£ T OB O¥ BER Sl BEHBHRESES——HR LN T
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Aug. 25, 2019, 35(8): 1361-1373

DOI: 10.13345/j.cjb.190050 ©2019 Chin J Biotech, All rights reserved

a e

MER, RUE, h¥E, 1

P E R R E B RIESEVRE T SEAYEARZESLRE, BT B/RE 150069

RIERS, RELEE, AEE, F. o BRI S—HhR ER“SFR”. Y TR, 2019, 35(8): 1361-1373.
Qi HS, Wu HX, Qiu HJ, et al. Transport of alphaherpesviruses in neurons——axonal “shuttling”. Chin J Biotech, 2019, 35(8):
1361-1373.

B EoRSREFZ2TIRMONANE BT EIHNRT RGN ELEL XA, P35 a Bt nalh LA Lz
M, R IR RIEFRRNNOR . AV EN o AS RER TS AR AR EL, FELRAARES
it TR —F T RREA T EIHREE, RELLRBRENEALR E—F T R TRFHRLE R
L H RIS R eG54, AR R ELEG AT RT R0 —3 5, BELLZR ARENRMNE L5
(4R &, sPEAYZ M o SR EAEAZANAE FEAZ YR RAAEFEAR T #0075, M LI A4 3t b Ho BT & AR
JL 695 R ¥ @ s T iy, B RTIE T AR AP 2o R S A AT BTG H TR, X P 2% o As
AR P S HATT B, FAREREEM R PR FOARLET @ L RNAE, T HBE o ar R
FERERBAS,

Do AL A, WAL, MR, T

Transport of alphaherpesviruses in neurons——axonal
“shuttling”
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Abstract:  After a long-term co-evolution, alphaherpesviruses have established mutual adaptability with their hosts. Some
alphaherpesviruses have typical neurotropic characteristics, which have received extensive attention and in-depth
research. Neurotropic alphaherpesviruses can break through the host barrier to infect neurons and multiply in large
numbers in the neuron cell body to complete further proliferation or establish latent infection in the cell body. Either in
the process of infecting neurons or further spreading, alphaherpesviruses will undergo transmission along axons or
dendrites, so this process is an integral part of the life cycle of the viruses, and is also a key factor for the viruses to
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spread in nervous system. Therefore, studies on transportation of alphaherpesviruses in neurons will provide new
insights of the viruses and promote the development of corresponding vaccines or targeted therapeutic pharmaceuticals.
In addition, the neurotropism of alphaherpesviruses is conducive to the analysis of nerve circuits. Herein, the mechanisms
of alphaherpesvirus transport in axons were reviewed, and the research direction and application of the transport of
alphaherpesviruses in axons were put forward, which can provide reference for the prevention and control of alphaherpesviral

infections.
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Fig. 1 Classification of alphaherpesvirusest.
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Fig. 2 Patterns of alphaherpesvirus transport in axons™..
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Fig. 3 Early events in alphaherpesviral infection.
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Fig. 4 Retrograde transport model in axon (adapted from Orkide et al™*®).
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http://journals.im.ac.cn/cjbcn



WBER FloBERSHNEES——HRENFR” 1369

RILRRTZ Z LSS MR T 306 1 AL S B SO i T3
)3 T 7E 15 SRR 5 Y TSl SR,
VORI ZE 45 5 SR PRV UL37 R2 28 A8 IR 7E 4l 58 306
44 G R BN T IE RS T SR H P, L
SRR A R A o S R TR P AR
IR 2k, AR — B IE [0 4% 5 O 35 )
%, miR— s Skt (& 5).

