Molecular epidemiology
and antigenic characteristics
of measles virus in South Africa

Stephanie Kreis

A thesis submitted to the Facuity of Health Sciences
University of the Witwatersrand, Johannesbuirg
for the degree of Doctor of Philosophy

Johannesburg 1998




Declaration |

DECLARATION

| declare that this thesis is my own, unaided work. It is being submitied for the

'degree of Doctor of Philosophy at the University of the Witwatersrand,

Johannesburg. It has not been submitted before for any degree or examination at
this or any other University.

................




Publications it

PUBLICATIONS

(o2}

Kreis S., Whistler, T. (1997). Rapid identification of measles virus strains by
the heteroduplex mobility assay. Virus Research 47: 197-203.

Kreis, 8., Vardas, E., Whistler, T. (1997). Sequence analysis of the

- nucleocapsid gene of measles virus isolates from South Africa identifies a

new genotype. J Gen Virol. 78: 15681-1587.

Vardas, E., Andre, M., Kreis, S., Zachariades, N., Schoub, B. (1997). Measles
virus transmission from infected to immune individuals- implications for
measles control and elimination. SAMJ 87: 1709,

Kreis, S., Schoub, B.D. (1998). Amplification of the carboxy! terminus of the
measles virus nucleocapsid gene from stored sera and carebrospinal fluids,
J Med. Virol. in Press. “

Kreis, S., Rota, J.S., Rota, P.A. (1998). Differentiation of measies virus
isolates from eight different genotypes by the heteroduplex mobility assay. {In
preparation).

PRESENTATIONS

1.

Kreis, S., Vardas, E., Whistler, T. Sequence analysis of measles virus
isolates from South Africa. African Congress for Virology. July 1985,
Johannesburg, South Africa.

Kreis, S., Whistler, T. Strain analysis of recent measles virus isolates from
South Africa comparing hetercdLiplex mobility assay and sequencing data.
15" Annual Meeting of the American Society for Virology, July 1996, Ontario,
Canada.

Kreis, S. Measles virus isciation {or molecular epidemiological studies.
Measles Eliminaticn in Souii#rm Africa Meeting, Dept of Health and WHO.
December 1997, Pretoria, $v.ith Africa,

Kreis, S., Newton, B., Rota, 4.5., Beliini, W.J., and Rota, P.A. Heteroduplex
mapping of measles virus 3% & genotyping tool. Atlanta, 1998.

L OB M




ool

Acknowledgements Il

ACKNOWLEDGEMENTS

The experimental work was performed at the Molecular Virology Unit at the Nationai
Institute for Virology, Johannesburg.

My sincere thanks to:

My supervisor Professor Barry Schoub for his constant support and
encouragement and for reviewing this manuscript.

My colieagues and friends at the Molecular Virology and HiV units at NiV,
especially Dr Caroline Tiemessen and Dr Lynn Morris for their
encouragement, valued advice and for reading and discussing paris of this
manuscript.

Jane Mokoena for her valued technical assistance.

Pieter for his wonderful support, patience and so much more...Thank you.

Last but not least, | would like to thank my family and most of all my parents
back home in Germany for giving me all the opportunities and support | could
have ever wished for throughout my life....Dankel




ik

Contents \

B L e A e L ek i

TABLE OF CONTENTS
DECLARATION. ..ottt it rerscarscetre e ve e eeitaessvesbresas s saesonbessnsesnseasnnecasessasasons l
PUBLICATIONS AND PRESENTATIONS ...t recrrcese e cnaees 1l
ACKNOWLEDGEMENTS. ..o eteccrteineeesisstie s nresere v eevssseessesessessbacsaseransensenas i
TABLE OF CONTENTS ..ottt vevitesessseerseesbesoesss s tosssses s sasnsnenssesas v
L ST OF TABLES . ...ttt e s et e e eba e e srsessss s ns s baesns e e ssessrasasens IX
LIST OF FIGURES.....ccoiotiericcercreentie s viessivrtsesecasennnrsssesaasconssssnsensaesssssestesnsesantenss X
1. INTRODUCTION AND LITERATURE REVIEW.......c..ccco i 1
11 History..ooievccttcs ertrereheeateanaeees et einaaesataseeteertteasensbeenns 1
o2 TR VTS ...t ce e s s s b e s ar e st res s sen e s s sbnesesansesastnbessnesnns 2
1.2.1 The genome and the structural proteins.....c..ceeceevnvinnioicniinnninn, 2
(A) The GENOME. oot eess s s st seeassssansanssesissbensensenens 2
(B)  The proteins....ccceeeecinieniioiiieincscernnssie s svesnes 4
. 1.2.2 Replication of MEaSIBS VIrUS.........cccoviviiimiiieirinrinene s 9
4.3 The cellular reCeptorn......cccierie et 10
1.4 - Measles virus strain variations........... tevrteetcresrstaraarateratesteser it rateraatesteenans 12
1.4.1 Differences of measles virus proteins. ..., 12
1.4.2 GENGBHE VAMNGHONS......oceerverecreieevire s retererenestseressrrinssses e saraessnsesssnesns 13
1.4.3 Geographic distribution of meuqles virus genetic groups..........co.eu. 14
1.5 Pathogenesis and Pathology........cocvmiiniiicnrrneceecn 15
1.5.1 Clinical manifestationS.........ccuveerieimiercereeinecmniannnnis s enieens 16
(A)  Classicmeasles.........coeimeeecnii s 18
(B)  Atypical and modified measles..........ccevniiirninininennncnn 16
(C) Neurological manifestations........c..ovveivienenenineninenin 16
(D) ComplicationS.......ocovevmremseeisircreinin i srsssese s 17
1.5.2  DIAGNOSIS. .cceeeeerrerenrireireseerarmesaneessessrsresasesssnsesntesssssessrsssnsasssesantisns 17
(A)  Clinical diagnosiS......coorivcrmrniiniiinncsernsinse s 17
(B)  VIrUs iSOlBHOM. ..c.ocevveverianivercnnintcsicirnris st 18
(C)  Serclogical diagnosis....c....ccocveereienenniinennsinenesessne 18
(D)  Nucleic acid detection and Immunofluorescence.................... 18
1.6 Immune responses to measies.............. evareerestreinsevroneranbantasaetueserensaeirses 19
(A)  Humoral ImmuNS rESPAPSaS.. ..o iresericssneicecnsnetessienene 20
(B)  Cellular immune rESPUMIBES.....evvereireeresranrreresresessiscssaneinns 21




Contents vV

1.7

1.8

2.1
2.2

23

24

2.5
2.6

2.7

2.8
29
2190
2.11

1.8 IMMUNISBLON...ecviveeeeeteie ettt et eaeens 22
EpIdemiOIOfY........coooreriireeerecireesirire e e ettt et seee s esstesee s eseeaasenanan 23
1.7.1 Nolecular epidemiolOgy ...t serecssee e teenne 24
1.7.2 Epidemiology of measles virus in Scuth Africa........ccccoeveeiecneer o, 25
AIMS OF this STIAY ...ttt rb e 29
MATERIALS AND METHODS..........cocooooeceecreeeeseseeeetse et 32
Virus isofation and SPRCIHMENS........cocoerieeieereier e teerseresesstessnenes 32
2.1.1 VirUS iSOIHOM. ...cceecercree e e eeree s s sbe s s sneesestasnns 32
2.2.2 SPBOINENS...coovetereeererrerrecese st e reveetesai st e ssesecsannatesinseesssssanansassonses 33
Extraction Of RNA...........cccovvininniniencsicnnnnstessvms e s ssneeseveeasssesse st asaees 36
2.2.1 Extraction of RNA from virus-infected tissue culture,.........ccooccneneee. 36
2.2.2 Extraction of RNA from clinical Samples.........ccvcvervrenrieerenncnnnsnnnnee 37
RTPOR. o iereistenerebtbe e et e st e et e e e b e s s re st e saeseesatesstssanennnrssiene 38
2.3.1 Primers for RT-PCR.. ..o rcireeeeseressne e cenee s siesassteneens 38
2.3.2 RT-PCRONMVISOIALES....c..ceeerieecieerectete e s senssneeaaenens 39
2.3.3 RT-PCR on clinical Samples......ccccccovvieercniirienreniiecnneesineesisensnees 32
2.3.4 Agarose gel @lectrophoresis........cccovevceeiiineniincinonne s 40
Saquencing analysis............c.coveieeci 40
2.4.1 SeqUENCING PIIMETS.......ccrirrerice et sttt as st s ssasae s 41
2.4.2 Manual SEQUENCING.......cceevrerererrerreerimeesnetsssirssresesssans teeerteetanas 41
2.4.3 Automated SEQUENCING.....coiiieerreee it se e s crasaes 42
Molectlar ClONING.......c.c.coviveriecriie ettt er s s ns st e sreas 42
Genetic pre-screening of measles virus strains............ccooeeeeveininnnin. 43
2.6.1 Heteroduplex mobility 8S8aY.....c.ccovviermcriniinniit e 43
2.6.2 Restriction fragment length polymoiphisSIm.........cccriiiiemineneenennes s
Antigenic analysis of measles virus H proteins...............ccooennnin 44
2.7.1 Radioimmunoprecipitation...........ceveiminicnnnnc e 44
2.7.2 WeSteMBIOL.......cocoereceirecreerr et srne s e 46
FACS analysis ............................................................................................ 48
Placie redUCHON @85@Y..........coccciiiriiriieminrisie s 48
Irfection iNhIDItION @8SAY........c.ccoeeeeeeeerienereereeresennsnsessessnensesessssnsen s 48
Computer software...........ocoooevinciienicnns O Pt 48

S




b

i
N

Contents Vi

3.  RESULTS.:... et e et 50

CHAPTER 3.1 MOLECULAR EPIDEMIOLOGY COF SOUTH AFRICAN
MEASLES VIRUS STRAINS - ANALYSIS OF

NUCLEOCAPSID GENES...........coe et 50

3.1.1 Introduction...........c..eeceeenee. et sttt ettt e ras 50
3.1.2 Analysis of N gene sequences-of measles virus strains...........ccoeceveieennennnee. 51
(A)  Analysis of recent measles virus isolates.......cveveeeecieenn, pererereaeens 52

(B) Regional origins of MV strains analysed for this study..........cccceennee. 52

© 3.1.3 Analysis of stored sera and cerebrospinal fluids for molecular epidemiological
SHITIES....ctevreeieerecirere e er e ree e e e e e s e r e et e e e e tb e e s enreestnneesennas reereriveseneanas 54

3.1.4 Phylogenetic analysis of measles virus N gene sequences...........cceeeee. 56
(A)  Nomenclature of genetic fJroupPS.....cc.oceecveoiee i 56

(B) Phylogenetic analysis of Suuth African measles virus strains............ 56

(C)  Nuclectide and amino acid alignments of South African measles virus

SITAINS.....cvetieeiieetrtesnc ettt e e s e s e s e st br s st e st et s e atsbe s s rasbeenseabess 59
3.1.5 Phylogenetic analysis of South African MV strains compared tc previously
AesCribed SHAINS... ...t ree et 67

(A)  Analysis of CONSENSUS SBQUENCES......cccveeieeriinenerreiesssrsesiessennnas 69

(B)  Distance matrix @analysiS...........ccccvcevviniiiniinnniiiininneee e 72

B.1.8 DUSCUSSION....vcueeviarerereserresenrrseirasssseesasesssseaee st essrneesnesbresirtsotesstnasessbarssabnsans 74

CHAPTER 3.2 MOLECULAR EPIDEMIOLOGY OF MEASLES VIRUS IN
SOUTH AFRICA - ANALYSIS OF HEMAGGLUTININ

GENES.......coo it eeeresssssiassessst s tesssessesastasssssssasesresses 80

3.214 Introduction.......ccocceevieneene e teeteseesb oo iesaearEeas s e s aer e te e st e s s e e e R e s L e as b e e ane e 80
3.2.2 Phyicgenatic analysis of South African measles virus H geres..........ce.i.. 81
3.23 Analysis of H gene sequences from different genetic groups and comparison
of phylogenetic results for H and N genes..........cvvienicimecnniiiiinn, 82

(A) Nucleotide diversity between strains from 8 distinct genetic
QUOUDS. ...veverereeiesreenssreseeseseeesestaseresbe e s e s basaestansse et euesaesaraarasasssanas 84

(B) Genetic distanCes........ccvvivieenecinniininieccr 86

3.2.4 Analysis of predicted amino acids of the H protein............ceiiinieenn 86
(A)  Alignment of amino acids for strains representing 8 genetic
GTOUDS...ccuererisreeseenesiessisneiebiesssaesassassesteaesenbtab e st e ts s sban s st e b an s e s bneas 86

(B) Characteristics of South African vaccine and vaccine-like




P

Contents Vi

SETAINS. .. evririerereecerrere e e st ser e et resbe e s te s esaneeersraerreeanreesateneesrnsenens a0

(C)}  Specific amino acid changes within the H protein..........c.ccocoeveenene. 80

3.2.5 Phylogenetic analysis of partial coding sequences of H of African measles
VITUS SITBINS....veoeecteeteeercieeereteeceiree et eeevees e areeasssse e esssne e et naeseenteeensseesnneis 92

B.2.8 DISCUSSION....cuieeieteercveeieeriiessererescoirtneesasenssasssntasnnneasssssaasssanseesssantaninssessees g5
CHAPTER 3.2 GENETIC SCREENING OF MEASLES VIRUS STRAINS.....100
B30T INrOTUCHION. co.ve ittt eteeree e eares e s rner e s e st t e e semrer e s aennetassrataes srnnerosntessanees 100
3.3.2 RFLP analysis of South African measies virus strains.........ccocvenevininiiinns 101
3.3.3 HMA screening of Mearnies VIrUS.......ccvrvirens et e 105
(A)  HMA analysis of South African measles virus strains..................... 106

(B) HMA analysis of measles virus from 8 different genetic groups........ 110

B.3. 4 DISCUSSION..cuviiviereerirrrcreeisiesenrreseeaisnrnnrreaseasassanessesssssssasnsessorssbunasasessnens 114

CHAPTER 3.4 ANTIGENIC ANALYSIS OF SOUTH AFRICAN MEASLES

VIRUS HEMAGGLUTININ PROTEINS.........ccooovevcevininn. 118
BT T OCUCHOM v eirerereerreeieereieseareseesesresrnesrasrsessrnassserisessssnsnsiossanerrnsssntenass 119
3.4.2 Western Blot analysis of MV H proteing........cvecieoimieeninenicicninens 120
3.4.3 Analysis of South African H proteins by RIPA.........ccinnninnns eeecrnes 121
B8 DISOUSSION. o veereerisieeriirirsreiasessieeeassntasansssenesaasstensssnnesesissaenssbatassonssnsetannst 126

CHAPTER 3.5 DIFFERENETIAL DOWNREGULATION OF THE CELLULAR
RECEPTOR CD46 BY MEASLES VIRUS VACCINE AND

WILD- TYPE STRAINS ... 129
3.5.1 IHrOGUCHION. ...ooveeitriciiereieteseerreaeereeeetssbesin bbb s s sa s b sn e s aesstasanssssrarnstas 129
3.8.2 CD46 downregulation by MV isolated on lymphoblastoid cells.................... 130
3.5.3 CD46 downregulation by MV isolated on monkey kidney calls................... 134
3.5.4 Infection inhibition of BO58 CaIIS.......cccocininimminriiiinitcese it 137
B85 DISCUSSION. covveueeeersrermrreserestesssaseasecsearsssnsasnssssinnssesasssemsessbinsssinsistentossanses 138

4. CONCLUSIONS..........coo e 143




Contents Vil

REFERENCES..........ooo ittt er e 147
- APPENDICES. ...ttt ettt 174
Appendix A: LIST OF ABBREVIATIONS...........cooiiiiiicns 174
Appendix B: MEASLES VIRUS STRAINS PREVIOUSLY DESCRIBED.....175
. Appendix C: ETHICS CLEARANCE...........cccoiiviiiniineec, 177




[ T

Contents iX

LIST OF TABLES
Table 1.1 Measles virus structural proteins........c.ccieceveie e, 4
Table 2.1 Specimens analysed for this study.......coecvvmnieeniicneeeeceis e 33
Table 2.2  Measles Specific POR PIiMErS.......cccvvi it cceieveeeeeeeevvee s e 38
Table 2.3  SEQUENCING PRIMEFS......cooeerevrrrirrieererivereseseeeresseeseeseesreressessressssesseens 41
Tabie 3.1 Clinical samples used in this study......cccccovrmiriiierc e 55
Table 3.2  Distance matrix of consensus sequences and 2 seiected strains
analysed for this study........ccv e, 73
Table 3.3  Characteristic nucleotide substitutions for selected strains of 8
different genetic groups......cocvceieniie e, 85
Table 3.4  lIdentification of nuclectide and amine acid changes responsible for
CD46 downregulation in 8 different genetic groups........covvvcvvuivncenn 91
“Table 3.5  Fragment sizes and cleavage sites within the carboxyl-terminal 456 nt
of the N gene on consensus sequences of 3 South African genetic
groups for selected restriction enzymes...........cc.cvviinnnecnien 102
Table 3.6  Summary of genetic groupings of measles virus strains analysed by
HIMA, and/or SEAUENCING. ...ccievriarerererrcie st irencae s e sseesron 110
Table 3.7 Measles strains from 8 genetic groups used for HMA
BNAIYSIS.....cverireerrisresiertarremstae e prere s seraa e et s et re s trt e besns 111
Table 3.8 Reactivity of MV strains with a selection of mAb........ccvvviienniinns 125
Table 3.9

Summary of CD46 downregulation results for all strains tested....... 136




Contents ) X

LIST OF FIGURES
Fig. 1.1 - Schematic diagram of the measles virus genome.‘ ............................. 3
Fig. 1.2 Schematic diagram of the measles virus nucleocapsid gene.............. 5
Fig. 1.3 Schematic diagram of the measles virus hemagglutinin gene.............. 8
Fig. 1.4 Infectious cycle of MaaSIES VIMUS.........ccoveeveecieeeeeeeeee e 9
Fig. 1.5 Model of the measles receptor CD46 with virus binding
FOOIONS. .o veiieietirtieeeeseisrerrestree s sesisesrrtteere s saraereasssanssnsseaseasasnnnresassantes 11
Fig. 1.6 Immune responses to measles virus infection..........ccoocvevccnrnnnne 18
Fig. 1.7 Map of South Africa with nine official provinces.......cccoceivevvvevcveennnnn, 26
Fig. 1.8 Number of notified measles infections in South Africa betwsen 1988
ANG 19TB......oirc s 27
Fig. 1.8 Age distribution of measles cases between 1990 and 1996.............. 28

