoechst 33342 K& DID#iE, A
LA AS49/DDP 4l (DID#Ric, £0(a%806) N
FIPE (L0 E50) i TNT 3R A 2R A549 41
o (El6d); d. HrfiiEiA (B Hoechst 33342,
WGA-488 % DID il ), W 4= Wi &2 5] TNT JE 1§
Ji S AL IR ] ) s s L (18 6e) o

FIFHIMARISHF {4 it — 25 AL TN Ts e v 415 1)
g, HLALSCMENZHTNT B A2 S5 AR SRS E(E
SEREAKN, WRIEHE AR A E HARVOEE
B S PR AT R S I . AR5 1 63F
P50, BEIOLES HAR2.0 um, IR
Quality IR =5, KR DN(E 5k
B H AR (ZL BRI DIDTOEARICHY
P . GO IRIRM T WGA-488 5 e hRic Y 92 61)
(F7a~d) . BEALLER BN, a BHARAS4940 I 7] %
RAS49/DDPAILI Y FE . Bl 7a, ciBon, T
HEIARASAOUH I (R 2t /N ERIASE 1099, FLAZETNT

BNISA, MBS AR 14%, iz ik 2k
AS549/DDPAH AL N384, i 4k A IRIAR35%, F
SAEHHAASAOA 561, 5 ESHEAERIKA51%.
WA R = YE BT, AT AR ASA9 N i ) 2
49% (BI35%+14%) MY C s/ 1E % 2 52 K
AS49/DDP A L (K 7e, f, c). b. fHEIKAS549/
DDP 4 fifi [1] 52 1A A549 ALy iz g . B 7b, d
R, T AR AS49/DDP A I A 21 4 /N ER AL R2
A, HAPTETNTE N4, R EIRIAS5%, ¥
B IEZIRASAOMMEN 174>, i B2 B ERE21%,
T TEAAARAS49/DDPANE N 614>, i B 4L ek ik
1)74%. Ead ik = e @R AT, mAIfE AR AS49/
DDPARAIINZ26% (BI21%+5%) A¥ I C 54 ia/1F
ia B2 IKAS49 difirh (Kl7e, £, d)o 455 1R
=AM AL, FEAS49-5 AS49/DDPAH if 1) AL
mEsiarh, LILIAAS49 40 it 7] 52 14 A549/DDP 4
(R e 32 5 e R332 Jy i, A T A549/DDP
YL, ASAZM TR e 1 W) o e 3 () B AN EL A9 B
B

AR, X LSCM G4 T — 4 s stk A7 )5 2 4b
B, ] USRI W A A2 R A N ) A AT A L o
7 P 8a Y = 2k P A FE il o 290 Ji A% 108 47325 BH Ak B
([£18b), Jf-UF TNT KAl 5 P 40 A A% oo AH 5 B0Rt
PIi ok b FWANES R, WSS Y e P 32 1
LN )AL a. 524K AS49/DDP 4iiffdrr,
AS49 L2 R R (SR EkiR) FEATE
YRR T | 40 A T DL SR B E L (8] 8e, d)
b. Z AR AS49 AT, F AS49/DDP 41 it 5% 12 Sk i
Pl (Lraskik) U afm TAamBERT (K
8e, ),

ZE |, HCA R WLEEE] TNTSs 30 25 19 s L A
Yiiiiz, LSCM Qb AT =4k 8t 5 B4t
AT ARAY) FAE TNTs WAL 2 R AL, T e
EY B S H B, IR SR 12 Y T A 32 R
BN A A TE L. Rk, HCABEA LSCM 1] LU
G R TNTs W5 4047
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Fig.5 The material transport through tunnel nanotubes observed by high content imaging system
A vesicle (red) derived from a donor A549/DDP cell (red fluorescence) is transported into an A549 cell (green fluorescence) via TNT. Red arrows

indicate a transported vesicle within the TNTs.