4 o BB RERHEITRNEN

4.1 1HEE SRR

o JRIE B LE AR AT A 28 ] B T A I
5RO R AR S, EERERINE S
ARG 5 PR B2 R GE ] BB R AR sl 2 RGN
JRTRIR PN . AL, o RIBEEAE RN
g bl ny A S TR, AR Rh 2 i b
S, PRI AT AR ER AR 5, 38 sl (4 = f%
[ b 28 PR B T G s S B AT MRAL . PRV 38
R (SR LS ER e N NN - N KN LN ST
B B AT BRI GFP 5 B AR FLRET G (B-gal)
PRIC i PRV X Hpix i 28 oo 22 Se I D REIHEA T 14K
5. ¥ GFP-PRV #EFh AR RM AT, [FHF
B-gal-PRV 15 AW iz 3 K JZ , i 3 % SR i #
Z UMY S E R T P 28 0 AT RE S C Y R 25
U8 T HSV-1 38 1 R AT B 22 R R B T
BSE PR LR L T ST 4 7 NSRS GR 7
(Bacterial artificial chromosome, BAC) 4% A4 #t
T RERS IR 1K 4 4> GFP 7011 HSV-1 H129 £k,
fe oG R EHRE I A R e M & e IR SR B T
YO R S DR AP OE N NI NS
AT, B TK BRRRBR S, AT SE BT A
PN N ZIE RO RO E L SN S BRI R A A D PS
XPAE 2 ARIc, A B TR TR ik 2 R G
N2 I 28 B IAR L A Bk AR AT PR R
FRHAL T 22 Al s i P,

&: 010-64807509

42 BERFESAHYVHFL

HSV-1 &5 #4& %Pk 1 48 Fl /K oo iy 51200
Ji, O AR R R T E AR E L R
AT AR R G, B s iR e pLA
J RETE M 2T AR h B ST R B A TR R Y . AR
PR IR 0 ) 97 B AN Rk W i ) 6 IR HORN EA 5 2
i, DA R bk G T R R B,
JIT LA R8T SR o B iz w8 AN RE A 31 R 471
PR . FEXFEBLT, I R A BT 2
Yy @AFIC R E VR AR BRSO A AR
23 28 7 il 2 U 5% AE 1) 38 i 1] ) 7 40 4 miE A
P2 240, SUREEMG . HETXF HSV [
B R YT R, ZH0R A 24l 6 HSV 5 B¢
S DR 1 2 i S5 SEL DT 2 46 LA DA 19 52 11 ke i e
5] 2 38 3o 5K 2H e T e A ) ) A g o ) 2R S
DNA fif I it 1 3 P D BE W 35 9 2 11, IR &R
T AR I PR b S A W AE A (s P
HSV-1 m5 #% /R N YT BRI HSV-1 /9 UL19 LA,
I X6F A A T8 ) P 0 Aol 7 Y S S DR A AR
TANREAENE , MRS HSV-1 81 vA 7 &0 Y,
5 1M [ s b T 3 o S ] ol 22 %) 247 0 ok 0 s i )
et B, B IR 7 09546 . AEiZd # ]
DA o 410 1 B 1 2 5 i 2 4 s 25 2 1 P R
AN AR RLEE, DX & B H T A
RUIRYT o RN T UL IR YT SR MR A WA
BATESR 2 HSV BB IR IR YT 250 K B — > Jr 1)
43 BEFE

FE PRV 1 I FLAT 12 (33 kol 0
i) Bartha-K61 ¥k, &/ PRV 5 #itk(Becker %)
BT gE. gl USO REF S dbk. XAk
Z iR It S EE 1S Becker R EA B2
5, Becker fRAEFEM AR P XM £ S, M
Bartha-K61 FR{LFEIE 14 R, gE EHZ PRV
DA DO S, MELE - R 20 N = SRR R T 4= AR AR

B<: cjb@im.ac.cn



1370 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

P2 RT3 1), X PRV (R 280 2 FIys & w22
L Jee tE . HHLE R gE 5 gl &I
T R R A A i SRR US9 2R 11 5 IR sh & 1
43 F KIFLIA Z A AR, U se J
i 2 11438 T 2l g8 e AT E i A 1 Ho
gE. gl Al US9 =AML K5 J S5 s A ol &t h %
AR, XU T RETE A 2T T S Sl
TR TR B M8 ). AR E T R LA B
U B B I AR AP 8T, (EATh BB AR Pl 2 T
i, DR EA AR XS . R fiGE Y UL37 Gk
R GEAF MR IE— A~ R AP B W e e bk, Bk fole 2k
UL37 MY 2R AR R e 2% T 76 40 28 Hp 3l ] % 1
RV 7 T 1k E A ML A 7 A RV AR, Bk
bR T AR M R e, IR RS
r T e R, g5 BN A R
P JEPE A2 AP T HSV R A £ ab TR
BRYURA, A M TSR e I T A5
KR, MARA HSV B B3R 40 FF5E B B, PP
DIRE R PR 250 A AR O