Fig. 3.1 PCR amplification products af the carboxyl-terminus of the N gene and
the full H gene for a selection of South African measles virus

SHAINS...cveeeeeecte e Creueerreneresrereesrnrer e taseeasesranesss 52
Fig. 3.2 Map of South Africa showing the regional origin of specimens
analysed for this StudY.....c.ccvveeerieri e 53
Fig. 3.3 PCR amplification products from selected sera and CSF's................. 54
Fig. 3.4 Phylogenetic tree of South African measles virus N genes............... 58
Fig. 3.5 Nucleotide alignment of selected measles virus strains representing
the 3 distinct Viral GrOUPS.... ettt 60
Fig. 3.6 Alignment of predicted amino acids for a selection of South African
strains relative to the Schwarz vaccine strain...........ccccveninn, 65
Fig. 3.7 Phylogenetic analysis of South African measles virus strains
coripared to strains described previously..........coiiniin 68
Fig. 3.8 Alignment of predicted amino acids for consensus sequences
representing 11 viral groups or SUBGroURS.........cocvveeiesenicecirsrineenn 69
Fig. 3.9 Number of nucleotide and predicted amino acid changes for 11
CONSENSUS SEUUETICES. o.vcurreeerererrsrerarererasisstssstosraesserasensressasssassanesss 71

Fig. 3.10 Phylogenetic analysis of the entire coding region of the H gene for 21

Sy African meastes Virus strains......ccceeie e, 81
Fig. 3.11 o ganetic analysis of H genes. .., 83
Fig. 3.12 4 avevent of predicted amino acids from selected strains of 8 genetic
QFOUPS. c.cvuvevetrrreseaconsessasrissssssnesnessessessasassstasssonsassestesessnstasassansnsosnssons 86

Fig. 3.13 Analysis of partial coding sequences of H for a selection of African




IR

Contents Xl

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

3.14
3.15

3.16

3.17
3.18

3.19

3.20

3.21
3.22

3.23

3.24

3.26

3.26

3.27

3.28

3.28

strains and representatives of other genetic groups.............c.o......... 93

RFLP analysis of selected strains of 3 distinct genetic groups......... 104
Cleavage of carboxyl-terminal 456 nt of the N gene of representatives

frorn 3 South African genetic groups, digested with Mspl................ 104
Diagram showing the principle of heteroduplex and hornoduplex
formation during HMA analysiS......ccoeeeveciierccirecerener e 105
HMA analysis of South African measies virus strains..........ccoc.e... 107
HMA analysis of recent measles virus strains from South
AITICAL ettt et tesrat e s e e s s s e a e sa et n st s baeens 108
HMA analysis of viruses representing 8 different genotypes............ 112

the Schwarz vaccine sfrain wuth the mAb B2.....cooeeeiiieeviincenn 120
immunoprecipitation of MV H proteins with the mAb B2................. 121
RIPA analysis of H proteins from SA wt strains with the mADb
LAY 7 S USSR U PO PO ROPOPUN 123
RIPA analysis of 2 South African wt strains, prempltated with 6
different monoclonal antibodies...........c.cveeciriieeeviiceccerie e 124

Fluorescence histogram showing CD46 expression on uninfected
B95a cells and cells infected with the Edmonston and Schwarz
VECCING SITAINS. ... eeeeireeieirssaresteranssernssssstescmsseressnstesssnessssnsessses 132
CD46 expression on uninfecied B95a cells and cells infected with
gither Jhb25/95 or Jhb2/88 of group 1 {A).cecevvrceercreercniiniie i 132
CD46 expression on uninfected B95a cells and cells infected with
Jrb4/97 or Jnb1/88 of group D5.....oiiiiieri 133
CD46 expression of uninfected 895a cells and cells infected with
representative strains of greup | (7), Natal9/96 and Jhb5/97.......... 133
Fluorescence histogram showing CD46 expression on uninfected Vero
cells and cells infected with the Edmonston and Schwariz vaccine
SN . e evereecveretsstrereeesesrarssesaessnesbessstessisransassrnresasssensrnaasssnnessrassse 135
Expression of H protein on untreated B95a cells and cells pre-treated
with anti-CD46 Mab, infected with Jhb3/24 of group | (7)................. 138




1. introduction and literature review 1

1. INTRODUCTION AND LITERATURE REVIEW

Measles virus (MV) is a member of the genus Morbillivirus within the family
Paramyxoviridae of RNA viruses. Other members of the same genus include canine
distemper virus (COV), rinderpest virus (RV) in cattle, peste des petits ruminants
virus (PPRV), phocine distemper virus (PDV) in seals, and porpoise and dolphin
morbil%.iruses. Recently, another morbillivirus was isolated from an outbreak of fatal
respiratory disease in horses and humans in Australia (Murray K. et al., 1995).
Measles virus and other morbitliviruees lack neuramidase activity but cause the
formation of intrenuclear inclusion bodies, which distinguishes them from other
paramyxoviruses (Griffin, D.E. and Bellini, W.J., 1996).

Measles virus is a highly contagious and important human pathogen causing disease
in the nonimmune individual. The monotypic nature of the virus, the life-jong
immunity after infection, the lack of an animal reservoir, and the fact that a very
effective live-attenuated vaccine is available, make it theorefically possibie fo
eradicate measles (Rima, B.K,, et al., 1995b). However, the virus continues to bs a
major cause of morbidity and mortality in children and infants in the developing worid.

1.1 History

Measles appears io be a relatively new disease of humans. The Greek physician
Hippocrates (460-377 BC) did not mention the disease in his annals (Gastel, B.,
1973). The explanation lies in the epidemiology of the virus; a human population of
several hundred thousand is required to provide a sufficient number of new
susceptibles to sustain the continued circulation of the virus (Gastel, B., 1973; Black,
F.L., 1966). Populations of this size did not exist until the development of urban
centers in the Middle East, India and China late in the third miffennium BC, which
provided population densities high enough to maintain transmission of the virus
(McNeill, W.H., 1976).

The first written description of measles is attributed to Abu Becr, a tenth century
Persian physician. Abu Becr distinguished measles from smallpox, which he
considered a less severe disease (Katz, S.L. and Erders, J.E., 1965). Thomas
Sydenham first delivered an astute description of @ measles virus outbreak in London
in 1670, pointing out the increased severity of the disease in adults and the danger
of pulmonary complications (Sydenham, T., 1922). The studies by Peter Panum, a
young Danish physician, about an isolated epidemic on the Farao 1slands in 1848,
greatly increased our knowledge about measles. He noted the highly contagious
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nature of the virus with an attack rate of cios~ ) 100% in the nonimmune individual,
the 14-day incubation period and further documented that infection conferred life-
long immunity (Panum, P.L., 1938). In 1905, Hekioen demonstrated the transmission
of measies by transfer of blood ‘rom patients in the acute stage of disease to
suscepiibie volunteers (Hektoen, L., 1905). The viral etiology of measles was
confirmed i 1911 when Anderson and Goldberger reproduced the disease in
monkeys that were infected with filtered respiratory tract material from acutely
infected patients (Goldberger, J. and Andersan, J.F., 1911). Significant success was
reported by Enders and Peebies in 1954 when they were able to isolate the virus
from human and rhesus monkey kidney cells and described the cytopathic effects of
MV in tissue culture (Enders, J.F. and Peebies, T.C., 1954). This led directly to the
development of other virus isolation procedures, infectivity assays, the measurement
of neutralising antibodies (Enders, J.F., 1962) and a live virus vaccine (Enders, J.F.
et al,, 1960). .

1.2 The virus

The MV RNA genome is enclosed in a lipid-containing envelope derived from the
host cell. The pleomorphic virions have a diameter varying in size from 100 to 250
nm. The envelope carries two kinds of surface projections (peplomers) with distinct
morphology, which are between 8 and 15 nm in length. They consist of the viral
transmembrane hemagglutinin {(H) glycoproteins which have a conical shape and the
fusion (F) glycoproteins peplom :rs that are dumbbell-shaped (Oxman, M.N., 1997),
Beneath the layer of lipid molecules forming the envelope, is the matrix or membrane
(M) protein in contact with the inner layer of the envelope. The envelope surrounds
the helical nucleocapsid (17-21 nm in diameter, 1 nm in length) that consists of
primary nucleocapsid (N) protein surrounding the genomic RNA (Orvell, C., 1990).
The phosphoprotein (P) and the large protein (L) are bound to the RNA and are also
part of the nucleocapsid, which is packed within the envelope in the form a
symmetrical coil (Griffin, D.E. and Bellini, W.J., 1986).

1.2.1 The genome and the structural proteins

(A) The genome:

The viral genome consists of linear single-stranded RNA which is of negative
polarity. The RNA contains approximately 15 800 ribonucleotides with a molecular
mass of close to 4.5 x10° daltons (Horikami, S.M. and Moyer, S.A., 1995a). The 3
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end of the genome begins with an untranslated leader sequence of 53-55
ntzleotides {nt) in length. The &' end contains a 40 nt sequence which shows a high
degree of complementarity to the 3' leader sequence, theoretically allowing for the
formation of a stable panhandle structure. The function of these seguences has not
been clearly defined but they may represent sites for binding of the RNA polymerase
(Orvell, C., 1940). The MV genome encodes six structural proteins and two further
nonstructura avnteirss that are encoded by the P gene. The gene orderis 3' N, P
(plus C and W}, M, ¥ =, a~d L (large protein) &' (Richardson, C.D. et al., 1985). A
schematic dizgrant o t1e gerome is shown in Fig. 1.1. Transcription of the genome
is more efficient at fire 3' end with a transcriptional gradient from N to L (Ray, J. and
Fujinemi, R.S., 1987 and this is a major determinant of the relative abundance of the
proteins. The intergenic sequence contains a conserved CUU trinucleotide, except
for the intergenic region between the H and L gene which displays a CGU
trinucleotide (Crowley, J.C. et al., 1988). The intergenic sequence is followed by a
conserved sequence of 11 nucleotides before the start of the next gene.

RNP: ribonuclzopretein
RNA, polymerase, N, P

]
NS0 000e%0
Sedeseselele SR
ettt ate 2%
53 1745 3403 4872 7248 9208 15065 15894 bp
[ —_— 1 — . L 3 1 I -
1 ! i { | T { i |
[} 2 4 6 8 10 12 14 16 Kb
| Gene boundary trinucleotide Eu Transmembrane cading region

Fig. 1.% Schematic diagram of the measles virus genome
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(BY % coizing:
A summe:y of ieasles virus proteins and their suggested functions is given in Table
1.1. Furictions are describeti in more detail below.

Table 1.1  Measles virus structural proteins

Protein No. of Mol. Location inthe Function
amino weight virion
acids x40°
Nucleovapsid (N) 525 60 nucleocapsid binds to fufi-lengths (+) and {-) RNA to

form nucleozapsids.Binding to nascent
RNA uwitches from transcription to
replication. Most abundant protein,
phosphorylated.

Phosphoprotein (P) 507 72 nucleocapsid forms complexwith N and L. Probabiy
involved in  transcription and
raplication; phosphorylated.

c 186 21 not present downregulates transcription?

v 298 40 not present Virion assembly and budding; inhibits
- transcription?

Large (L) 2213 200 nucleocapsid catalytic componetd of  viral

polymerase; RNA transcription ancd
replication; forms complex with P.

Matrix (M) 335 37 inner membrane Virion assembly and budding; binding
to nucleocapsid inhibits transeription?
Fusion (F) 553 60 transmembrane Virus entry, membrane fusion, and
surface hemolysis in association with H.

Inactive precursar (Fo) cleaved to active
disulfide-linked F, (41 kd} and F, (18

Kd) subunits.
Hemagglutinin (H) 817 80 transmembrane binds to CD46 receptor,
surface hemagglutination activity, induces o !

membrane fusion together with F, 1
glycosylated, disulfide-linked dimer. i

Adapted from Oxman, M.N., (1997).
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N protein:

The N protein is the dominant internal component and the most abundant of ali of the
MV-encoded proteins. It is synthesized on free ribosomes, folded into the cytoplasm,
and phosphorylated on serine and threonine residues (Robbihs, 8.J. and Bussell,
R.H., 1979; Gombart, A.F. et al., 1995). The P protein regulates the efficiency with
which N assembles into nucleocapsids (Spehner, D. et al., 1997). In MV-infected
cells, N surrounds viral genomic and messenger RNAs (mRNAs) that possess the
leader sequence to form nucleocapsid structures which are the template for both
mRNA transcription and RNA replication (Horikami, S.M. and Moyer, S.A., 1995a).
Together with P and L, the nucleocapsid structure forms the ribonucleoprotein
complex (Ray, J. and Fujinami, R.S., 1987). It has recently been shown that two
independent binding sites for P are located within the variable carboxyl-terminus and
the conserved middle domain, respectively (Liston, P. et al., 1997). However, another
study demonstrated that the amino-terminal amino acids (aa} 4-188 and aa 304-373
located in the middle domain of the N protein are required for the formation of soluble
N-P complexes (Bankamp, B. et al., 1996). Both the conserved amino-terminus and
the variable carboxyl-terminus contain T-Helper epitopes in vaccinated and naturally
infected individuals and in & mice model {Giraudon, P. et al., 1991; Buckiand, R. et
al., 1989; Hickman, C.J. et al., 1997). The highest variability within the MV genome
lies within the carboxyl-terminal 125 aa (Baczko, K., et al., 1992; Rima, B.K et al,,
1995a; Rota, P.A. et al., 1994; Taylor, M.J. et al., 1991) that are located on the
outside of the nucirocapsid. ! ig. 1.2 shows a diagram illustrating the regions of
variability, P binding sites within the N protein. Sequence analysis of the carboxyl-
terminal 150 aa of the N gené has been used exiensively to discriminate between
different groups of MV wild-type (wt) isolates and for the differentiation of wt and
vaccine strains (Kreis, S., et al., 1997; Rima, B.K. et al., 1995g; Rota, J.S. et al,,
1994: Rota, J.S. et al., 1998; Rota, P.A. et al., 1994; Tayior, M.J. et al,, 1991).

Variable COOH-terminus
P binding site P binding site? ~strain drfferennrtson
1 | 1 525
NH, o COOH
/
Variable regions

Fig. 1.2 Schematic diagram of the measles virus nuclevcapsid gene.
Adapted from Griffin, D.E. and Bellini, W.J., 1996,

i S e R g i

P g
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P. C, and V proteins:

The phosphorylated P protein (Das, T. et al., 1995) is abundant in infected cells, but
only small amounts of the protein are present in the virion. P together with the L
protein form the RNA-dependent RNA polymerase (Liston, P. et al., 1995; Liston, P:
and Briedis, D., 1895). Both proteins are associated with the nucleocapsid to form
the ribonucleoprotein (RNP) (Horikami, S.M. et al., 1994), P also binds to individual
moelecules of the N protein in the cytoplasm of the infected cell to form soluble N-P
complexes that are required for RNA encapsidation. The domains on P that are
important for interaction with N have been mapped to the carboxyi-terminal 100 aa
and the sxtreme amino-terminal residues (Harty, R.N. and Palese, P., 1995).
Apart from P, MV expresses at least two more proteins C, and V from the P gene. An
altemative methionine transiation initiation codon directs synthesis of the C protein
(Beilini, W.J. et al., 1985) in the overlapping +1 reading frame. The insertion of an
untemplated G at position 751 by the RNA polymerase during transcription, a
mechanism called mRNA editing, generates the V protein, which shares the amino-
terminal 231 aa with the P protein. The 68 carboxyl-terminal aa are cysteine rich and
unique to V (Wardrop, E.A. and Briedis, D.J., 1991). RNA editing is an additional
function of the RNA polymerase, presumably of the L protein, as was also proposed
for Sendai virus and other paramyxoviruses (Vidai, S., et al., 1990a and 1990b). The
functions of V aind C have not been clearly defined. However, both proteins might
play a role in MV RNA synthesis and regulation of genome replication (Horikami,
S.M. and Moyer, S.A., 1995a). Another recent study has shown that both, V and C
are interacting with cellular proteins but not with any of the MV specific proteins
(Liston, P. et al., 1995).

L protein:

The L protein together with P forms the virus-encoded RNA-dependent RNA
polymerase, as mentioned before. L contains six regions that are highly conserved
among the RNA polyrerases of negative-stranded RNA viruses (Chandrika, R. et al.,
1995). L is believed to contain the majority of the catalytic activities of the RNA
polymerase (Horikami, S.M. et al., 1994). The L protein is present in small quantities
in association with viral nucleocapsids in infected cells and in measles virions.

M protein:

The M protein, a basic protein with several conserved hydrophilic domains, is the
second most abundant protein in the measles virion (Oxman, M.N., 1997). M forms
a continuous layer on the inner surface of the envelope in infected cells and probably
interacts with progeny nucleocapsids and with the cytoplasmic tails of the H andfor
F proteins to mediate virion maturation and budding (Tyrrell, D.L. and Ehrnst, A,
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1979; Wild, T.F. and Buckland, R., 1995). A study by Hirano, A. et al. (1992) showed
that only M protein synthesized during lytic infection was found to associate with the
nucleacapsid and the plasma membrane, whereas M synthesized in persistently
infected cells was soluble in the cytoplasm. When bound to the nucleocapsid, M
inhibits transcription of MV mRNA (Suryanarayana, K. et al., 1994).

F protein:

The F protein is directly involved in the fusion of viral and target cell membranes
required for penetration of the virus. F is synthesized as a biclagically inactive
precursor (Fp) which is activated through cleavage by cellular Furin, a subtilisin-
related protease in the trans-Golgi to give the active form, a disulfide-linked
heterudimer, F1-F2 (Wild, T.F. et al., 1984). Both viral glycoproteins, F and H, are
cotfranslationally inserted into the endeplasmic reticulum and transported to the cell
surface via the Golgi apparatus, and during this process undergo various
madifications. Sato, T.A. et al. (1988) have demonstrated that glycosylation is
essential for the proteolytic cleavage of Fyand its transport to the celi surface.

The F1 subunit is derived form the carboxyi-terminus of F,, is anchored in the viral
envelope and has a cytoplasmic tail, of which the terminal 14 aa are highly
conserved among morbilliviruses (Oxman, M.N., 1997). The amino-terminus of F1 is
also conserved and contains a region of 25 hydrophobic aa, a region which is
believed to interact with the host cell membrane to induce fusion (Richardson, C. et
al., 1986). The F2 subunit contains all of the potential N-glycosylation sites.