(b)

N

A549/DDP A549/DDP
15 um 15 um

_ A549/DDP _ A549/DDP
15 um 15 pm

Fig. 6 Observation on the bidirectional material transport Function of TNTs by LSCM imaging 3D reconstruction
(a) Original images taken by LSCM (an A549 cell labeled with green fluorescence, an A549/DDP cell labeled with red fluorescence); (b) 3D
reconstruction and display of Hoechst 33342 channels; (c) 3D reconstruction and display of WGA-488+Hoechst 33342 channels; (d) 3D
reconstruction and display of DID+Hoechst 33342 channels; (¢) 3D reconstruction and multi-channel (Hoechst 33342+WGA-488+DID channel)

stacking.
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Fig.7 TNTs material transportation analyzed by LSCM imaging 3D reconstruction

(a, ¢) 3D reconstruction combined with IMARIS software modeling quantified the transfer material from a donor A549 cell to a recipient A549/DDP
cell; (b, d) 3D reconstruction combined with IMARIS software modeling quantified the transport material from a donor A549/DDP cell to a recipient
A549 cell; (e, f) 3D reconstruction combined with IMARIS software modeling quantified the distribution and ratio of substances in donor cells, TNT

and recipient cells.
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Fig. 8 Observation of transported vesicles distribution in recipient cells by LSCM imaging 3D reconstruction

(a) 3D reconstructiontIMARIS software modeling quantification; (b) figure 8a was treated with nuclear transparency; (c, d) a cleft receptor A549/

DDP cell was observed from the upper and lower perspectives; (e, f) a cleft receptor A549 cell was observed from the upper and lower perspectives.

3 #

TNTs J2 i JLAF: & 30 01— oze B 25 1 42 20 it 1
PG FELE AL, Hoh R SUZ 2 JF L F L3l 8 A
(F-actin) S0 k4 AR B8 5 048 L [R) 4 b AR 1 22
el 37 2 %) [R) A s S A48 L ] A JEE 85 1) L 2
M. 7EIEAS |, TNTs BRI JIL a0k 3] L
floK, KBRS LA AR 3] 100 oK A .
T H B B A B TNTs IR0 ok, PRI E
77T 3L B2 TNTs DO A A [ 20 B A Y e 45
(22RO L5 B BB RRAE Y TNTs JE AL
WA 20 a. AHESEUT AP0, A0 A
filk, MOREAAERLG, BES PRI Ao, B
A X . AR, 2B TNTs; b. H—4>
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Observation of Intercellular Tunnel Nanotubes by High Content Analysis
System Combined With Laser Scanning Confocal Microscope®
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Abstract Objective Tunneling nanotubes are membrane-tubule-like structures that exist between cells and
have a direct long-distance biological information exchange function. Because the structure of TNTs is easily
destroyed, exists for a short period of time and is unstable after formation, it is difficult to observe its dynamic
formation and function. This study used the high content analysis system (HCA) combined with laser scanning
confocal microscopy (LSCM) to try to observe the dynamic process of TNTs formation and its function of
vesicular material transport. Methods Human lung adenocarcinoma A549 and cisplatin-resistant A549/DDP
cells were labeled using fluorescent probes. Subsequently, HCA was used to observe the formation process of
TNTs, LSCM to observe the three-dimensional structure of TNTs, and HCA combined with LSCM to analyze the
vesicular material transport function of TNTs, respectively. Results TNTs structures can be formed between
tumor cells of the same types (A549 or A549/DDP) or between different subtypes of tumor cells (A549 and A549/
DDP). TNTs formed between A549/DDP cells were longer, thicker and had a higher formation index compared to
A549 cells ( the length, diameter and formation index of TNTs for A549 and A549/DDP were 14.71 pm, 2.27 pum,
4 and 25.44 pum, 2.59 pm, 11, respectively). TNTs are formed in two steps: first, two cell cytoplasmic membranes
first come into contact with each other and then fuse, and as the two cells translocate in opposite directions, the
fused regions of the membranes are continuously elongated and narrowed, resulting in the formation of TNTs;
second, two cells extend filopodia-like membrane projections and fuse when they come into contact with each
other’s membrane projections, resulting in the formation of TNTs or one cell extends filopodia-like membrane
projections and fuses after contacting the other cell membrane, thus forming TNTs. The transport of vesicles by
TNTs is bidirectional. During transport, the rate and amounts of vesicles being transported vary depending on the
stage of transport and the donor cell. The vesicular translocation from A549/DDP cells to A549 cells showed a
fast initial rate and a slow terminal rate. A549 cells, as donor cells, transit vesicles to recipient A549/DDP cells in
a higher number and proportion than A549/DDP as donor cells in the opposite direction. Conclusion The
dynamic formation process and vesicular substance transport function of TNTs could be observed and analyzed
by HCA combined with LSCM effectively.

Key words high content analysis, confocal laser scanning microscope, tunneling nanotubes, intercellular
communication, intercellular transfer, neoplasm
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