5 REKRZE

o JIZ R BRI 2205 B E 1] 12 i T
TETEAE FE AR A A 22 ) B 52 AL B S AN m]
Do SR BELEM 2 R GE N SN A S 1 R T
BT TERN A O P i K MR B iz ey, R RERL T
(14 322 i A5 AL P 00 T ) s i — AR 5 R
(4 Eh ik o 30 1) 5 SR T AR 3 9 A2 A
RFE A S8 I EAZ BRI X TG
F14 1 1) 4% S T 20K Bl A 1 08 13 R L1 i) 3 I
AR B Bl o R RERL T 3E F BARALRE T
GBI WL th ik 7p 1, NI BRE T X S8 5
LT R 20 i P i i ) B9 B 207 A

BT T A A A A T A R A e A
E RN K R s s T IRAEE,
e s R 1 T 5 2 ) R ekl 3 AR AR

http://journals.im.ac.cn/cjbcn

FRAT LI RE s o5 8 00175l 28 vh i) A% - A0 e
SR P U IR R IR B A B P ORI S
F5 o S0 AR 1 fid 20N Y Sk ok gk
FTHAE NN s i 5 AT R bk, e iR
15 A U s AL T R A 8 43 B 1) 1 0 T
IR Ty IR AT 45 o IX SRR R R A A DR A R AL
B TFINIR o S B A A 220 AH 5% ) A% S A
i ENTER P B s LRI+ 2. Bedh, R
K I BIF T 105 T 2R I 3 S X A 2 o HE A L 3
FIE NS BUE RS, X RBPTE T HE o
TELIE o T 1 28 28 90 PP AL R AR A0 93 BIL o
Wl HE

o BRI I E PR R A — 51, 0
TEM 2T 22 R G0 PG S IR ABETERR T 858
AR MR ALEESN, b A B RE AT ST Hh 4R
TG TG SRR T, DU RE A 225
A ERZ AR AIR . ZATRT o 8
92 9 B WG P 28 B D TR U 25 Oy 6 i 3 A0 SR R
gt, DI AF A e aE O R AL BE, (HX
TR TE A EA NS IR P A LTS . o
FIZ I 7 TR A 2270 BV DR S AU TR 48 X A
o B 1 EAUARTR] R AR B, AR R X
PIEARK I IEAE SRR MA R AL HFERR . o
R BE T i 26 5 00 SGE A R IR AZ 3

REFERENCES

[1] Pomeranz LE, Reynolds AE, Hengartner CJ.
Molecular biology of pseudorabies virus: impact on
neurovirology and veterinary medicine. Microbiol
Mol Biol Rev, 2005, 69(3): 462-500.

[2] Pellett PE, Roizman B. The Herpesviridae: a brief
introduction//Knipe DM, Howley PM, Griffin DE, et
al, Eds. Fields Virology. 5th ed. Philadelphia:
Lippincott, Williams & Wilkins, 2007: 2479-2500.

[3] Bloom DC. Alphaherpesvirus latency: A dynamic
state of transcription and reactivation. Adv Virus
Res, 2016, 94: 53-80.



WBER FloBERSHNEES——HRENFR” 1371

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Smith G. Herpesvirus transport to the nervous
system and back again. Annu Rev Microbiol, 2012,
66: 153-176.

Chen SH, Yao HW, Huang WY, et al. Efficient
reactivation of latent herpes simplex virus from
mouse central nervous system tissues. J Virol, 2006,
80(24): 12387-12392.

Fekete R, Cserép C, Lénart N, et al. Microglia
control the spread of neurotropic virus infection via
P2Y12 signalling and recruit monocytes through
P2Y12-independent mechanisms. Acta Neuropathol,
2018, 136(3): 461-482.

Antinone SE, Smith GA. Retrograde axon transport
of herpes simplex virus and pseudorabies virus: a
live-cell comparative analysis. J Virol, 2010, 84(3):
1504-1512.