H protein:

The H protein is a type It transmembrane glycoprotein (Alkhatib, G. and Briedis, D.J.,
1986; Wild, T.F. and Buckland, R., 1995), which is located on the surface of infected
cells in close proximity to the F protein, The primary function of the H protein is to
bind to the celiular receptor CD46 on host cells. A second essential function of H is
to interact with F to mediate fusion of the virion envelope with the host cell
membrane, which facilitates the entry of the nucleocapsid into the cell (Malvoisin, E.
and Wild, T.F., 1993). H also accounts for the capacity of MV to aggiutinate red
hlocd cells from a variety of monkeys, but not from humans by binding to the simian
homolog of CD46 (Gerlier, D. et al., 1995). Furthermore, H has recently been shown
to be responsible for cell tropism (Stern, L.B. et al., 1995). The H protein elicits a
strong immune response and life-long immunity, which follows acute infection and
this can in part be attributed to neutralizing antibodies against H (Norrby, E., and
Oxman, M.N., 1990).

After synthesis and glycosylation in the rough endoplasmic reticulum, disulfide-linked
dimers are formed and transported to the Golgi for further oligosaccharide
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modification and then to the cell membrane, where they form H peplomers. The
specific details of glycosylation of H proteins have been described by Ogura, H. et
al. (1991). Isolated H peplomers are homotetramers and have a conical shape
(Ogura, H., et al.,1991).The carboxyl-terminal domain is located on the extracellular
side of the infected cell, a single hydrophobic domain close to the amino-terminus
represents the iransmembrane region and is conserved between different
paramyxoviruses (Wild, T.F. and Buckland, R., 1995). H has 13 conserved cystein
residues that participate in the intra- and intermolecular disulfide bonding (Hu, A. and
Norrby, E., 1995). The H protein has 5 potential N-linked glycosylation sites between
aa 168 and 238, the Iast of which is heterogeneous and not actually used (Hu, A. et
al., 1994b; Wild, T.F. and Buckland, B., 1995). The optional glycosylation at 1 of
these 5 sites is thought o be responsible for the 2 different sizes of H proteins often
observed on polyacrylamide gels (Griffin, D.E. and Bellini, W.J., 1896). Glycosylation
is essential for dimerization, proper foiding of the protein, and antigenicity (Hu, A. et
al., 1994b). Several antigenic determinants have been identified (Hu, A. et al., 1993;
Hummel, K.B. and Bellini, W.J., 1995; Liebert, U.G. et al., 1994; Sheshberadaran,
H. and Norrby, E., 1986). A recent study by Schiender, J. et al. (1996) showed that
the coexpression of H and F induced immune suppression in vitro by interaction with
the cell surface of peripheral blood mononuclear cells (PBMCs). Some CD46 binding
sites on the H protein have been suggested and are shown in Fig. 1.3 (Saito, H. et
al., 1994; Shibahara, K. et al., 1994).

sg 28 8 § B 5 83
@ @
R i R
| , % ¥ Vo7
COOH
Hydrophobic fransmembrane domain ? Potential glycosylation sites
Amino-terminal cytoplasmic tall k) Regionof highest variability

@, Mutations responsibile for CD46 downregulation? V €D46 binding sites?
-]

intermolecular disuifide bonds

Fig. 1.3 Schematic diagram of the measles virus hemagglutinin gene.
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Apart from the functions outlined above, sequence analysis of the H gene has been
used for determination of MV strain variations (Rima, B.K. et al., 1997; Rota, J.8. et
al., 1992 and 19986). In addition to the variable carboxyl-terminus of the N yene, the
H gene sequences have also proved suitable for differentiation between different
genetic groups of wild-type (wi) and vaccine MVs, Sequence analysis of the H gene
for molecular epidemiological purposes is discussed in greater detail in chapter 3.2.

1.2.2 Replication of measles virus

As described above, the first step in the MV infectious cycle is the adsorption of the
H protein to the cell surface via it's receptor. The fusion of the viral envelope with the
plasma membrane requires both the H and F proteins (Wild, T.F. and Buckland, R,,
1985). Upon fusion the viral nucleocapsid is released into the cytoplasm, where the
reproductive cycle takes place. Fig. 1.4 shows a simplified diagram of the infectious
cycle.

The activity of the viral RNA-dependent RNA polymerase results in primary
transcripts, the mRNAs. The helical, encapsidated nucleocapsid and not free
genomic RNA serves as the template for all RNA synthesis (Oxman, M.N., 1997).

A R W LN e B AR g g B T ESa T N SRS
3 D T T T S R R T s o ed s no e e e R B Input RNA (-)

Transtation 2> Viral protelns l

Primary transcription ﬁ \

mRNAs Replication
Sacondary transcription ="

¥
Replicative
intermediate (+)

S 5 Virus RNA (-)

Virions

Fig. 1.4 Infectious cycle of measles virus.
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The mRNA is monocistronic, unencapsidated, capped and methylated at the 5' end
and polyadenylated at the 3' end similar to celiular mRNAs. The mRNAs are
translated by the cellular translation machinery (Norrby, E. and Oxman, M.N., 1990).
The accumulation of a critical leve! of N protein is necessary for the subsequent
switch from transcription to genome replication, since replicative RNA synthesis is
coupled to its encapsidation by N. The (-) strand nucleocapsid serves as a template
for the synthesis of (+) strand replicative intermediates which in turn serves as a
template for the synthesis of progeny nucleocapsids containing the (-) strand genome
RNA. The newly synthesised (-) strand nucleocapsids are templates for secondary
transcription, amplifying the viral mRNAs and proteins in the infected cell, as well as
for budding of progeny virus (Horikami, S.M. and Moyer, S.A., 1995g; Kingsbury,
D.W.,, 1890).

1.3 The celiuiar receptor

The cellular receptor for MV has recently been identified by two independent groups
as the membrane cofactor protein (MCP) or CD486, which is ubiquitousiy present on
human and monkey cells (Naniche, D. et al., 1893; Dérig, R.E. et al., 1993). Naniche,
D. et al. (1993) purified the proteins that were immunoprecipitated with mAbs and
identified them as CD46 by microsequencing. Dérig, R.E. et al. (1993) showed that
chromosome 1 confers the binding phenotype to previously unsusceptible rodent
cells and that anti-CD46 mAb blocked infection. The only surface protein on
chromosome 1 is CD46, which made it a plausible candidate. Further evidence that
CD46 acts as a MV receptor was provided by both groups when they demonstrated
that previously insusceptible murine cells could productively be infected with MV
when they expressed CD46. Moreover, the species-specific expression and tissue
distribution of CD46 correlates well with susceptibility to MV infection (Gerlier, D. et
al., 1995). The primary viral protein to inleract with CD46 is the H protein (Buchholz,
C.J. et al., 1997; Nussbaum, O. et al,, 1995). The normal function of CD46 is to
protect the cell from complement lysis (Liszewski, M.K. and Atkinson, J.P., 1992).
During complement activation, C3b and C4b (components of the C3 convertases)
can form non-specific covalent linkages ta the host cell. Factor |, a serine protease
in plasma, inactivates membrane-bound C3b/C4b associated with CD46. This
process plays an important role in discriminating self frem non-self tissue and helps
to prevent destruction of the host cell by the membrane attack complex (MAC) (Dérig,
R.E. et al., 1994). Fig. 1.5 shows diagrammatically the structure of CD46, which can
be found on most primate cells. The extracellular domain of the mature protein
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consists of 4 short consensus repeats (SCR1-4) (Devaux, P. and Gerlier, D., 1997)
and 1-3 Ser-Thr-Pro rich domains (STP) (lwata, K. et al., 1994). The transmembrane
region consists of 24 hydrophobic aa. One of 2 cytoplasmic domains is alternatively
spliced to form the carboxyl-terminus (Dorig, R.E. et al., 1994). The binding sites for
MV and for C3 have beern shown to be distinct on CD46 (Manchester, M. et al.,
1995). CD46 is highly glycosylated and is expressed in most celis in isotypic forms,
which range in size between 51 and 68 kDa (Buchholz, C..l. et al., 1998; Gerlier, D.
et al., 1984). The STP domains, shown in Fig. 1.5 contain 5-10 O-linked sugars.

r
Virion membrane
A
Loy ™ Cell membrane
AT LIS L L LLLL LT L LL LI LR LI LILILY
Cytoplasm %,, The 2 different Cytoplasmic tails of CD45
y MV binding regions: SCR1+ SCR2 TM: transmembrane region
SCR: short consensus repeats
] Ser/Thr/Pro rich regions
Fig. 1.5 Madel of the measles virus receptor CD46 with virus binding regions.

Adapted from Manchester, M. et al., 1897.
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Several studies have shewn that MV differentially downregulates CD46 (Hirano, A.
et al., 1996; Schneider-& Mmaulies, J., et al., 1885; Schnorr, J.-J. et al., 1895; Krantic,
S. et al,, 1995). Two independent groups have mapped the aa in the H protein, that
might be responsible for the downregulation of CD48 to residues 451 and 481
(Lecouturier, V. et al., 1996; Bariz, R. et al., 1996).

CD486 has been firmly established as the high-affinity receptor for MV. However, it
remains unclear whether CD46 is the sole MV receptor. Other viruses, for example
HiV-1 utilize additional co-receptors in order to transport viral nucleocapsid into the
cell (Faniini, J. et al., 1993). It seems plausible that a co-receptor could interact with
the F protein to facilitate penetration of the virus into the host cell (Dérig, R.E. et al.,
1994). Dunster, L.M. et al. (1984 and 1995) suggested that moesin, a human
membrane organising extension spike protein, also acts as a receptor for MV.
However, several recent studies have shown that the role of moesin as a MV
receptor is still inconclusive (Devaux, P. and Gerlier, D., 1997; Doi, Y. et al., 1998).
Buckland, R. and Wild, T.F. (1897) recently reviewed numerous results that have
been described on CD46 receptor usage and raised deubt as to whether CD46 is the
receptor for MV wt strains that have been propagated in either B95a cells or human
B-lymphocytes.

1.4 Measles virus strain variations

Measles virus is considered to be monotypic, antigenically stable-and only one
serotype has been described so far. However, diversity on nucleotide and amino acid
levei as well as analytical differences between proteins from different MV strains
have been described (Rima, B.K. et al., 1995a and 1995b). Antigenic differences
between strains affect functions such as temperature sensitivity (Bergholz, C.M. et
al., 1975; Haspel., M.V. et al., 1975; Rager-Zisman, B. et ai., 1984), plaque forming
characteristics (Rapp, F., et al., 1964; Gould, E.A., et al., 1976; Carrigan, D., et al.,
1986), the ability to downregulate CD46 (as above), epitopic variations in most
proteins (Giraudon, P. et al., 1988; Sheshberadaran, H. et al., 1983; Tamin, A., et al.,
1994) and H protein specific variations that are discussed below.

1.4.1 Differences of measles virus proteins

Differences in the apparent sizes of MV proteins H, P, and M on SDS-PAGE have
been reported but none of these differences could be linked to a specific phenotype
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(Rima, B.K. et al., 1995b). The mobility and genetic features of the M protein have
been studied by many groups since the variability of M was thought to play a
significant role in the pathogenesis of subacute sclerosing panencephaltitis (SSPE)
(Wechsler, S.L. et al., 1979; Cattaneo, R. et al., 1986, 1988 and 1988). However, the
diversity found between differerit M proteins and/or genes was subsequently shown
not to be characteristic for SSPE (Rima, B.K. et al., 1885b). The P protein has a
molecular mass of 51 kDa (Bellini, W.J. et al., 1985) but the apparent size by SDS-
PAGE approaches 70 kDa. Phosphorylation is thought to play a major role in these
differences in size. Various antigenically different H proteins have been described
that show defective hemagglutination activity (Girauden, P. and Wild, T.F., 1985;
Saito, H., et al., 1992 and 1994), salt-dependency of hemagglutination (Shirodaria,
P.V. et al., 1976), differential recognition by H protein-specific mAb (Tamin, A, et al.,
1994; Trudgett, A., et al., 1981), and differences in migration of H proteins by SDS-
PAGE, that could be due to additicnal potential glvcosylation sites (Rota, J.S., et al.,
1992; Sakata, H. et al., 1993).

1.4.2 Genetic variations

Over the past 10 y3ars more emphasis has been placed on the investigation of
genetic variability between MV strains. So far, 8 to 9 different genetic groups have
been described (Rima, B.K. et al., 1995z, Bellini, W.J. and Rota, P.A., 1898, Kreis,
S., et al,, 1997, Jin, L. et al., 1997; Katayama, Y. et al., 1997; Outlaw, M.C. and
Pringle, C.R., 1995). However, it is likely that more distinct genetic groups will be
identified as molecular epidemioclogical data will become available from more
countries, especially in Africa and Asia. To date, there is no generally accepted
consensus as to how to define MV genotypes, how to define genetic subgroups and
subsequently how to name the different genetic groups. In this thesis, terms like
genetic group or genetic lineage will be used rather then the term genotype. Genetic
groups will be described using the numbering code (Rota, P.A., et al., 1992; Rota,
J.S. et al., 1998) and the letter code used by other groups will be given in brackets
(Kreis, S., et al., 1997; Rima, B.K, et al., 1995a) .

Nucleotide as well as amino acid changes occur in almost every region of the MV
genome but the degree of variation varies considerably between the different
structural genes (Fozenblatt, S. et al., 1985). The highest variability is seen inthe
carboxyi-terminal 450 nt of the N gene and in parts of the H gene. These regions
have therefore been used extensively to differentiate and characterise different
genetic groups of MV (Rinia, B.K. et al., 1995a. Reta, P.A. et al., 1994 and 1995z,
Rota, J.S. et al., 1996; Kreis, S., et al., 1997). Nucleotide variation in the carboxyl-
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terminus of the N gene can reach up to 12% whereas H genes can vary up to 7%
between different lineages (Bellini, W.J. and Rota, P.A., 1998). The genetic groups
that have been established by phylogenetic comparison of the carboxyl-terminal N
gene sequences and partial or full coding sequences of the H genes compare well
to each other and groupings are mostly identical comparing the different genes.
Group 1 (A) represents vaccine and vaccine-like strains that are characterised by
relatively high stability over the decades and this is also the earliest genetic group
of MV known. The protctype strain is the Edmonston wild-type (wt) strain which was
isolated in 1854. The graup 1 (A) viruses must have had widespread distribution in
the pre-vaccine era since strains belonging to this group were isolated during the
1950s and the 1960s in countries as distant as Russia, USA, Finland, Japan, and
Romania (Bellini, W.J. and Rota, P.A., 1988). The genstic variations of MV N and H
genes between different viral strains will be discussed further in the result chapters
of this thesis. Some of the genetic groups that have been described appear {o be
extinct or are circulating in such small numbers that they have evaded detection by
routine surveillance systems. These groups inciude isolates mainly from Europe that
have not been re-isolated in the past 10-15 years (Bellini, W.J. and Rota, P.A,,
1998).

1.4.3 Geographic distribution of MV genetic groups

Several groups of wt MV have been shown to have world-wide circulation (Bellini,
W.J., and Rota, P.A., 1998) whereas others seem to be extinct. Some genetic groups
can be assigned to certain countries. However, increased travelling contributes to
the exportation and importation of these geographically restricted strains from and
into other continents or countries (Rota, J.8S. et al., 1996 and 1998; Rota, P.A. et al,,
1995a). The vaccine and vaccine-like sequences in group 1 (A) were described
above. Bellini, W.J. and Rota, P.A. (1998) have very recently described and updated
the genetic groups of MV that are currently circulating and their geographic
distribution. Strains that have not been isolated for 10 to 15 years were excluded in
this update since they are likely to be extinct. Their findings are summarised below.
Group 2 (D2) viruses circula:ed in USA until 1993, when transmission of MV was
interrupted by successful vaccination programs (Rota, J.S. et al., 1998). Other recent
isolates that fall in that group were made in Guam and Japan (Yamaguchi, S. et al.,
1997). Group 3 (D4) includes viruses from Europe, USA, Palau and Thailand. Group
4 (D3) and 5 (C2) appear to be the predominant genotypes circulating in many parts
of Europe. African isolates form Cameroon and Gabon (B and B2) and a strain from
Gambia (H) as well as ather isolates that were originated in African countries are
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found in group 6. MV strains from South Africa and a Canadian isolate made in 1988
form group 7 (1). Analysis of H gene sequences revealed that recent strains from
Pakistzn also group with group 7 viruses. Group 8 consists of very distirict isclates
made in China in the 1990s.

1.5 Pathogenesis and Pathology

1.5.14 Clinical manifestations

{A) Classic measles

The highly contagious MV is transmitted via large droplets of respiratory tract
secretions that are inhaled upon face to face contact (Black, F.L., 1889; Bloch, A.B.
et al,, 1985; Goldberger, J. and Anderson, J.F., 1911). The disease has a incubation
period of 8-12 days. Clinical symptoms that appear first are fever, malaise, and
anorexia foliowed by one or more of the following: cough, coryza, and conjunctivitis.
This prodromal phase of measles corrgsponds fo the development of an enanthem,
the Koplik spots that become visible on the buccal mucosa and generally appear 2
days before the exanthematous rash. The rash is maculopapular and appears first
on the face and then spreads to the trunk and extremities. The rash generally lasts
for up to 4 days (Katz, M. and Enders, J.E., 1965).

Primary replication of the virus takes place in the epithelial celis of the respiratory
. tract (Katz, S.L. and Enders, J.E., 1965). Further replication occurs in the fymph
nodes and from there the virus enters the blood stream in infected leucocytes,
producing the primary viremia. Lymphoid tissues, such as tonsils, adencids, lymph
nodes, thymus, spleen, appendix, Peyer's patches, and submucosal lymphoid tissue
in the respiratory and the gastrointestinal tracts become major sites for viral
replication during primary viremia (Oxman, M.N., 19897). The continued replication
of MV at these sites results in secondary viremia that begins 5-7 days after infection.
The virus then spreads to the skin, conjunctivae, genital mucosa, kidneys, liver, and
oropharynx (Moench, T.R. et al., 1988; Katz, S.L. and Enders, J.E., 1965; Forthal,
D.N. et al., 1992). At this stage more than 5% of leucocytes may be infected. The
predominant cell infected in the paripheral blood is the monocyte (Esolen, L.M. et al,,
1893). This expanded replication of MV together with the host immune response is
responsible for the prodromal signs and symptoms (Oxman, M.N., 1897). In
uncomplicated measles, fever reaches a peak of 39°C to 40°C followed by a rapid
deferescence on the third or fourth day of the rash which marks the beginning of
recovery (Kempe, C.H. and Fulginiti, V.4, 1965).
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Factors that may cause a more severe disease and predict a poor outcome are: poor
antibody resporise, lymphopenia, compromised immune system, other ilinesses,
malnutrition, poor sociogconomic conditions, low serum retino! levels, and extremes
of age (Frieden, T.R. et al,, 1992, Kaplan, L.J. et al,, 1992; Griffin, D.E. and Bellini,
W.J., 1996).

(B) Atypical and modified measles

Modified measles:

Modified measies is miider and generally shorter than classic measles and is seen
in partially immunised patients that have received immune serum globulin after
exposure to measles and in children with residual maternal antibodies (Krugamn, S.
et al,, 1985).

Atypical measles.

In contrast, atypical measles has been reported to be more severe than classic
measles with high fever, pneumonia, myalgia, headache, dyspnea, and abdominal
pain. Atypical measles has been observed in recipients of formalin-inactivated
measles vaccine who were subsequently exposed to wild-type MV (Frey, H.M. and
Krugman, S., 1981). This inactivated vaccine was administered between 1963 and
1970 and is not in use any longer (Markowitz, L.E. and Katz.S.L., 1994). The formalin
(or Tween-ether) inactivation altered the antigenic properties of F and patients failed
to raise antibodies to F.

{C) Neurological manifestations

Postinfectious encaphalomyelitis

Uncomplicated measles is frequently accompanied by cerebraspinal fluid pleocystis
and electroencephalographic abnormalities, but there is no evidence that the brain
parenchyma is directly infected (Moench, T.R. et al., 1988; Oxman, M.N., 1997).
Postinfectious encaphalomyelitis, an autoimmune demyelinating disease is detected
in 1in a 1000 cases of measles and usually occurs within 1 or 2 weeks after onset
of rash. The disease is characterised by an abrupt onset of high fever and
obtundation, frequently accompanied by seizures and neurological signs (Griffin,
D.E. and Bellini, W.J., 19986).

Measles inclusion body encephalitis (MIBE):

This progressive, generally fatal neurological manifestaiion of measles virus occurs
only in immunocompromised individuals some months after infection (Kaplan, L.J.,
1992). The disease usually presents with refractory myoclonic seizures and altered
mental status and generally progresses within 6 to 8 weeks to coma and death.
Survivors have severe neurological sequelae (Oxman, M.N., 1997).
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Subacute sclerosing panencephaiitis (SSPE):

Another fatal form of measles encephalitis, SSPE, occurs in 1 in 300 000 cases
generally 6 to 10 years after measles infection (Oxman, M.N., 1997; Fontaine, R.E.
and Martin, A.5., 1978). However, South African studies have shown that SSPE can
oceur as early as 2 years after acute infection (Schoub, B.D. et al., 1992; Vardas, E.,
personal communication). Early symptoms of this persistent infection of the CNS are
persenality changes, and deteriorating intellectual performance (Carter, M.J. and ter
Meulen, V., 1987). Later, myoclonic jerks appear with charactoristic
electroencephalographic changes. Death occurs in most cases within 1 or 2 years
after onset of illness (Oxman, M.N., 1997). Titres of antibody to MV are typically
elevated in both the serum and CSF of SSPE patients (Connolly, J.H., et al., 1967;
Chiodi, F. et al., 1986).The virus present in SSPE patients is defective and cannot
be isolated by conventional methods. The virus carries multiple mutations throughout
the genome, esbecially in the M gene but also in the F and H gene (Rima, B.K. et al.,
1995b; Schneider-Schaulies, S. et al., 1995). The pathogenesis of SSPE remains
poorly understood.

Measles virus has been shown to be able to persist in vitro and in vivo. For studies
of persistence in vitro, a number of cell lines have been established using neuronal
cells, lymphoid, glial, and epithelial cells (Rager-Zisman, B. et al., 1984; Gould, E.A.
and Linton, P.E., 1875). Apart from persistence in SSPE patients there is some
evidence that MV can persist outside the CNS (Brown, H.R. et al., 1989; Katayama,
Y. et al., 1998).

MV has also been suggested to play a role in diseases like Paget's disease, Crohn’s
disease, chronic active hepatitis, and muitiple sclerosis but for none has a definite
role for MV been established (Griffin, D.E. and Bellini, W.J. et al., 1996).

{D) Complications

In developed countries approximately 10% of measles cases are associated with
complications, whereas developing countries have complication rates as high as
80% (Clements, C.J. and Cutts, F.T., 1994). Pneumonia accurs in 1-7% of cases and
is commonly caused by secondary bacterial or other viral infections (Morton, R. and
Mee, J., 1986). Other frequent complications include otitis media, larvngotracheo-
bronchitis, childhood blindness, diarrhea and encephalitis, as mentioned above
(Beckford, AP, etal., 1985; Reddy, V. et al., 1986; Katz, M. and Endars, J.E., 1965).
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1.5.2 Diagnosis

{A) Clinical Diagnosis

In countries with endemic circulation, MV is usually well diagnosed by assessment
of the clinical signs (fever, rash, Koplik's spots, cough, or coryza, or conjunctivitis).
However, in developed countries where measles has been reduced to sporadic
outbreaks, clinical diagnosis has a higher error rate. In these cases, laboratory
confirmation becomes increasingly important.

(B} Virus isolation

MV can be isolated from a variety of samples including, urine, nasopharyngeal
swabs, throat swabs, PBMCs, and conjunctival swabs (Gresser, I. and Katz, S.L.,
1960; Rota, P.A. et al., 18955, Kobune, F. et al., 1990; Oxman, M .N., 1897; O’'Neill,
H.J. et al., 1996). The most sensitive cell line described so far is the adherent
derivate (B95a) of the EBV-transformed marmoset B-lymphoblastoid cell line B95-8
(Kobune, F. et al., 1990). Other cell lines that have been used in the past, mostly
derived from primate kidneys, are Vero and CV-1 (Forthal, D.N. et al., 1993).
Successful isolation is likely when specimens are collected during the febrile phase
of the iliness and decreases with every day after the rash has disappeared. Several
passages are often required before MV specific CPE appears. CPE in all susceptible
ceil lines is characterised by multinucleated giant cells (syncytia) and eosinophilic
intranuciear and intracytoplasmic inclusion bodies (Salmi, A.A., 1895).

(C) Serological diagnosis

There are a variety of serological tests available that have been used to determine
and/or titrate MV antigens and/or antibodies to it. Tests measuring antibodies are
neutralization tests, that are not widely used any longer since they require MV cell
culture and are labour intensive; the hemagglutinin inhibition test (Hl), which
primarily detects antibadies to H by inhibition of agglutination of monkey red blood
cells, and the complement fixation test that has been used in the past to determine
immunity against MV. The complement fixation test mainly detects antibodies to the
N protein (Norrby, E. and Golimar, Y., 1872).The plaque reduction neutralization
assay (PRN) still is considered the standard against which other tests are measured
because it has been shown to be far more sensitive than the tests mentioned above
(Chen, R.T. et al., 1990). The most commoniy used test systems today are the
commercially available ELISA kits. ELISA kits that measure igM, 1gG, and igA
antibodies to all MV proteins are easy to use and can provide rapid and reliable
results (Helfand, R.F. etal., 1996) . In primary infection in the normal host, detectable
antibodies to MV appear 1 to 3 days after onset of rash and remain detectable for
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years (Krugman, S. et al., 1985). Detection of IgM antibodies, the first isotype to be
synthesised, is indicative for an acute primary infecticn.

(D) Nucleic acid detection and immunofiuorescence

In immunocompromised patients that do not have a detectable antibody response or
for diagnosis of CNS disease, where virus cannot easily be isolated, RT-PCR for
detection of nucleic acids (Nakayama, T. et al., 1985; Matsuzono, Y. et al., 1994;
Rota, P.A. st al., 1994; Baram, T.Z. et al., 1884) and direct immunofluorescent
staining of MV antigens in tissue samples are important diagnostic tools (Minnich,
L.L. et al., 1991). Furthermore, these techniques can detect antigen and/or nucleic
acids later in the disease when infectious virus can no longer be isolated (Oxman,
M.N., 1997).

1.6 Immune responses to measles virus

Specific host immune responses to MV are essential for clearance of the virus , for
recovery, and for the establishment of long-term immunity against measles. The early
non-specific responses that occur during the prodromal phase of the iliness and
before the rash develops, include activation of natural killer cells (NK) and the
increased production of interferon-a and-f (IFN), which contribute to the control of
MV replication before the onset of more specific immune responses.
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Fig. 1.6 Immune responses to measles virus infection.

Adapted from Griffin, D.E. and Bellini, W.J., 1896.
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Generally, there is a clear activation of the immune system resulting in the
mobilisation of various defence mechanisms during measles. Paradoxically, at the
same time, a profound imimune suppression can be observed, evidenced by impaired
delayed-type hypersensitivity skin test (DTH) to recall antigens and by reduced
humoral and celiular responses to new antigens (Beckford, A.P. et al., 1985; von
Pirquet, C., 1908; Grifiin, D.E. et al., 1994). Fig. 1.6 summarises diagrammaticaliy the
main cellular and humoral immune responses {o measles infection that appear after
onset of disease.

(A) Humoral immune response

The first antibody to be detected at the onset of rash is the isotype IgM followed by
1gG (Fig. 1.6), mainly of the IgG1 and IgG4 subclasses. An igh response is absent
on re-vaccination of those previously immunised and therefore serves as a valuable
marker to distinguish primary infection or vaccination from previcusly infected
individuals or secondary vaccination (Erdman, D.D. et al., 1993; Linnemann, C.C. et
al., 1973). 1gG1 antibodies are efficiently transported across the placenta and thus
provide the newborn with specific protection against measles. Maternally derived
antibodies can persist for up to 12 months but generally fade to protect the child from
infection after 9 months of age (De Serres, G. et al., 1997). Maternal antibodies
derived from mothers that had a natural infection seem to persist longer and in higher
titres than those from vaccinated mothers (De Serres, G. et al., 1995; Brugha, R. et
al., 1996). The MV proteins N, H, and F act as major antigens that give rise to a
strong immune response.

The N protein, the most abundant of all MV proteins, acts as a potent antigen. The
first and most abundant antibodies produced are in fact against N (Griffin, D.E. et al,
1995) and the presence of N antibodies is a good indicator for previous infection and
immunity (Krugman, S. et al., 1985).

Neutralising antibodies to H, which are measured by HI and neutralisation tests,
appear to play a major role in preventing re-infection. Thus, measuring the presence
and titre of these antibodies is a good indicator for assessing susceptibility and
response to immunisation (Oxman, M.N., 1997).

Antibodies to F most likely prevent fusion of the cell membrane with the viral
envelope and therefore limit the spread of MV to uninfected cells (Malvoisin, E. and
Wild, T.F. , 1990). F-specific antibodies can be measured by inhibition of MV
induced hemolysis of monkey erythrocytes (HLI) (Griffin, D.E. et al., 1993).
MV-specific antibodies persist for decades and in most cases for life and protect from
re-infection with the virus. They may also play a critical role in recovery from acute
disease and can protect from initial infection (Griffin, D.E. and Bellini, W.J., 1996).
Recently, Katayama, Y. et al. (1998) have detected viral antigens in autopsied
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organs, such as liver spleen, kidney, and lung, which may be an indicator that MV
antigens can persist in the absence of viral replication. However, the presence of MV
antigens in healthy individuals may have to be confirmed by further studies.

(B) Cellufar immune response

MV has a dual effect on cell-mediated immunity (CMI) of the »ifected individual. it
depresses temporarily the pre-existing T-celi reactivity {o non-MV antigens and
simultaneously activates T-cell driven CMI (Salmi, A.A., 1995). Markers for the
activation of CMI are the MV-induced elevation of plasma levels of CD4, CD8 (Fig.
1.8), IL-2 receptor, B2-microglobulin (Griffin, D.E. and Ward, 8.J., 1993), the T cell
products IL-12, iL-4, and IFN-~y (Griffin, D.E. et al., 1990). Although present earlier
in infection, as evidenced by infiltration of sites of viral replication by lymphocytes
and macrophages, T cell activation first becomes apparent during the prodrome,
when plasma levels of {L-2 and |FN-y are increased and proliferating T- and B-
lymphocytes can be detected in peripheral blood (Griffin, D.E. et al., 1989). CD8
cytotoxic T-lymphocytes recognize viral antigens after the viral proteins have been
processed to peptides and presented on the surface of infected cells complexed with
major histocompatibility complex (MHC) class | moiecules (Griffin, D.E. et al., 1995).
IFN-y, an important product of CD8 cytotoxic T cells, is elevated during measles
infection (Griffin, D.E. et al., 1890). CD4 T cells are activated as well during the rash
and remain elevated for several weeks (Griffin, D.E. and Ward, B.J., 1883).

The immune suppression caused by MV is thaught to be responsible for increased
susceptibility to secondary infections and therefore contributes to the morbidity and
mortality caused by the virus. A typical marker for immune suppression is the
" decreased number of circulating T cells during the acute phase of infection (Griffin,
D.E. et al., 1895). Severai studies have recently been undertaken to explain the
mechanisms involved in MV-associated immune suppression. Karp, C.L. et al. (1996)
have shown that MV monocytes specifically down-regulate 11.12. I1L12 is important
for the generation of a normal CM, it induces IFN-y from T- and NK cells, it is
required for the development of a T-helper 1 (Th1) response, necessary for DTH
responses and acts as an enhancer of NK cell cytotoxicity. Monocytes and
macrophages are thought to be the main IL12-producing cells in vivo. Esolen, L.M.
et al. (1993) have shown that MV efficiently infects monocytes. The direct interaction
of MV with its receptor, CD46, might play a critical role in the MV-induced
downregulation of monocyte production of iL12 (Karp, C.L. et al., 1996).

Three recent studies have suggested further mechanisms by which MV could cause
immune suppression (Fugier-Vivier, 1. st al., 1997; Grosjean, 1. et al., 1997, Schnorr,
J.-d. et al., 1997). All 3 groups showed that MV efficiently infects dendritic cells,
which are important antigen-presenting cells. Fugier-Vivier, |. et al. (1 987)
demonstrated that CD40-activated dendritic cells (DC) decrease their capacity to
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produce IL12, and T cells are unable to proliferate in response to MV-infected DC
stimulation. In contrast, it was demonstrated by others that 1L12 production was
enhanced after MV infection of DCs (Schnorr, J.-J. et al., 1997). Whereas MV
replication in DC was low, the replication could be markedly boosted by DC-T cell
interaction. In MV puised DC-T cell co-cultures, massive apoptosis of both T cells
and DC was observed. The authors concluded that DC are a major target of MV.
Grosjean, 1. et al. (1997) suggested that carriage of MV by DC may facilitate virus
spreading to secondary lymphoid organs. DCs are strategically located in the lung,
gut, liver, and skin, and are an important components of the protective immunity
against a broad spectrum of antigens and microorganisms (Bhardwaij, N., 1897).
Thus, DC may represent a reservoir for MV infection and a means of transport for the
virus to lymphoid cells in draining lymph nodes (Bhardwaij, N., 1997).

1.8.1 Immunisation

A live-attenuated MV vaccine was first licenced in 1963 and it rernains one of the
most cost-effective public health tools available. The Edmonston B strain, the first
live-attenuated MV vaccine strain, was often administered simultaneously with
gamma glebulin (Krugman, S. et al., 1983). This strain was attenuated by numerous
passages through a variety of cells (primary renal cells- primary amnion celis- chick
embryos- chick embryo fibroblasts) (Enders, J.F. et al., 1960 and 1962). Further
passage in chick embryo fibroblasts resulted in the Schwarz vaccine strain, which
was licenced in 1965 and remains the most widely used MV vaccine. Other vaccine
strains like CAM-70 and Len-16 have been attenuated from wt isolates other than the
Edmonston strain (Rota, J.S. et al., 1994). Attenuated vaccine strains differ from wt
MV strains considerably, affecting pathogenicity in primates, temperature sensitivity,
downregulation of CD46, and nucleotide sequences (Rota, J.S. et al, 1894; Rima,
B.K et al., 1995a; Gellin, B.G. and Katz, F.T., 1994a and 1994b; Markowitz, L.E. and
Cutts, F.T., 1994; Krugman, S. et al., 1983; Schneider-Schaulies, J. et al., 1995).
However, the specific markers that confer atteruation have not been identified yet.
Measles vaccine is available in monovalent formulation (MR} but is most commonly
administered subcutaneously in trivalent formulations (MMR) together with
attenuated mumps and rubella vaccines at a standard dose of 1 0° to 10 plaque
forming units (CDC, 1994).

The immune response to the live-attenuated vaccine is similar to that induced by
natural infection. However, levels of MV specific antibodies and CMI generated after
vaccination seem to be somewhat lower compared with the levels after wt infection;
furthermore, vaccine-induced antibodies appear to wane earlier (Christenson, B. and
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Bottiger, M., 1994; Ward, B.J. et al., 1995; Wu, V.H. st ai., 1993; Pedersen, R. st al.,
1986).

The recommended age of immunisation has varied from 6 to 15 months (Aaby, P.
and Clements, C.J., 1989). In infants 6 months of age; the presence of maternal
antibodies is more likely than in clder children (Markowitz, L.E. et al., 1290). The
presence of maternal antibodies has been shown to markedly reduce the
seroconversion rates and vaccine efficacy (Cutts, F.T. and Markowitz, L.E., 1994;
Clements, C.J. and Cutts, F.T., 1995) and antibodies of vaccinated mothers decline
earlier than in mothers that had a natural infection (De Serres, G. et al., 1997). The
recommended age of MV immunisation is determined by a balance between the
optimum age for seroconversion and the probability of acquiring measles before that
age (Aaby, P. et al., 1896; Griffin, D.E. and Bellini, W.J., 1986). In South Africa, and
in many other courtries where measles remains prevalent, the vaccination schedule
requires that routine immunisations are given at 9 and 15 months of age
(Epidemiclogical Comments, 1994-1997; Schoub, B.D. et al., 1990).