Koyuncu OO, MacGibeny MA, Hogue IB, et al.
Compartmented
distinct mechanisms for alpha herpesvirus escape
from genome silencing. PLoS Pathog, 2017, 13(10):
€1006608.

Kramer T, Enquist LW. Directional spread of
alphaherpesviruses in the nervous system. Viruses,
2013, 5(2): 678-707.

Steiner |, Kennedy PGE, AR. The
neurotropic herpes viruses: herpes simplex and
2007, 6(11):

neuronal cultures reveal two

Pachner

varicella-zoster. Lancet Neurol,
1015-1028.

Laval K, Vernejoul JB, van Cleemput J, et al.
Virulent PRV infection induces a specific and lethal
systemic inflammatory response in mice. J Virol,
2018, 92(24): e01614—e01618.

K, Rahn E,

mechanisms of herpes simplex virus 1 into murine

Petermann P, Thier et al. Entry
epidermis: involvement of nectin-1 and herpesvirus
entry mediator as cellular receptors. J Virol, 2015,
89(1): 262-274.

Thier K, Mdockel M, Palitzsch K, et al. Entry of
herpes simplex virus 1 into epidermis and dermal
fibroblasts is independent of the scavenger receptor
MARCO. J Virol, 2018, 92(15): e00490-e00518.

Koujah L, Suryawanshi RK, Shukla D. Pathological

&: 010-64807509

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

processes activated by herpes simplex virus-1
(HSV-1) infection in the cornea. Cell Mol Life Sci,
2018, 76(3): 405-419.

Kopp SJ, Banisadr G, Glajch K, et al. Infection of
neurons and encephalitis after intracranial
inoculation of herpes simplex virus requires the
entry receptor nectin-1. Proc Natl Acad Sci USA,
2009, 106(42): 17916-17920.

Ch'ng TH, Spear PG, Struyf F, et al. Glycoprotein
D-independent spread of pseudorabies virus
infection in cultured peripheral nervous system
neurons in a compartmented system. J Virol, 2007,
81(19): 10742-10757.

Suenaga T, Satoh T, Somboonthum P, et al.
Myelin-associated glycoprotein mediates membrane
fusion and entry of neurotropic herpesviruses. Proc
Natl Acad Sci USA, 2010, 107(2): 866-871.
Chowdary TK, Cairns TM, Atanasiu D, et al. Crystal
structure of the conserved herpesvirus fusion
regulator complex gH-gL. Nat Struct Mol Biol,
2010, 17(7): 882-888.

EE,
herpesviruses into mammalian cells. Cell Mol Life
Sci, 2008, 65(11): 1653-1668.

Radtke K, Kieneke D, Wolfstein A, et al. Plus- and
bind
simultaneously to herpes simplex virus capsids

Heldwein Krummenacher C. Entry of

minus-end directed microtubule motors
using different inner tegument structures. PLo0S
Pathog, 2010, 6(7): €1000991.

Copeland AM, Newcomb WW, Brown JC. Herpes
simplex virus replication: roles of viral proteins and
nucleoporins in capsid-nucleus attachment. J Virol,
2009, 83(4): 1660-1668.

Richards AL, Sollars PJ, Pitts JD, et al. The pUL37

tegument  protein  guides  alpha-herpesvirus
retrograde  axonal  transport to  promote
neuroinvasion. PLoS Pathog, 2017, 13(12):

€1006741.

Speese SD, Ashley J, Jokhi V, et al. Nuclear
envelope budding enables large ribonucleoprotein
particle export during synaptic Wnt signaling. Cell,
2012, 149(4): 832-846.

B<: cjb@im.ac.cn



1372 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

(34]

[35]

Mettenleiter TC, Klupp BG, Granzow H.
Herpesvirus assembly: an update. Virus Res, 2009,
143(2): 222-234.

Wisner TW, Sugimoto K, Howard PW, et al.
Anterograde transport of herpes simplex virus
capsids in neurons by both separate and married
mechanisms. J Virol, 2011, 85(12): 5919-5928.
Ibiricu I, Huiskonen JT, Do6hner K, et al. Cryo
electron tomography of herpes simplex virus during

axonal transport and secondary envelopment in

primary neurons. PLoS Pathog, 2011, 7(12):
€1002406.
Taylor MP, Kramer T, Lyman MG, et al.