Advances in the fields of molecular genetics and immunology have provided
possibilities for development of innovative measles vaccines. The main objective of
a new vaccine would be to-generate a product for use in the young infant in the
presence of matemnal antibodies (Katz, S.L. and Gellin, B.G., 1684; Norrby, E., 1995;
Osterhaus, A.D.M.E. et al., 1994). Four different principles are currently under
investigation. The classic replicating attenuated MV, replicating vectors containing
1 or more MV genes and non-replicating immunogens including 1 or more selected
components, and DNA-based immunisations (Norrby, E., 1995; Brinckmann, U.G. et
al., 1991; Pedersen, I.R. et al., 1992; Fooks, A.R. et al., 1996; Hathaway, L.J. et al.,
1995 and 1998; Wild, T.F. et al., 1992; Obeid, O.E. et al., 1993; Beauverger, et al.,
1993; Yang, K. et al., 1997; Cardosc, A.l. et al., 1996).

Primary vaccine failure due to failure to maintain the cold chain remains a serious
problem in the developing world and secondary vaccine failures, which may only
affect few vaccine recipients, are contributing to the contiriued problems to control
and interrupt MV transmission in many countries.

1.7 Epidemiology

The WHO estimates that 45 million MV infections occur world-wide annually with
more than 1 million MV related deaths (Weekly Epidemiciogical Record, WHO,
1994). Measies is one of the most contagious diseases of humans (Clements, C.J.
and Cutts, F.T., 1995). it is estimated that 90% of household exposures of
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susceptible individuals lead to infection (Gellin, B.E. and Katz, S.L., 1994). The
absence of an animal reservoir and significant persistent infections, respectively,
requires a continuous supply of susceptibles in order to maintain transmission of the
virus. Mathemistical models have shown that a population size of 250 000 to 300 000
is needed to establish measles as an endemic disease (Black, F.L., 196€° The ma...
pool of susceptible individuals is formed by young infants when th  maternal
antibodies disappear and before receiving routine vaccination (Oxman, M.N., 1997}
The frequency of MV infections is highest in the winter months and transmission is
most efficient upon direct contact, the inhalation of droplets of infected respiratory
tract secrations, with an infected individual (Griffin, D.E. and Bellini, W.J., 1996). It
has been estimated that in countries with a high viral burden, vaccine coverage
exceeding 95% is needed to effectively interrupt transmission of MV and to prevent
outbreaks (Anderson, R.M. and May, R.M., 1990). However, numerous outbreaks of
the disease have been reported in highly vaccinated communities (Gustafson, T.L.
etal., 1987; Chen, R.T. et al., 1989). Of great concern in most developing countries,
where MV remains endemic, are the infections in children less than 9 months of age
{(Aaby, P. and Clements, C.J., 1989). Routine vaccination in most of the developing
world is carried out at 9 months of age. The maternal antibodies, however, have
‘been showr to decrease earlier when the mother was vaccinated instead of having
acquired immunity through natural infection (De Serres, G. et al., 1997; Altintas, D.U.
et al., 1996; Brugha, R. et al., 1996). The age specific attack rates thus largely
depend on the age at which materia antibodies are lost. Side effects from
vaccination at 6 months of age have been reported to be more severe than at 9 or
more months of age. Immunisation at 6 months of age should therefore only be
carried out in high-risk areas (Weekly Epidemiological Record, WHQ, 1994; Aaby,
P. and Clements, C.J., 1989).

1.7.1 Molecular epidemiology

Molecular epidemiological studies on MV have increased markedly over the past 5
years. Investigations of strains differences and the determination of genotypes that
are circulating in a country over time have made significant contribution towards
worldwide control and elimination efforts. Only the profound knowledge of the
genetic groups present in a region or country can subsequently allow for the
identification of imported strains and patterns of viral transmission (Kew, O. and
Nathanson, N., 1995). This is an important means for assessing the success of focal
vaccination and MV control programs. In view of enhanced efforts that are being
made worldwide to eliminate and eventually eradicate MV, molecular epidemiological
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investigation will beco: ne even more important. The increase in worldwide travel may
contribute to the importation of geographically restricted virus groups into countries
that have previously succeeded in interrupting transmission of indigenous MV within
their borders (Bellini, W.J. and Rota, P.A., 1998; Rota, J.S. et al.,, 1996). For
example, the ongoing investigations of strain differences in the USA have enabied
them to show that transmission of indigenous MV was interrupted after 1992 and that
the sporadic cases that occurred after 1992/93 were caused by importations from
various countries (Rota, J.S. et al., 1996 and 1998; Bellini, W.J. and Rota, F.A.,
1998). Considering the success that especially the USA had with molecular
epidemiological studies, South Africa decided in 1824 to enroll in similar
investigations to support the local MV control efforts. The molecular epidemiology of
MV in South Africa is a major topic of this study and will be discussed in greater
detail in the resuit chapters. ‘

1.7.2 Epidemiology of measles virus in South Africa

Information abaut the annual number of measles cases, the age-specific attack rate,
case fatality rates (CFR), vaccination coverage and other classical epidemiological
information has been collected in South Africa by the Department of Health for
several years. However, the Epidemiological Comments published monthly are only
considering notified cases. Routine vaccination agairist measles was introduced in
South Africa in 1975 and in 1979 measles was first made a notifiable disease. The
actual number of cases is estimated to be 3 to § times higher than the notified
figures.

The South African Department of Health has launched the first mass vaccination
campaign in 1990, which was followed, in 1991, by a rediiced number of cases and
measles related deaths. However, this was followed by a major epidemic in 1992 that
for the first t'. ;e affected both infants and preschool children as well as older children
and adolescents, most of whom had been vaccinated (Schoub, B.D., 1993 and
1994a; Coetzee, N, et al., 1994). A survey ccnducted in 1984 revealed thaf vaccine
coverage approached 76% for the whole of South Africa varying between 86% and
89% between different provinces. In 1996 and 1997, South Africa has again
completed 2 mass vaccination campaigns in order to reduce the incidence of
measlies. in these 2 campaigrs, different provinces have applied different vaccination
strategies, such as targeting different age groups. Fig. 1.7 shows a map of South
Africa with the 9 provinces and the vaccine coverages achieved for each province.
The total coverage achieved in 1996 and 1997 mass vaccination campaigns was
91% and 79%, respectively.
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Western Cape
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Fig.1.7 South Africa with nine official provinces.
The vaccine coverage achigved in the 1996 mass vaccination campaign is indicated
by the first number below the name of the provinces. The 1997 coverage results are
shown in brackets. Three provinces did not take part in the 1987 campaign (indicated
by a dash).
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The average number of notified measles cases and related deaths in South Africa
over the past decade averaged 15 000 and 300 respectively and this is certainly a
vast underestimate of actual cases (Naidoo, S. and Meyers, K., 1984). The number
of notified cases ' South Africa from 1988 until 1996 is shown in Fig. 1.8. As
mentioned above the number of cases dropped to below 5000 in 1991 after the first
MV control programs were employed in 1990. This was followed by a substantial
outbreak in 1992 with notifiead case numbers approaching 24 000. An all time low of
~-3000 cases was achieved in 1994. Cases notified for 1997 were not available but
numbers are believed to have dropped markedly after the 1896/97 MV mass
vaccination campaigns.

25000
20000 — '
15000 ———1—|.
; ; A
| 10000 4 | T t—
. 5000+ | ——
} G F T B T T T =T '( T
} 1988 1689 1990 1991 1992 1893 1884 1885 19956
I E:] notified cases
Fig. 1.8 Number of notified cases of measles infections in South Africa between 1988 and
1996.

Fig. 1.9 summarizes the age spediﬁc attack rctes in South Africa from 1980 until
1996. A clear trend towards increased cases in children 5 years of age and older can
be seen from 1992/93 onwards.
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Fig. 1.9 Age distribution of measles cases in South Africa between 1390 and 1998,

Cases in children under one year of age have decreased from 28% in 1990 to 8% in
1996. This reflects the global trend of measles cases shifting towards older children

-and young adults as vaccine coverage improves (Schoub, B.D.,1994a and 1954b;
Schoub, B.D. and Martin, D.J., 1993; Padayachee, N., 1990}
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1.8 Objectives of this study

The objectives of this study were:

1. To establish how many different viral groups of MV are circulating in South
Africa (by sequence and phylogenetic analysis of the MV hemagglutinin (H)
and nucieocapsid (N) genes).

2. To compare phylogenetic results for N and H genes and to compare South
African MV strains to strains isolated elsewhere.

3. To determine whether genetic drift occurs over a period of 4 {o 5 years in

certain genetic groups.

To investigate the geographic distribution of genetic groups in South Africa.

5. To establish rapid, simple, and cost-effective pre-screening techniques that

allow for reproducibie genetic screening of multiple samples at a time.

To study basic antigenic properties of South African MV H proieins.

To analyse whether South African wild-type MVs downregulate the MV

receptor CD46 and to establish whether wild-type and vaccine, or vaccine-like

strains show differential downregulation patterns.

»

No

To date, very little is known about the molecular epidemiology of MV in African
countries. Africa, especially sub-saharan countries still account for rnost measles
cases and measles related deaths woridwide. Some information is available about
strains that have circulated in Cameroon, Gabon and the Gambia some years ago
{Outalw, M.C. et al,, 1997; Rota, P.A. et al., 1994). MV remains to be a major health
burden in Africa; improved vaccination strategies resulting in high enowugh vaccine
coverages will certainly help to reduce measles infections. However, the knowledge
of genetic groups circulating in a given country is the only way to identify imported
from indigenous cases, and will therefore be a crucial tool in assessing the success
of local vaccination programs. Continued serological and molecular epidemiological
surveillance are important means for countries that are atiempting to reduce the
spread of the virus and eventually interrupt transmission of MV. Furthermore, the
endemic presence of the virus in most African countries can serve as a continued
source of importation of MV into countries that have already succeeded in
interrupting transmission of the virus within their borders.

South Africa has enrolled in improved MV control strategies in 1990, when the first
mass vaccination campaign was launched. In 1996 and 1997 2 further mass
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vaccination campaigns followed in addition to continued attemipts to improve routine
vaccine coverage. Nevertheless, up until now MV circulated endemically causing
unacceptably high numbers of measles cases. Now that vaccination programs seem
to be showing the first effects of greatly reducing the numbers of cases, serological
diagnosis will gain in importance as doctors see fess cases and become unsure of
the clinical signs of a measles infection. Molecular epidemioiogicai studies will
certainly play a vitai role in assisting in the determination of how successful local
elimination campaigns have been and will be, The knowledge of MV strains
circulating in other southem Aftican countries will become important for South Africa,
as travelling across the borders increases and the risk for importation of MV from
neighbouring countries is high.

in this study, 97 MV specimens collected between 1978 and 1997 were analysed in
order to establish the molecular epidemiology of MV in South Africa. Of these
samples, 44 were analysed by sequence analysis of the carboxyl-terminus of the N
gene andfor the full coding sequence of the H gene. Furthermore, all specimens
were pre-screened and analysed by HMA.

The genetic changes over time were compared and assessed for the specimens
analysed. Despite efforts to include representative isolates from all 9 provinces,
specimens from only 4 provinces were obtained. However, efforts will continue to
collect MV specimens from all regions within the country and to further include
specimens from neighbouring countries or other African nations. Sequences from
southern African MV strains were compared to those obtained from the rest of the
world.

The large number of specimens collected in southern African countries demanded
the use of a rapid and reliable technique which would ailow for genetic pre-screening
of MV strains. A potential test system had to be easy to perform and require only
standard laboratory equipment. Furthermore, a pre-screening technique had to be
rapid, delivering results on muitiple PCR products within a short period of time, and
should preferably be more cost-effective when compared to techniques such as
sequencing. Finally, pre-screening results had to be reproducible and to compare
well with sequencing data obtained for the same specimens. Such a technique would
be particularly useful for developing countries where only basic laboratory facilities
are available and the cost for molecular epidemiological testing needs to be kept to
a minimum.

The analysis of the antigenic properties of South African hemagglutinin (H) proteins
was performed to establish whether the typical nt and aa changes seen in South
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African H genes could change the migration patterns of the proteins and whether
different antigenic epitopes exist on H when comparing South African MV strains to
those described previously.

Finally, the differential downregulation of CD46 by South African wild-type versus
vaccine-like strains was investigated by FACS analysis. Different titres were used
as an input to establish whether varying concentrations of the virus would show
dose-dependent effects on the downregulation. Further, strains grown in BS5a and
Vero cells were compared for their ability to alter the expression of CD46 on the host-
cell surface.
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2. MATERIALS AND METHODS

2.1 Virus isolation and specimens
2.1.1 Virus isolation

B95a is an EBV-transformed marmoset B-lymphoblastoid cell line and has been
shown to be highly sensitive to measles virus (MV) (Kobune, F. et al., 1990). B95a
monolayer cultures were used to isolate MV from éither throat swab (TS) or urine
specimens. Specimens were collected from patients meeting the clinical criteria for
a measies infection, which are fever and macufopapular rash and one of the
following: cough, coryza or conjunctivitis. TS's were transported to the faboratory in
viral transpert medium (VTM), containing 1% bovine plasma albumin in Dulbecco
buffer. Upon arrival the VTM was spun at 13 000 rpm (20 800 xg) ir an Eppendorf
centrifuge 5415 C (Eppendorf, Hamburg, Germany) for 5 min. The pellet was
resuspended in 1 mi of EMEM (Earle’s minimum essential medium) supplemented
with 2% fetal calf serum (FC8) and incculated onto a 80-90% confluent monolayer
of B95a cells in a T25 tissue culture flask. The virus was left to adsorb for 1 h at
37°C in a humidified atmosphere with 5% CO,. After adsorption the virus inoculum
was removed and stored at -70°C to allow for further virus isolation attempts if
necessary. Six mi of maintenance medium (EMEM + 2% FCS) were added, cells
again incubated at 37°C and observed daily for typical measles virus cytopathic
effects (CPE), such as cell fusion and syncytia formation. When CPE approached
80-90%, celis were scraped off and centrifuged for 5§ min at 1000 rpm in a GLC4
Sorvall centrifuge (Du Pont). The pellet was either used for extraction of RNA (see
2.2.1) or for preparation of viral stocks by resuspending the pellet in an appropriate
volume of EMEM + 5% FCS. Viral stocks were stored in aliquots at -70°C.

Urine specimens were treated as above with a minor modification. Upon arrival the
urine was spun (5 min, 1000 rpm) and the pellet was washed once with PBS. The
urinary pellet was then resuspended in 1 mi of EMEM + 2% FCS supplemented with
Fungizone and an antibiotic cocktail (Penigillin 200U/ml, Streptomycin 0.2 mg/ml)
and then inoculated onto B95a cells and treated as above.
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2.1.2 Specimens

Apart from TS and urine specimens, several sera and cerebrospinal fivids (CSF)
were analysed. For recent sera and CSF collected after 1890, igM and IgG status
was determined using the Enzygnost Anti-Measles virus Igh/lgG ELISA (Behring,
Marburg, Germany) test according to the manufacturer's instructions. Samples
collected before 1090 had unknown Ight status but were collected during clinically
confirmed measles outbreaks within South Africa.

Between 1984 and 1998 a total of 143 specimens were processed for virus isolation,
The majority of isolates were obtained from throat swab samples. A total of 100
measles virus isolates were prepared, 97 of which were further characterised. Table
2.1 summarizes information on all 97 measies specimens a selection for which
sequencing or other results are presented in the results chapters. Strains marked
with “(V)” were initially isolated on Vero cells by the diagnostic section at our
Institute and viral stocks were stored ai -70°C. All isolates made on Vero cells were
further adapted to grow in B95a cells.

Table 2.1: Specimens analysed in this study.

strain®! sex age race immuniz. specimen
status
SA289/73 - - - - serum
SA168/78 - - - - serum
SA280/78 - - - - CSF
SA361/78 - - - - serum
Jhb18/84 - - - - serum
Jhb1/86 (V) F - - - Tg*
Jhb1/88 (V} M 2 B - TS
Jhb2/88 (V) - - - - -
Jhb1/89 (V) F 1 B+ - T8
Jhb2/89 (V) .- - - - -
Jhb1/90 - - - - TS
Rdpt1/84 M 12y E no urine
Jhb1/94 M 15y B yes TS
Jhb2/94 M 21y E - TS
Jhb3/94 F m B no TS
NCG1/25 M 3y B yes TS
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Table 2.1: continued
strain sex age race immuniz. specimen

status

Pta1/95 F am E no TS
Mdbg1/85*1 M gy E yos s
Mdbg2/95 M 11y E yes TS
Mdbgd/95 M 2y E yes TS
Jhb2/e5 M 20y B no TS
Jhb12/85 M 23y B yes TS
Jhb13/95 F Gy B - TS
Jhb14/95 M 20y B - TS
Jhb20/95 F 10m B o TS
Jhb22/95 F 8y B no TS
Jhb23/95 F 6y B no T8
Jhb24/95 M 4y B yes TS
Jhb27/95 M 2y B yes TS
Jhb28/95 F 3y B no TS
Jhb2eras M 1y B no TS
Jhb30/95 M 6y B yes TS
Jhb32/95 F 2y B - TS
Jnb35/95 F 3y B no TS
Jhb36/95 M 19y B - TS
Jhb38/95 M 5y B - T8
Jhb41/95 M 3y B no TS
Jhb43/85 M 8y B - T8
Jhb45/95 - - - - TS
Jhb49/85 M Ty B - TS
Jhb50/95 F 4y B - TS
Jhb51/95 F 8y B - TS
Jhb54/85 M 3y B - TS
Jhh55/95 M 5y B yes TS
Jhb56/95 v gy E - TS
Jhb57/85 F 3y B - TS
Jhb58/95 M 3y B - TS
Jhb59/95 M 10y B - TS
Jhb61/85 M 6y B - TS
Mrd64/95+ M 7y B - TS
JhbB5/95 F 4y B - TS
Jhb86/95 M 3y B - TS
Jhb67/95 M gy B - TS
Jhh68/95 F 3y B - TS
Jhb70/95 M 1y B no TS
Jhb71/95 F 1y B - TS
Jhb72/95 F 5y B - TS
Jhb73/95 F Ty B - TS
Jhb74/95 F 21y B - TS !
Jhb75/95 M 21y B - TS i
Jhb76/85 F Ay B - TS -
Jhb77/95 M 18m o] - TS ‘
Jhb78/95 M 5y B - IS
Jhb79/95 M Sy B - TS
Natali/06 M 7y - - TS
Natald/96 M 9y - - TS
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Table 2.1: continued

strain Sex age | race . immuniz. specimen
: status

Natal7/986 F 23y - - TS
Natal8/96 M 18m - - TS
Nata{9/36 M 3y - no TS
Natal10/96 F 9m - yes TS
Natal12/96 - - - N TS
T3/96 {(Jhb) M 25y E yes Urine
T5/96 (Jhb) F 56y E no Urine
Jhb5/96 F 9m B no TS
Jhb6/96 M 10y B ~ TS
Jhb14/96 M 1y B no TS
Jhb18/96 F 15y B ~ TS
Jhb23/96 M i9m B yes TS
Jhb24/36 M &m B no TS
Jhb25/96 F 10m E - TS
Jhb26/95 M - E yes TS
Jhb28/36 F 18m B ~ TS
Jhb29/86 M 7y B - T8
Jhb32/96 F 8y B - TS
Jhb33/96 F 11y E - TS
Jhb37/86 F 23y E no TS
Jhb45/96 M 18y E - TS
Jhb47/96 M 1y B - TS
Jhb50/96 M 7y B - TS
Jhb51/96 M m B no TS
SSPEs/OTPE M Sy B - serum
SSPEG/OTPE M 8y B - CSF
Dbn1/87 - - - serum
Wdk28/97 M - - - serum
Wdk91/97 serum
Jhb4/97 F By B. - T$
Jhb5/97 F 22y B - TS
* unknown
“ abbreviations indicate origin of specimen/ year of collection;

SA: South Africa

Sow: Soweto, Gauteng Province

Jhb:  Johannesburg, Gauteng Province

Rdpt: Rodepoort, Gauteng Province

NC: . Newcastie, Natal Province

Mdbg: Middleburg, Mpumalanga Province

PE: Port Elizabeth, Eastern Cape Province

Pta:  Preloria, Gauteng Province
Mrd:  Midrand, Gauteng Province ]
Natal: Ubanbo, Nataf Province
Dbn:  Durban, Natal Provinve
Wdk:  Windhoek, Namibia

*2TS: Thioat Swab

*E:  European, B: Black, C: Coloured
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2.2 Extraction of RNA

Nucleic acids were extracted either from virus-infected B95a cells or directly from
clinical samples (serum and CSF).

2.2.1 Extraction of RNA from virus-infected cells

This technique has been described by Chomezynski, P. and Sacchi, N. (1987) and
was successfully applied to extraction of total RNA from B95a cells (2.1) infected
with MV obtained from TS or urine specimens. The method utilizes the strong protein
denaturing abilities of guanidinium thiocyanate (GTC) together with the
simultaneous inactivation of ribonucleases (RNase). Cells are lysed and denatured,
almost instantaneously, in a 4M solution of GTC containing the mild detergent
sarkosyl. The method then takes advantage of the observation that RNA can be
separated froni DNA and proteins because of its greater density. RNA can be
extracted under acidic conditions because it remains soluble in a 4M GTC solution
(pH 4) in the presence of a phenol/chloroform organic phase, whereas most proteins
and smaller DNA fragments (50 bp to 10 kbp) are in the organic phase and {arger
DNA fragments and some proteins remain at the interphase. The fragmentation of
DNA during homogenization helps to remove DNA from the H,0-soluble phase. All
solutions were prepared using RNase-free chemicals and RNase-free H,0.

Method and solutions:
GTC solution: 4M guanidinium thiocyanate
25mM sodium citrate (pH 7.0)
0.5% sodium sarkosyl
0.1M 2-mercaptoethanol, added just before use

BY5a cells showing CPE typical of MV were scraped off and centrifuged at 1500 rpm
for 5 min. The resulting cell pellet was resuspended in 100 pl of PBS and added to
400 pi of GTC solution. Cells were homogenized in this solution by pipetting thern
up and down 10-20 times. To obtain an acidic pH, 50 ul of 2 2M sodium acetate
solution (pH 4.0) was added and mixed by inversion of the 1.5 ml Eppendorf tube.
RNA was extracted by addition of 500 wi of H,O-saturated Phenol and 160 pi of
Chioroform and was chilled on ice for 15 min. Phases were separated by
centrifugation 13 000 rpm for 30 min at 4°C. The aqueous phase was then
transferred to a fresh tube and precipitated with 600 pl of ice cold iscpropanol for at
least 1 h at -20°C. The nucleic acids were centrifuged as above and then
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resuspended in 180 pl of GTC solution and 150u! of chilled isopropano! and placed
at -20°C for another hour. Centrifugation was once more performed as above and
the resulting pellet was washed 3x with 75% EtOH. The nucleic acid pellet was
dried at 37°C for 15-30 min and then resuspended in 20 pl of RNase-free H,0.

Commercial kits for extraction of RNA:

. Alterr: fives to the above method of RNA extraction which was used for the majority
of MV isolates were the High Pure RNA Isolation Kit (Boehringer Mannheim,
Germany) or the RNeasy Total RNA Kit (Qiagen, Hilden, Germany). Both were used
when RNA was needed within a shorter period of time. The kits utilise microspin
technology and achieved ‘e extraction of high yieids of RNA within 15-30 min. The
BM kit is optimized for RNA {o bind to a glass fibre fleece whereas the Qiagen kit
uses a silica gel membrane for the selective binding of RNA. Both kits were used
according to the manufacturer’s instructions.

2.2.2 Extraction of RNA from clinical samples

Several methods including the techniques deszribed under 2.2.1 were tested for the
efficient extraction of RNA from clinical samples such as serum and CSF. Of these,
the method described below proved to be most efficient with regard to the quality,
yield of extracted RNA and speed of isolation.

Method and solutions:

GITC solution: 4M Guanidiniuir isothiocyanate, dissolved in dH,0
25 mM sodium citrate, pH 7.0
0.5% lauroy! sarcosine
0.1 M 2-mercaptoéthanol

200 pi of serum or CSF was ‘nawed on ice and added to 600 ! of chilled GITC
solution. After incubation on ice for 5 min, a 1/10 volume of 3M sodium acetate, pH
5.0 was added and RNA was extracted with 500 p of water-saturated phenot ¢ xd
100 i of chloroform. Nucleic acids were precipitated with isopropanol at -20°C for
a minimum of 1 hour. Centrifugation at 13 000 rpm for 10 min resulted in a pellet that
was then washed 3 times with 70% ethanol. The extracted nucleic acids were dried
at 56°C for 3 min and at 37°C for 5 min. RNA was resuspended in 12 pl of nuclease-
free water and used directly for RT-PCR as described in section 2.4.3.
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2.3 RT-PCR

Two different RT-PCR protocols were used to amplifiy MV-specific nucleic acids.
The first method reverse transcribes viral RNA into cDNA using MV-specific primers
and was used for RNA extracted from MV-infected B95a celis. The second approach
used random hexanucleotide primers for transcription of RNA extracted directly from
clinical samples (sera and CSF's).

2.3.1 Primers for RT-PCR

The primers used for amplification of either the MV H, or partial N genes are
summarised in Table 2.2. Primers were designed using the DNASIS for Windows
software package (Hitachi, versior 2.5).

Table 2.2: Measles virus-specific PCR primers

primer position size sequence ?
E

N1-* 86-103 333 5 CATTACATCAGGATCCGG 3 t

N2~} 402-419 §' GTATTGGTCCGCCTCATC 3 |

N5~ 1030-1053 587 5' GCTATGCCATGGGAGTAGGAGTGG 3 Lo

N8~ 1599-1617 5 GGCCTCTCGCACCTAGTCTAG 8 :

N16~ 988-1017 375 5' TTCAGAACAAGTTCAGTGCAGGATCATACC &'

N17-~ 1332-1363 , 5 GCTCGACTCTGTTTGACCCTCCTATCTTECC 8

N18~ 1235-1264 382 5 TGAGGACAAGATCAGTAGAGCCGGTTGGACC 3

NB- as above as above

Hi-? -10-18 1874 5 GATCGAATTCATGTCACCACAACG 3'

Ha2-? 1837-1864 8 GATCGGATCCCTATCTGCGATIGE 3'

* N: nucleocapsid gene, H: hemagglutinin gene, F: fusion gene

~ :forward orientation, -: reverse orientation
! as described by Rota, P.A., et al., 1995.
2 as described by Rota, J.S., et al., 1994,
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2.3.2 RT-PCR of MV isolates

fdeihod and solutions:

10x PCR buffer;  500mM KCi
100mM Tris-HCI (pH 8.3)
15mM MgCli,

dNTP mix: dATP, dTTP, dCTP, dGTP at a concentration of 10mM each

All solutions, buffers, and enzymes were obtained from Boehringer Mannheim
uniess stated otherwise.

Reverse transcription (RT):

For reverse transcription of RNA into ¢cDNA, 3pl of RNA (2.2.1) was combined with
1 ul of each forward and reverse primer (20 uM), 2 ul of a 10x PCR buffer, 8 pl of
dNTP mix, and an additional 4 | of 25 mM MgCL,. Depending on the fragment to be
amplified, primer pairs used were either N1-N2, N5-N8, or H1-H2 (Table 2.2). For
annealing of the primer to the RNA, the RT mix was heated for 80 sec at 95°C, then
cooled at room temperature for 5 min and placed on ice for a further 5 min. To the
chilled RT mix, 1 yl of AMV-RT (10 U) and 1 il of RNasin (20 U) were added and
incubated for 50 min at 42°C. The RT enzyme was inactivated by heating the mixture
for 5 min at 95°C.

PCR:

" PCR was performed by adding an additional 4 pl of each forward and revarse primer
(as above) to 20ul of cDNA reaction mix, as well as 8 pl of the 10x PCR buffer
described above, 5U of Taq polymerase and dH,O to a final volume of 100 pl.
Cycling conditions were as follows: 95°C for 1 min, 30 cycles of 85 °C for 1 min, 50°C
for 2 min, and 72°C for 2 min. PCR products were visualized on a 1% agarose gel
(2.3.4).

2.3.3 RT-PCR of clinica! samples

Method and solutions:

5x RT buifer; 250 mM Tris-HCI (pH 8.5)
40 mivt MgCl,
150 mM KCl

5mMDTT
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Reverse transcription (R1):

To 12 yl of extracted nucleic acids (2.2.2), 0.2 jug of random hexamer (Ngj primers
(Boehringer Mannheim) were added and incubated at 70°C for 10 min and then
chiiled on ice for § min. To the annealed primer-template mix, 4 pl of 5x RT buffer,
1 pi of dNTP mix and an additional 2 i of 0.1M DTT were added. After incubation
for 10 min at 25°C and for 2 min at 42°C, reverse transcription was initiated by the
addition of 20 U of AMV-RT. Incubation was continued for 50 min followed by the
denaturation of the AMV-RT for 5 min at 85°C.

PCR:

3-5 pl of cDNA were added to a PCR master mix containing 10 ul of 10x PCR buffer,
3 il of 25 mM MgCl,, 3 pl of dNTPmix, 60 pmol of each forward and reverse primer,
and 5 U of Taq polymerase in a total volume of 100 ul. MV-specific primer pairs N16-
N17 and N18-N8 (Table 2.2) amplified two overlapping fragments of the carboxyl-
terminus of the N gene of 375 bp and 384 bp length, respectively. PCR cycling
conditions were as follows; 95°C for 1 min foliowed by 30 cycles of 94°C for 50 sec,
50°C for 1 min, and 72°C for 1min with an acditional 1 sec per cycle and a final
incubation for 5 min at 72°C.10 ui of PCR products were visualized on 1.5% agarose
gals. Where first-round PCR products were poorly visible, a second round PCR was
performed using the above mentioned primers and conditions, and 5-10 pl of the
first-rounid product as template.

2.3.4 Agarose gel electophoresis

Depending on the size of the fragments to be analysed, 10 ! of PCR products were
electrophoresed on 1-2.5% agarose gels containing ethidium bromide at a
concentration of 1ug/ml. Gels were run in 1x TBE (Tris-baric acid-buffer) at 100V for
1-2 h. DNA bands were visualized on a UVP UV transilluminator (UVP, Life Science,
Califomia, USA) and their size estimated by comparison with DNA molecuiar weight
markers (Boehringer Mannheim).

2.4 Sequence analysis

Sequence analysis of the short fragments (456 bp) of the carboxyl-terminus of the
MV N gene was performed manually, directly on PCR-amplified fragments.
Sequences of the entire H gene covering 1874 bp were determined using 2 different
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automated sequencing apparatuses. Sequencing primers are summarised in Table
2.3.

241 Sequencing primers

Table 2.3: Sequencing primers

primer position sequence

N§-* 1030-1053 5' GCTATGCCATGGGAGTAGGAGTGG 3'

N8~ 1617-1589 5 GGCCTCTCGCACCTAGTCTAG 3'

NB~ 1206-1230 § CTTGTTTCAGAGATTGCAATGCAT 3

N17- 1363-1323 5 CCTCGACTCTGTTTGACCCTCCTATCTTCC 3
N7- 1478-1502 §' AGATCCGCAGGACAGTCGAAGGTC 3

H1 -10-18 5 GATCGAATTCATGTCACCACAACG &

H2 1864-1837 5' GATCGGATCCCTATCTGCGATTGG 3

H3- 399-423 5 AGAGATCTCACTTGGTGTATCCAAC 3'

H4- 753-774 5' GTACCGAGTGTTTGAAGTAGG &

H5- 1145-1167 5' TCCAACAGGCGTGTAAGGGTAA 3

H6- 998-1024 5' GCAATCCTGGGTCCCCTTATCAACGG 3
H7- 1023-995 5' CGTTGATAAGGGGACCCAGGATTGCATG 3
* N: nucleocapsid gene, H: hémagglutinin gene

- forward orientation, ~: reverse orientation

2.4.2 Manual sequencing

Method and soiutions:

GTG electrophoresis buffer: 1.78M Tris
0.58M Taurine
10mM EDTA

Manual sequencing of the carboxyl-terminal 456 bp of MV N genes was performed
directly on PCR products. 5 pi of PCR products were pre-treated enzymatically with
1 ui of Exonuclease |, which removes residual single-stranded primers and any
single-stranded DNA products produced during the PCR reaction. Shrimp alkaline
phosphatase (1 ul) was added to remove remaining dNTPs. Annealing of the
sequencing priner to the template, labelling reactions using [°S]-dATP (ICN,
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California, USA) and the termination reactions were set up using the Sequenase
PCR Product Sequencing Kit (Amersham Life Science, Buckinghamshire, UK)
according to the manufacturer's instructions. DNA bands were separated during
denaturing gel electrophoresis on an 8% polyacrylamide gel electrophoresed at
2000 V for 2-8h. The gel mixture as well as the electrophoresis buffer contained
glycerol tolerant gel buffer (GTG). Following electrophoresis, gels where fixed in 5%
acetic acid and 15% methanol to remove urea. The gel was vacuum-dried at 80°C
for 1h and then exposed to Hyperfilm fmax (Amersham) autoradiographic film for
12-36 h.

2.4.3 Automated Sequencing

Sequences of the entire hemagglutinin gene (1874 bp) were determined by
automated sequencing on either an ABI PRISM 377 DNA sequencer (Perkin Elmer,
New Jersey, USA) or on an ALFexpress sequencer (Pharmacia Biotech, Uppsala,
Sweden).

"~ ABI 377 sequencing:

PCR products were purified using CentriStep columns (Princeton Separations, NJ,
USA). Purified PCR products were cycle sequenced using the ABI PRISM Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Roche Molecular
Systems, NJ, USA) according to the manufacturer’s instructions.

ALFexpress sequencing:

The ALFexpress sequencer was used for sequence analysis of vloned H genes
(2.5). Cloned products were sequenced with unlabelled prim. 3 using the Cy5
AutoRead Sequencirig kit with the Cy5-dATP Labelling Mix (Pha, macia) according
to the manufacturer’s instructions.

2.5 Molecular cloning of measies virus H genes

MV H genes were amplified using primers Hi and H2 (Table 2.2). Primer H1
contained a unique recognition site for the restriction enzyme EccRI and H2
contained a uriique BamHl site. PCR products were purified using the Wizard PCR
Preps DNA purification kit (Promega, Madison, USA). 10 ul of the resultant PCR
product was double-digested with EcoRi and BamHi for 3h at 37°C in a total volume
of 20 pl. H genes were ligated into the Bluescript Il SK+/- plasmid (Stratagene,




2. Materials and Methods 43

California, USA), pre-digested with the same restriction enzymes and treated with
calf intestine alkaline phosphatase (Boshringer Mannheim) to prevent self annealing
of the vector by dephosphorylation of the 5' phosphorylated ends. Alternatively,
unpurified PCR amplified H genes were cloned directly into the pre-digested plasmid
pPMOSBIue T-vector (Amersham). Transformation into provided competent cells was
carried out as outlined in the instructions accompanying the cloning kits. LB plates
were coated with 35 il of X-Gal (560 mg/ml) and 20 ul of IPTG (100 miv) 1 h prior to
use. Recombinants were blue/white-screened according to standard procedures and
as described in the kit manual. White colonies were picked from LB agar plates
containing ampicillin (50 pgiml) and tetracycline (15 pg/mi}. White colonies wers
then grown over night (o/N) in 2 ml LB medium and plasmid minipreparations we:«

performed using the Wizard Miniprep kit (Promega). Plasmid DNA's were checked
for the presence of the right insert by double-digestion with BamHl and EcoR| or by
PCR amplification of the H gene insert. Minipreparations containing the MV insert
were inoculated into larger volumes of LB medium and plasmid DNA was isolated
using the QIAGEN Plasmid Maxi kit (Qiagen).Cloned H genes were stored at -70°C
and used mainly for sequence analysis on the ALFexpress automated sequencer
(2.4.3).

2.6 Genetic pre-screening of measles virus strains

The large number of MV isolates that required genetic analysis, demanded the use
of a rapid and reliable pre-screening technique. For this purpose, restriction
fragment length polymorphism (RFLP) and the heteroduplex mobility as=ay (HMA)
were evaluated for use in pre-screenirig analyses of MV isolates.

2.6.1 Heteroduplex mobility assay

For HMA analysis, equal quantities of 2 different PCR-amplified DNA fragments from
areference and a test sample were mixed together in a 10 pl volume, denatured at
95°C for 5 min and reannealed by slow cooling in a 90°C water bath which was left
to cool to room temperature over a period of 45-60 min. The Schwarz vaccine strain
(Rimevayx, Smith Kline & Beecham, T501) served as a reference for heteroduplex
formation with the South African strains to be analysed. Heteroduplexes were
resolvad by non-denaturing gel electrophoresis. Separation of heteroduplexes was
performed at 370V for 5.5 h on a 16 cm gel at constant temperature (40°C) using a
1% mutation detection enhancement (MDE) gel matrix (FMC Bio Products,
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Raockland, USA) in 0.6x TBE-buffer (60 mM Tris, 50 mM boric acid, 1.2 mM EDTA),
15% urea and 2% glycerol. MDE gels were stained for a minimum of 1 h with SYBR-
Green (Molecular Probes Europe BV, Leiden, Netherlands).