Visualization of an alphaherpesvirus membrane
protein that is essential for anterograde axonal
spread of infection in neurons. mBio, 2012, 3(2):
€00063-12.

Kratchmarov R, Taylor MP, Enquist LW. Making the
case: married versus separate models of alphaherpes
virus anterograde transport in axons. Rev Med Virol,
2012, 22(6): 378-391.

Curanovic D, Enquist LW. Directional transneuronal
spread of a-herpesvirus infection. Future Virol,
2009, 4(6): 591-603.

Cai HQ, Reinisch K, Ferro-Novick S. Coats, tethers,
Rabs, and SNAREs work together to mediate the
intracellular destination of a transport vesicle. Dev
Cell, 2007, 12(5): 671-682.

Lewis TL Jr, Mao TY, Arnold DB. A role for myosin
VI in the localization of axonal proteins. PLoS Biol,
2011, 9(3): e1001021.

Hirokawa N, Niwa S, Tanaka Y. Molecular motors
in neurons: transport mechanisms and roles in brain
function, development, and disease. Neuron, 2010,
68(4): 610-638.

Liders J, Stearns T. Microtubule-organizing centres:
a re-evaluation. Nat Rev Mol Cell Biol, 2007, 8(2):
161-167.

Conde C, Caceres A. Microtubule assembly,
organization and dynamics in axons and dendrites.
Nat Rev Neurosci, 2009, 10(5): 319-332.

Bhabha G, Johnson GT, Schroeder CM, et al. How

http://journals.im.ac.cn/cjbcn

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

dynein moves along microtubules. Trends Biochem
Sci, 2016, 41(1): 94-105.

Ogawa T, Saijo S, Shimizu N, et al. Mechanism of
catalytic ~ microtubule via
KIF2-Tubulin transitional conformation. Cell Rep,
2017, 20(11): 2626-2638.

Reuther C, Mittasch M, Naganathan SR, et al.
Highly-efficient guiding of motile microtubules on
non-topographical motor patterns. Nano Lett, 2017,
17(9): 5699-5705.

Zheng K, Xiang YF, Wang X, et al. Epidermal

receptor-PI3K signaling controls

depolymerization

growth factor
cofilin activity to facilitate herpes simplex virus 1
entry into neuronal cells. mBio, 2014, 5(1):
e00958-13.

Smith GA, Pomeranz L, Gross SP, et al. Local
modulation of plus-end transport targets herpesvirus
entry and egress in sensory axons. Proc Natl Acad
Sci USA, 2004, 101(45): 16034-16039.

Radtke K, Kieneke D, Wolfstein A, et al. Plus- and
bind
simultaneously to herpes simplex virus capsids
using different inner tegument structures. PLo0S
Pathog, 2010, 6(7): €1000991.

Schipke J, Pohlmann A, Diestel R, et al. The C
terminus of the large tegument protein pUL36
contains multiple capsid binding sites that function
differently during assembly and cell entry of herpes
simplex virus. J Virol, 2012, 86(7): 3682—-3700.
Dohner K, Radtke K, Schmidt S, et al. Eclipse phase

of herpes simplex virus type 1 infection: Efficient

minus-end directed microtubule motors

dynein-mediated capsid transport without the small
capsid protein VP26. J Virol, 2006, 80(16):
8211-8224.

Zaichick SV, Bohannon KP, Hughes A, et al. The
VP1/2 protein
dynein-mediated capsid transport and
neuroinvasion. Cell Host Microbe, 2013, 13(2):
193-203.

Koyuncu OO, Perlman DH, Enquist LW. Efficient
retrograde transport of pseudorabies virus within

herpesvirus is an effector of

neurons requires local protein synthesis in axons.



WBER FloBERSHNEES——HRENFR” 1373

[45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

[54]

Cell Host Microbe, 2013, 13(1): 54-66.