2.6.2 Restriction Fragment Length Polymorphism

Several restriction enzymes were selected for RFLP analysis of MV carboxyl-
terminal N genes, which were amplified as described under 2.3.2. A restriction
enzyme table and map was constructed for representatives of the 3 South African
genetic groups with the WDNASIS program (Hitachi, version 2.5).

Methed:

The carboxyl-terminus of MV N genes was amplified using primers M5 and N8
(Table 2.2). PCR products were purified with the QlAquick PCR Purification kit
(Qiagen) according to the manufacturer's instructions. 5-10 pl of purified PCR
product was then digested with 1 ul (10 U) of restriction enzyme, 2 pl of an
appropriate 10x incubation buffer (Promega, Madison, USA) in a total volume of 20
ul for 3 h at 37°C. Fragments were separated cn a 2,5% agarose gel as described
under 2.3.4.

2.7 Antigenic analysis of measles virus H proteins

The antigenic properties of MV H proteins were analysed using two different
approaches, the radicimmuneprecipitation assay and a Western Blot analysis.

2.7.1 Radicimmuneprecipitation assay {RIPA)
Method and soiutions:
starvation medium: methionine-free EMEM

10% dialyzed FCS

10% normal EMEM

NET-BSA: 150 mM NaCl
5mMEDTA
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50 mM Tris-HC! (pH 7.4)
0.5% Nonidet P40
1 pg/mi BSA

Protein G Agarose: Protein G Agarose was washed 3x in NET-BSA prior to use.
The final solution was diluted 1:1 in NET-BSA.

Sample buffer: 1M Tris-HC|, pH 6.8
10% SDS
15% Glycerol
10% 2-Mercaptoetnanol
0.01% Bromophenol Blue

Radiolabelling of cells with **S-methionine:

Viral stocks were inoculated onto B95a monolayer cells in T25 flasks as described
in 2.1 and were incubated until CPE reached ~ 80%. The maintenance medium
(EMEM + 2% FCS) was then removed and the celis washed once with methionine-
free EMEM., Cells were starved of methionine for 1h at 37°C by the addition of 2 ml
of starvation medium. The addition of 10% normal EMEM to this medium aided in the
completion of protein synthesis and post transcriptional modifications. The medium
was aspirated and 2 mi of fresh starvatiors medium together with 100 pCi of 3°8-
methionine (ICN, California, USA) was added and the cells were left o/N at 37°C.
Cells were scraped off gently and pelle ‘ed at 2500 rpm for § min. The supernatant
" was carefully removed with a thin pasteur pipette and the pellet was washed 1x in
chilled PBS.

Immunoprecipitation of H proteins:

The cell pellet was resuspended in 1 ml of NET-BSA and was kept on ice for 20 min.
Cells were pelleted at 13 000 rpm for 5 min and the supernatant (= cytoplasmic
fraction) transferred to a new tube and was either used immediately for precipitation
or was stored at -20°C. Anti-H monoclonal antibodies (diluted in NET-BSA, to yield
a 1:100 diluton in the final volume) were added to the lysates and left to hind to the
antigen for 45 min-on ice. The a-H monoclonal antibedies, CV2, CV4, CV5, V17, B2,
and 366 were kindly provided by Dr. P. Rota (CDC, Atlanta, USA). 30 pi of Protein
G agarose (Boehringer Mannheim) was added and incubated for 2h on ice. Immune
complexes were then centrifuged at 2500 rpm for § min at 4°C and washed 3x in
NET-BSA buffer and 1x in cold PBS. The precipitated antigen/antibody complexes
were resuspended in 50 pl sample buffer and boiled for 5 min. Cell debris was spun
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down at 13 000 rpm for 5 min (4°C) and the supernatant recovered into a fresh tube
and stered at -70°C. Prior to loading onto polyacrylamide gels, samples were again
boiled for 5 min and centrifuged as above,

SEDS-PAGK:
Method and solutions:
10% resolving gel; 4%stacking gel:
26.7 ml Acrylamide/Bisacrylamide (30:0.8) 2mi
30 mi 1M Tris-HCI, pH 8.8 1.9 m} (pH 8.8)
0.8ml 10% SDS 150 ul
- 80% glycerol 1mi
18.5 m! dH,0 9,25 ml
4 mi 1.8% APS 700
20 ul TEMED 20 ¢
10x Laemmli buffer: 0.25M Tris-HCI, pH 8.3
1M Glycine
0.1% SPS

20-30 ul of sample buffer containing the immuno-precipitated H proteins were
loaded on a polyacrylamide gel and run at 50V or for 6-8h at 150V in 1x Laesmmli
huffer. Gels were fixed for 15-30 min in 45% MetOH and 15% acetic acid, soaked
briefly in H,0 and then dried for 1h at 80°C. The dried gel was exposed to a fmax
Hypertilm (Amersham) for 2-3 days.

2.7.2 Western Blot

Protein exiracts:

Virus stocks were inoculated onto B95a monolayers as described above (2.7.1).
When CPE reached ~ 90%, cells were scraped off and pelleted for § min at 2500
rpm. The cell pellet was resuspended in 50 ul of 2% SDS in 0.1M Tris-HC! (pH 6.8)
and passed 20x through a syringe (23 gauge) to homogenize the celis. 5 pi of the
protein extract was diluted in 0.1M NaOH to measure the protein concentration.
Absorptions were determined at 280 nm on the Spectronic 1001 Spectrophotometer
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(Bausch&Lomb). The amount of cell suspension to yield 15 ug of protein was
calculated using the following formula: (0.8/E) x 8 = pl cell extract per lane. E=
extinction.

SDS-PAGE:

Me  Jand solutions:

Tre sfer buffer (pH 8.3). 25 mM Tris
192 mM glycine
0.25% SDS
20% methanol

TBS buffer (pH 7.5). 50 mM Tris
150 mM sodium chioride

TBST buffer: TBS buffer + 0.1% Tween 20

A 10% resolving gel with a 4% stacking gel was run as described above (2.7.1).
After electrophoresis was cornpleted, the gel was equilibrated for 10 min in transfer
buffer. A PVDF membrang (Boehringer Mannheim) was soaked in MetOH for a few
seconds and then submerged in transfer buffer for 5-10 min. Proteins were
transferred onto the PVDF membrane in a Trans-Blot Semi-Dry Electrophoretic
Transfer Cell (Biorad, California, USA) for 1h at 18 V according to the
manufacturer's instructions. To visualize protein bands, the membrane was
reversibly stained in Ponceau S solution (Sigma, St. Louis, USA) and destained in
H,0. The protein molecular weight marker (Gibco BRL) lane was cut off with a
scalpel, stained in amido black solution (Sigma) for 2 min and ther destained (in
10% acetic acid and 15% isopropanol) for 1h. Antibody-specific staining of the
remaining membrane was performed using the BM Chromogenic Western Blotting
Kit (Boehringer Mannheirn) according to accompanying instructions. Briefly, the
membrane was washed twice in TBS and non-specific binding of antibody was
blocked for 30 min in 1% blocking solution. The membrane was then incubated with
the primary monocional antibody diluted 1:1000 in blocking solution. Following
incubation for 30 min the membranes were washed 4x in TBST buffer and secondary
“antibody-conjugate (Anti-mouse lg/anti-rabbit 1gG-AP) added for 30 min at a
concentratior of 800 mU/mi. Membranes were then washed as before. Finally, the
colour reaction was initiated by the addition of 12 mi of chromogenic substrate for
every 10x10 cm membrane and developed for 10-30 min.
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2.8 FACS analysis

Method and solutions:

wash buffer: 0.5% BSA
0.01% NaN,
in PBS

cell fixative: 1.5% formaldehyde
2% BSA

B95a or Vero cells wera grown in 6- or 12-well plates and monolayzrs (90%
confluent) were infected with different dilutions or titres (2.9) of MV stocks, When
CPE reached 50-90%, ceils were gently scraped and pelleted for 5 min at 1500 rpm.
After complete removal of the SN, the cell peliet was washed with 500 ul of wash
buffer. Cells - _re then resuspended in 100 ul of wash buffer and divided into 2
Eppendorf tubes (50 pl each). One aliquot of celis was incubated with 2.5 ul FITC-
labelled mouse-anti-human-CD46 antibody, clone 122-2 (Dakn, Denmark); the
second ane was incubated with a control FITC-conjugated mouse anti-human igG1
antibody (Dako, Denmark). Antibody-cell suspensions were incubated on ice for 30
min, pelleted and resuspended in 200 pi of cell fixative. Fluorescence was analysed
on a FACSort Flow cytometer with a 488 nm argon laser (Becton Dickinson,
California, USA) and the Cellquest™ (version 1.0) software.

2.8 Plaque reduction assay

To determine the titre of MV stocks, a plaque reduction assay was performed. This
technigue has heen used to titrate viruses on various cell lines including Vero cells.
The method below summarises the titration of MV on B95a cells. Timing in this
assay proved to be critical since B95a cells tended to round up and lift off the culture
dish after the 3™ day post infection (p.i.) under the agarose overlay. The identical
protocol, however, worked weil for Vero cells.

Method and solutions:

Overlay medium: 0.5 volume of 2% Sea Plague Agarose, autoclaved (FMC,
Rockland, USA) '
0.5 volume of 2x Hanks minimum essential medium (H-MEM)
5% FCS
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Vero or B95a were seeded into 6-well plates at 2.5 x10° and 3 x10° cells per m,
respectively, and were incubated at 37°C o/N. Monolayers were washed once with
EMEM + 2% FCS and then infected in triplicate with 10-fold serial dilutions of viral
stacks. Dilutions were made in Leibowtiz medium + 5% FCS. Viruses were adsorbed
for 1h at 37°C in a moist chamber. The viruz inoculum was then aspirated and 3ml
of overlay medium added to each well. Plates were kept at 4°C for 15 min for the
agarose to set, then inverted and incubated at 37°C in a moist chamber untii plaques
became visible. Cells were then fixed with 3 ml of 5% formaldehyde in PBS per well
and left at room temperature for 2-4 h. Fixative and agarose were removad and cells
were stained for a minimum of 3 h with 0.1% crystal viclet in 50% EtOH. Plates were
dried at room temperature anwu plagues were enumerated.

2.10 Infection inhibition assay

B95a cells were grown in 8-well plates until they reached 80-90% confluence.
Monolayers were then washed with PBS and incubated with or without mAb against
CD48, clone J4/48 (10 g/ 200 vl per well) (Biodesign International, Kennebunk,
ME) at 4°C for 45-60 min. Viral stocks were added and further processed as
described under 2.8. ‘

2.11 Computer software

All polaroid photographs or gel images printed with the UVP white/ UY
transilluminator (UVP) were scanned with the ScanAce Il (Pacific image
Electronics) scanner and processed using the Adobe Photoshop software package
(version 4.0).

The Phylip inference package, version 3.5¢ (Felsenstein, J., 1985 and 1989) was
used for phylogenetic analysis of sequence data. Large data sets had to be divided
into smaller sets in order to perform bootstrap analysis. Resulfs obtained with the
Phylip program were very similar to those obtained with the ClustalW program
{Thompson et al., 1994).

Sequences were aligned using the WDNASIS for Windows (Hitachi Software
Engeneering, version 2.5). This program was also used for generation of restriction
enzyme maps and for design of PCR primers.
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3. RESULTS

CHAPTER 3.1 MOLECULAR EPIDEMIOLOGY OF SOUTH
AFRICAN MEASLES VIRUS STRAINS -
ANALYSIS OF THE NUCLEOCAPSID GENES

3.1.1 Introduction

The main objectives of this study were (i) to determine the sequence variation
among South African (SA) MV strains, (ii) to estabiish how many distinct genetic
groups are currently circulating in South Africa, (iii) how SA genetic groups compare
to those circulating elsewhere, and (iv) whether a significant genetic drift in SA MV
isolates could be seen over a period of 4 years.

The majority of published sequences have been obtained from MV strains originating
in Europe and the USA. Depending on the criteria used for allocation of MVs into
separate genotypes, 7 to 8 different genotypes have been described to date (Rima,
B.K. et al., 1995b). Several of these appear to be geographically restricted and still
circulating, whereas others seem to be extinct (Rima, B.K. et al., 19953; Rota, P.A.
et al., 1994). The carboxyl-terminus of the MV N gene has been widely used for
genetic characterisation and differentiation of wt, vaccine-like and vaccine strains.
Most sequences published include the COOH-terminal 456 nt or 151 aa. This region
of the genome has the highest variability and nt divergence of up to 12% has been
reported between the most distant genetic groups (Bellini, W.J. and Rota, P.A,,
1898). However, althiough a RNA virus, MV is relatively stable and nt variation for
this region averages around 7-8%.

Molecular surveillance of MV strains in outbreak situations has enabled the
identification of transmission patterns and importation of viruses into countries, as
was demonstrated for a virus strain from the United Kingdom associated with a
rneasles outbreak in the USA in 1989/90 (Rota, P.A. et al., 1994). However, the real
geographical distribution and the question of how many lineages exist in the world
can only be determined by including more sequences from Asia, Australia, and
Africa. Until tis study, the only sequences available from the African continent were
derived from isolates made in Gabon (1983), Cameroon (1984) (Giraudon, P. et al,,
1988; Rota, P.A. et al., 1994) and Gambia (1994) (Rota, J.S. et al., 1996; Outlaw,
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M.C. et al., 1997), which showed little relation to any of the previously described
strains.

The endemic occurrence of MV in South Africa offers an opportunity to study a
greater number of isolates and to monitor the evolution of the virus under
circumstances of relatively low vaccine coverage, a condition which can still be
found in some parts of the country (Dept. of Health, South Africa, 1955).

Simitar studies that have described genetic variations of MV strains are summarised
under 1.4.2 and 1.4.3. This was the first study to investigate the molecular
epidemiology of MV in a scuthern African country. Africa still accounts for the
majority of annual measies infections worldwide. The knowledge of the genetic
properties of the virus circulafing under endemic conditions in Africa can make
valuable contributions towards the goal of eradication of MV in southern Africa and
worldwide. Furthermore, molecular epidemiological surveillance plays an important
role in assessing the success of national or local immunization programs. Since
South Africa is moving forward toward better control and final elimination of the virus
from within it's borders, the knowledge of indigenous genetic groups will enable us
to identify the presence of imported viruses.

3.1.2 Analysis of N gene sequences of measles virus strains
{A) Analysis of recent rieasles virus isolates

To establish the molecular epidemiology of MV in SA, carboxyl-termini of the N
genés of 42 MV's have been sequenced and phylogenetically analysed. Thirty-three
of the 42 strains were isclatzd in tissue culture (2.1.1). The remaining S sequences
were obtained by directly analysing clinical samples such as sera and CSF’s, the
results of which are precented in 3.1.2 (B).

MV specimens: (urine ¢ thioat swab) were isolated on B95a cells as described in
2.1.1, total RNA was sxpaied (2.2.1) and carboxyl-termini of the N genes were
amplified (2.3.2) using grimers N5 and N8 (Table 2.2.1). Fig. 3.1 shows the PCR
amplification products uf selecied MV strains. The amplification of the carboxyl-
terminus of the N ger« resuited in a 589 bp fragment. The figure also shows PCR
products of the full H gz (1874 bp) which will be discussed further in chapter 3.2.
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Fig. 3.1 PCR amplification products of the carboxyl-terminus of the N gene and the fuli H
gene for a selection of South African MV strains.

{(B) Regiunsi origins of MV strains analysed for this study

Fig. 3.2 Sﬁﬁwé; 2 :!D of South Africa with the 9 official provinces. Provinces from
whizh speciimers were obtained for this study are highlighted. Despite substantial
effort to include collection of specimens from all 9 provinces, to date only 4
provinces have participated in the molecular epidemioiogicai measles surveillance
program. The maaiity of specirnens were collected in Gauteng, the province in
which Johannestiury is located. The number of specimens analysed from regions
other than Gauteng toizlled 15, Efforts will continue to include sampling of MV
specimens from more provincas and from neighbouring countries. General
information on all specimens analysed was summarised in Table 2.1.
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Fig. 3.2 Map of South Africa showing the regional origin of specimens analysed for this

study. Provinces from which specimens where obtained for this study are highlighted
and the number of strains analysed for each province is indicated in brackets.
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3.1.2 Analysis of stored sera and cerebrospinal fiuids for molecuiar
epidemiological studies

The analysis of stored sera for retrospective molecular epidemiological studies
provided a powerful tool to investigate strain variation in measles viruses that had
circulated in South Africa up to 20 years ago. For this purpose, a rapid and simple
method for extraction of RNA from stored sera and cerebrospinal fluids (CSF) was
developed (2.2.2 and 2.3.3) (Kreis, S. and Schoub, B.D. et al., 1998).

When used on sera and CSF's that had been frozen for as long as 20 years, this
method proved to be more efficient than established techniques. The extracted RNA
was reverse transcribed into ¢cDNA by using hexamer random primers. The PCR
amplification of the carboxyl-terminus of the nucleocapsid gene (N) was divided into
two overlapping fragments of 375 and 384 bp length, cavering the entire region of
interest. Fig. 3.3 shows amplification products for a selection of analysed sera and
CSF's, Information on clinical samples is provided in Table 3.1.
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Fig. 3.3 PCR amplification prodicts from selecied sei# and CSF's.
The 375 bp fragment resulting from anipliis2.ien with primers N6 and N17 is shown
for 4 specimens collected in 1978. All % primr pairs (NS/NB; NS/N17; N8/18) that
were alteratively used to amplify the caiboxylterminus of the M gene are shown for
a serum (SSPEs/97PE) and a CSF sample (SSPEC/97PE) from the same SSPE

patient.
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Fourteen sera and 3 CSF’s collected in 1978 during clinically confirmed measles
outbreaks in South Africa were selected for extraction of RNA and subsequent
amplification of the carboxyl-terminus of the measles virus N gene. Of the 17
specimens analysed 4 (3 sera and 1 CSF) (24%) resulted in PCR products that were
suitable for direct sequencing analysis (Table 3.1).

Table 3.1  Clinical samples used in this study

name source IgM status  origin ) group
SA 168/78  serum Soweto, SA' i
SA280/78  CSF Soweto, SA [
SA289/78  serum ?, SA i
SA 361/78  serum SA i
Dbn 1/97 serum Durban, SA |

Wdk 28/97 CSF
Wdk 81/97  serum
SSPE/Q7PE? CSF
Jhb1/90 serum

Wincdhoek, Namibia ]
Windhoek, Namibia IH]
G+ Port Elizabeth, SA i
Johannesburg, SA i

FE FF F 000w

" SA: South Africa; ? analysis of a serum sample taken from the same patient (SSPE/97PE) revealed
identical sequences compared 1o the CSF specimen. 3 indicates the SA genetic group to which
specimens belonged determined by sequence and/or HMA anafysis.