Huffmaster NJ, Sollars PJ, Richards AL, et al.
Dynamic  ubiquitination  drives  herpesvirus
neuroinvasion. Proc Natl Acad Sci USA, 2015,
112(41): 12818-12823.

Koyuncu OO, Hogue 1B, Enquist LW. Virus
infections in the nervous system. Cell Host Microbe,
2013, 13(4): 379-393.

Brittle EE, Reynolds AE, Enquist LW. Two modes
of pseudorabies virus neuroinvasion and lethality in
mice. J Virol, 2004, 78(23): 12951-12963.

Lyman MG, Feierbach B, Curanovic D, et al.
Pseudorabies virus Us9 directs axonal sorting of
viral capsids. J Virol, 2007, 81(20): 11363-11371.
Lyman MG, Curanovic D, Enquist LW. Targeting of
pseudorabies virus structural proteins to axons
requires association of the viral Us9 protein with
lipid rafts. PLoS Pathog, 2008, 4(5): e1000065.
Kramer T, Greco TM, Taylor MP, et al. Kinesin-3
mediates axonal sorting and directional transport of
alphaherpesvirus particles in neurons. Cell Host
Microbe, 2012, 12(6): 806-814.

Maniar TA, Kaplan M, Wang GJ, et al.
UNC-33/CRMP and ankyrin organize microtubules
and localize Kkinesin to polarize axon-dendrite
sorting. Nat Neurosci, 2011, 15(1): 48-56.

Ch’ng TH, Enquist LW. Neuron-to-cell spread of
pseudorabies virus in a compartmented neuronal
culture system. J Virol, 2005, 79(17): 10875-10889.
Howard PW, Wright CC, Howard T, et al. Herpes
simplex virus gE/gl extracellular domains promote
axonal transport and spread from neurons to
epithelial cells. J Virol, 2014, 88(19): 11178-11186.
Miranda-Saksena M, Boadle RA, Diefenbach RJ, et
al. Dual role of herpes simplex virus 1 pUS9 in virus
anterograde axonal transport and final assembly in
growth cones in distal axons. J Virol, 2015, 90(5):
2653-2663.

&: 010-64807509

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Nassi JJ, Cepko CL, Born RT, et al. Neuroanatomy
goes viral! Front Neuroanat, 2015, 9: 80.

Krout KE, Mettenleiter TC, Loewy AD. Single CNS
link  both
cardiosympathetic systems: a double-virus tracing
study. Neuroscience, 2003, 118(3): 853-866.
Wojaczynski GJ, Engel EA, Steren KE, et al. The
neuroinvasive profiles of H129 (herpes simplex
type 1) recombinants with
anterograde-only transneuronal spread properties.
Brain Struct Funct, 2015, 220(3): 1395-1420.
McGovern AE, Driessen AK, Simmons DG, et al.
Distinct brainstem and forebrain circuits receiving

neurons central motor and

virus putative

tracheal sensory neuron inputs revealed using a
novel conditional anterograde transsynaptic viral
tracing system. J Neurosci, 2015, 35(18):
7041-7055.

Zeng WB, Jiang HF, Gang YD, et al. Anterograde
monosynaptic transneuronal tracers derived from
herpes simplex virus 1 strain H129. Mol
Neurodegener, 2017, 12: 38.

SH, KB, Acosta EP, et al.

Helicase-primase as a target of new therapies for

James Larson
herpes simplex virus infections. Clin Pharmacol
Ther, 2015, 97(1): 66-78.

Aubert M, Boyle NM, Stone D, et al. In vitro
inactivation of latent HSV by targeted mutagenesis
using an HSV-specific homing endonuclease. Mol
Ther Nucleic Acids, 2014, 3: e146.

Ch’ng TH, Enquist LW. Efficient axonal localization
of alphaherpesvirus structural proteins in cultured
sympathetic neurons requires viral glycoprotein E. J
Virol, 2005, 79(14): 8835-8846.
Kratchmarov R, Kramer T, Greco TM, et al.
Glycoproteins gE and gl are required for efficient
KIF1A-dependent anterograde axonal transport of
alphaherpesvirus particles in neurons. J Virol, 2013,
87(17): 9431-9440.

(K354 RN T7)

B<: cjb@im.ac.cn