Out of a fofal of 8 specimens cotlected in 1997 in Windhoek, Durban and Port
Elizabetls, MV-specific DNA could be amplified from 6 (75%). These specimens wers
included in the study for molecular epidemiological analysis of MV strains collected
in regions other than Johannesburg. As clinical samples suitable for virus isofation
were not available from these locations it appeared useful to obtain sequence data
from RNA extracted from sera or CSF's.
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Where sufficient quantities of serum (4/14) were available, the RNA extraction
method described 2.2.1 (Chomezynski, P. and Sacchi, N., 1987) as well as the RT-
PCR conditions described under 2.3.2 were performed in parallel with the method
described above. Neither of these standard approaches yielded PCR products
suitable for sequencing analysis (data not shown). The method for RNA extraction
and RT-PCR of the carboxyl-terminal 450 bp of the N gene described here proved
to be rapid, relatively simpie, and yielded PCR products that could be used directly
for sequencing analysis.

3.1.4 Phylogenetic analysis of measles virus N gene seguences
(A) Nomenclature of genetic groups

8o far, no general consensus has been reached as to how to describe and
designate MV genetic groups; lineages; genotypes and subgroups. Several studies
have used different systems of designating individual MV strains and the genetic
groups they belong to. We have previously described MV genetic groups in South
Africa (Kreis, S. et al,, 1997) and have used the lefter code to describe MV
genotypes or groups and subgrouips. To acknowledge previously used nomenclature
systems, both the letter and the number code wili be applied here, either of which
will be given in brackets. All MV strains analysed for this study show the year of their
isolation behind the dash. The abbreviations of the names also indicate regional
origin, i.e. Jhb12/95 would be a specimen that was taken in Johannesburg in 1995.

(B) Phylogenetic analysis of South African imeasles virus strains

Sequence information was obtained in most cases by manual sequence analysis
(2.4.2) using sequencing primers N5, N6, N7, N8, N16, and N17 (Table 2.4.1).
Alternatively, full N genes have been cloned for some strains (2.5) and were
subsequently sequenced on the AlLFexpress automated sequencer (2.4.3).
Sequences were analysed phlyogenetically with the maximum likelihood program
(DNAML) of the Phylip package. Filzs that contained more than 40 sequences could
not be bootstrapped as a whole since the temporary files created by such analysis
exceeded the capacity of the computers available. Files were therefore divided into
smaller data sets of max. 40 species containing only few representatives of each
genetic group and bootstrapped using the SEQBOOT program (Phylip). The
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bootstrap intervals obtained for the main nodes ranged between ~80-100% (data rot
shown) and it was therefore assumed that the confidence interval of the genetic
groups was satisfactory. Furthermore, each data set was run using different
programs, such as Neighbor Joining, Kitsch, DNAPARS (parsimony) of the Phylip
package or using the different phlvogeny program ClustalW. All trees generated
showed identical groupings with only minor modifications con the inner nodes (data
not shown). Fig.3.4 shows the phylogenetic analysis for South African MV strains
sequenced so far. Three distinct genetic groups were evident, preliminarily
designated |, ii, and lli. The comparison of these SA groups to previously described
lineages is described below (3.1.5). Scuth £ frican viruses of group | and Il formed
part of previously published genetic groups whereas group {li appeared to form a
distinct and new group.

Group I viruses:

The 4 isolates Jhb2/88, Jhb2/88, Jhb38/35, and Jhb25/86 praved to be closely
related to vaccine strains such as the Edm wi strain and Schwarz (group 1). Although
detailed patients’ histories and information about possible contact to vaccinees was
not available, these strains reflect cases of a measles infection caused by a vaccine-
like virus. The 2 recent isolates in this groug {Jho38/95, and Jhb25/96) were made
from patients that have been hospitalised because of severe symptoms related to
measles. The Jhb38/95 specimen was obtained from a 5 year old male and
Jhb25/96 was obtained from a 10 month old female; immunisation histories were
unknown for both patients. The nt and aa alignments for the 4 strains (Fig. 3.5 and
3.8) illustrate that, except for Jhb25/96, sequences were identical to the Schwarz
vaccine strain. Jhb25/96 carried 2 distinct non-coding nt substitutions. The question
as to whether these strains reflect re-isolated vaccine viruses or wt vaccine-like
viruses will be discussed further below. The 4 isolates of this group were very
homogenous with a maximum nt divergence of only 0.4%.

Group !l viruses:

A second group of South African wt MVs included 6 strains, 3 of which were isolated
on Vero cells between 1986 and 1989 in Johannesburg. These stored viruses were
adapted to B95a cell culture for this study. The 2 isolates from Natal and
Johannesburg (NC1/95 and Jhb4/97, respectively) were the only recent strains that
grouped with lineage Il strains. Another virus, the sequence of which was obtained
from a stored serum sample (SA168/78) (3.1.3) also proved to be related to this
group. This indicates that group It wt viruses have been circulating in the country
since 1978. Although not isolated frequently, these strains seem to represent &
stable genetic group in SA that is either present in only small numbers, or it could
be circulating in higher numbers in other provinces of South Africa or in
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"neighbouring countries that have not been included in the melecular epidemiological
- surveillance program yet. The nt variations of group Il strains isclated between 1986

and 1995 approached 1.1% which reflects the high degree of relatedness of these
viruses. However, nt variation between Jhb1/88 and Jhb4/97 was considerably
higher (2.5%).
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Fig. 3.4 Phylogenetic tree of South African measles virus N genes. _
The dendrogram is unrooted und was generated with the DNAML program (Phylip,
version 3.5).
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The highest nt divergence of 2.7% was detected when comparing Jhb4/97 and
Sa168/(78. Variation rates of SA168/97 compared to the other 4 isolates of this group
reached a maximum of 1.6%

Group /il viruses:

The majority of wt MVs grouped in lineage li. This group seems to be the dominant
genetic group in South Africa. Viruses of this lineage have been circulating in the
country for at least 20 years, illustrated by the fact that the sequence of 3 serum
samples from 1978 also formed part of group Ill. The comparison of South African
N gene seyuences with MV strains isolated elsewhere revealed that a Canadian
virus isolated in 1989 in Montreal was closely related to the SA groun Ill {Fig. 3.7).
The variation on nt level for group Il strains ranged between 0.1- 2.0% However,
when analysing the phylogenetic tree in Fig. 3.4, Wdk28/97 appears to be the most
distinct virus within this group. This was confirmed by calculation of nt differences,
which show values of 1.6- 2.9% between Wdk28/97 and other members of this
lineage.

T3/96 and T5/96 represent sequences cbtained from urine samples that were taken
from a 26 year old male in Johannesburg (T3), who was acutely infected with
measles and from his asymptomatic mother (T5). The mother had a history of natural
measles in her childhood. MV was isolated from T5 in B95a tissue culture after 3
passages. The fact that virus was isolated from an asymptomatic person has, to our
knowledge, not been reported before. Sequences from both the son and the mother
proved to be identical, indicating that the virus isolated from the asymptomatic
mother was indeed the virus that caused infection in the son. Further studies on
these 2 samples are in progress.

{C) Nucleotide and amino acid alignments of South African measles virus
strains

The alignment of the carboxyl-terminal 450 nt for some of the South African strains
is illustrated in Fig.3.5. For reasons of simplicity, only a sefection of 8A MV strains
ie iracribed, representing the 3 different genetic groups currently circulating in
%40 Africa. The strains nat shown in this figure carry very similar nt changes and
@z, apart from few scattered mutations, identical characteristic mutations to the

ones presented here.

The 4 isolates in group | shared one nt substitution at position 313 (T~A), which
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resulted in an aa substitution at position 105 (S-T), identical to the change seen in
the Schwarz vaccine strain (Fig. 3.5). To firmly establish that this nt substifution is
also present in the Schwarz vaccine strain that is used in South Africa, the sequence
was determined again using virus from recent vaccine vialy.. The results indicated
that the current Schwarz vaccine strain exhibited this same substitution, as was
previously described (Rota, J.S. et al., 1994). The sequences of the carboxyl-
terminal 450-nt are identical for the 3 strains Jhb2/88, Jhb2/89, Jhb38/95 and the
Schwarz strain. However, analysis of the full H gene indicated that sequences of
these SA isolates and the Schwarz vaccine strain are not compietely identical, as
will be discussed in chapter 3.2. Apart from the aa substitution described above,
Jhb25/86 carried 2 more silent nt changes, that made this strain clearly different
from Schwarz. This could be seen as an indicator that Jhb25/96 represents a
vaccine-like strain rather than a re-isolatad vaccine strain.

Jroup I wt strains carried several characteristic nt and aa changes (bold leiters,
Figs. 3.5 and 3.6). The mutations at positions 19 (G-A), 253 (G~A), and 321 {C-A)
were distinctive for this group. However, the substitution at position 321 was not
present in SA168/78. The second G-A substitution (nt 253) resulted in an aa
replacement from alanine to threonine (A-T). This change was characteristic to only
this small group of viruses and was not found in any other genetic group described
to date. A double mutation or inversion at position 168, 169 (GA~AG) could be
detected in both SA wt groups (Il and 1ll) and this appeared to mark a common
mutation in almost all genotype D and | strains (groups 2,3,4, and 7).

The vast majority of recent MVs isolates from South Africa group within a distirict
group (lll, Fig.3.4). These isolates displayed more variation at nt and aa levels
relative to the Schwarz vaccine strain than did group |l virus strains, carrying on
average 22 group-specific nt, 20 of which were non-synonymous and 11 which
resuited in the replacement of 1 aa.

Fig. 3.5
10 20 30 40 50

SCH.SEQ 1 AAGGTCAGTT CCACATTGGC ATCTGAACTC GGTATCACTG CCGAGGATGC 5
JHB2-88.SEQ d ottt crenree caeresscss massesssts shmesssersi ssecmacses 50
JHB2-89.SEQ L ottt iteevees temcseacese soeracacas srcsarscses seacsseses 50
JHB25-96,SEQ 1 i i itecenes isecnceses sassresase Teevsecsesss eceacsovas 50
JHB38-95.SEQ L i et iicnee seasresmas sacenceans eavesseses aesssresvn 50
JEB1-86.89EQ b P eBiee cocssncsss sosasomens voensearae 50
JEB1-88.8EQ B Bies taencescee sesersscre saveseevrs 50
JHB4-87,SEQ b Aev cvnmseonse oasssesens sovmmsconn 50
SA168-78.SEQ b I Aee coevrcssre ssssseseve semsecsacs 50
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Fig. 3.8, continued

JHB3-%4 .SEQ T ceesescann &0
JHB12-95.85EQ 1 tecieninen canns ceeaa Tiviennas 50
JHB2-96.SEQ L it seereeeas [N PP 50
JHB33~96.SEQ S ceeee sTeveennss 50
NATALL.SEQ 1 tieereren seceacunae mesttseets whsecteses sasnesenan 50
NATAL10.SEQ N e saecesaaas vescasnees JTaeeiaiis 50
DEN1-97.5EQ T 50
SSPES~27.8EQ L ittt st eiases sreseaiace sasecasiee suassseaan 50
WDK28-97.SEQ S T 50
WrT.91-97.8EQ P 50
8A361~78.8EQ 1 oceteeninns coacen shee seessaeare ssenseters ceves ceaes 50

60 10 80 90 100
SCLi SEQ 51 AAGGCTTGTT TCAGAGATTG CAATGCATAC TACTGAGGAC ARGATCAGTA 100
JHB2-88.5EQ Bl i iieiairen steecncesns mecsccrses sssssstece sasearesan 100
JHB2-89.8SEQ Bl teieetnnes cosrerance trsmieasee sesess ceee srevatsans 100
JHB25-96.5EQ e Bl iiiieiiiie serrasaere sesbesuass ssssbenees asreetvess 100
JHB38~95.8EQ Bl teeeientes srecesiees srrsierate sasesmsasee seveacwise 100
JHB1~86.8EQ Bl teevocscee svescnnnne sossctones nevaasnncs soccancass 100
JHB1-86.SEQ Bl sieeerosan sresssence ertabeesas resecsrars sessaresen 100
JHB4-37.8EQ Bl teueevenie vosaccovne sineneness sGiavecees Guveosane 100
SA168~78.8EQ Bl wevivncons setscnnces seosrsvecses csienvrees sBeceiinns 100
JHB3~94.SEQ 3 S TS < M 100
JHB12-95.5EQ Bl iiieeirann sarrsesaes sestesares ssivssrann s3sesavien 100
JHB2-96.SEQ Bl euevoncsvs esevanenss svsecivens soseesvars oGuaeioien 100
JHB33-96.SEQ Bl ciiiiiaiie seennaans + eereenenne cosrrsnene oGioiaanan 100
NATALL.SEQ Bl tevienanne snsonsssis sesrstanss wesseteene sesessvaes 100
NATAL10.SEQ Bl cevetccnas sasvenasos sensvrasse vevernrsoe +Geeeniaon 100
DBN1-97.SEQ Bl siceenanes senesesBer cvveeniane vesnensons Gevosonnn 100
SSPES-97.8SEQ < I LD 100
WDK28-97, SEQ Bl creeiasrae sveseseses sesriseces ssesesrres seevesovans 100
WDK91-97.SEQ Bl tieirnenes sanevonnes seseransne savesanean sGeveiaann 100
SA361-78.SEQ Bl tesenevens seesravess setessaaes besersress esesesaess 100

il0 120 130 140 150
SCH.SEQ 101 GAGCGGTTGG ACCCAGACAA GCCCAAGTAT- CATTTCTACA CGGUGATCAA 150
JHB2~-88 .SEQ 101 teinncuons ovncsntnes senistenas sesssenens wececieces 150
JHB2~-89.SEQ 101l tieieiunca evensvacie snerosanen sessrevevn seseécenns 150
JHB25-96.SEQ I0L covenounre srensnnsss avassiasas stossssans ssnoacsvns 150
JHB38-95.SEQ B0l ceeevesnne suovonnons morastaass seiaveseas svreesesss 150
JHB1-86.8EQ LOL teerreectes srestnenne sesessases erraresases esvsssccoes 150
JHR1-88.8EQ BOL tiviocione vaveonasns sseestiave ssstsevany wessereess 150
JHB4-97.8EQ 101 civecnvane onovsanisas ovnssiesBr tareceanie ceeecinian 150
SA1668-78.8EQ 201 t it eieiee betessenve caceatasss sveerrrers ssssmsesve 150
JHB3-94.SEQ I0L 4eevennvre avvoonnene snonressGe snaesPiies cveecsinas 150
JliB12-95.SEQ 0 3 R . Y R L 150 E
JHB2-96,8EQ 101 veeneeeCas connsnnone seveenseGe soverBoioes cuvvevoaas 150 T
JHB33-96.5EQ 201 teveneunse soesevanae sesreseass snvesPacee chaceacins 150 *
NATALL.SEQ TOL evvsonewes saunsnoosn sooossvnse neossPocus covaseiiss 150
NATAL1D.SEQ 0 N oS ¢ T R R 150
DBN1-97.SEQ 201 ererseaCot voreonsens envesvoore swoesBiiey coiiiiinns 180
SSPES-97.SEQ 10L covveeaCot aevnvnnnas cvsassnnns servesvnes sesoccsnss 150
WDK28-97.SEQ J0L seevvennse sossoansos sossssasns serervreses ssessescen 150
WDK81-87.SEQ 201 coeeeeeCre veveveenocs sorsencone sasascansi ceeerrrean 150
SA361~78.SEQ 101 veeveveCuor vsorsnvnen sosesasalBe vesnPiiis coneninnns 180
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Fig. 3.5, continued

160 170 180 190 200
SCH.SEQ 151 AGTGAGPATG ASCTACCGAG ATTGGGGGIC AAGGAAGATA GGAGGGTCAA 200
JHB2-88.SEQ 18] ciiniiieee e iiaaaie seseiaaces cresateens seessavaes 200
JHB2-85.8EQ A8l teeeiienet teeetnents cuctcreier sesssnnenr sesvisacss 200
JHB25-96.SEQ . 200
JHB38-95.SEy 151 ..... teece semeaeesrs eebseansee amressesas esasssanes 200
JEB1-86.SEQ b 2 S T T T T PP 200
JriB1-88.SEQ 5 Ny RIS © eecbteviets teseessana 200
JEB4-~87.5EQ IBL .oihiins saeea BB i Cederereen saerreans . 200
SA168-78.SEQ - . 200
JHB3-94.5EQ I8 teenininioe sonees"ABL tecetanser treianiens cavbeiaans 200
JHB12-95.SEQ 151 ciineieies crieer BBy thtriivenr sanccianes sesessaens 200
JHB2-56.SEQ R P Y 200
JHB33-96.SEQ B T 1 O ¢ NN 200
NATALL.SEQ 0 2 R <4 200
NATAL10.SEQ I5L teieeneeces aaassenBAB. tiiiecient crsseaeres sessesasss 200
DBN1-97.8SEQ 1 8 e L 200
SSPES-97.8EQ - L P R L L R R R E T T 200
WDK28-97.8EQ 151 teierncios seassesABe ciiteriats ccsrenaves vessavsane 200
WDK91~37.8EQ I8 cevenvanon sovesedBABe civitannes beisteaine semsrsiran 200
SA361-7b.SEQ 181 crvcnvence seaesasBAG. teitcerens tacensances sreermeane 200

210 220 230 240 250
SCH. SEQ 201 ACAGAGTCGA GGAGAAGCCA GGGAGAGCTA CAGAGARACC GGGCCCAGCA 250
JHB2~-88. SEQ ZOL tereurners sesenemcan sareessene saesaniuni soseecanee 250
JHB2-89.SEQ 201 vrerrenats benueenves sesesienis sbsenaas te eeeeieeans 250
JHB25-96.SEQ 201 evvnevnne seactavase coaevannos omssrsraes seseesiaen 250
JHB3B-95.SEQ 201 ereeroncas seeiane e tvsesenecs smeceveeis saseaeasns 250
JHB1-86.5RQ BOL itenriares setevaanos cesirasens seioonvans oesTuiiion 250
JEB1-88.8RQ 201 covevesrsB vovranenos sovneoncss sedeovenns sesTasanns 250
JHBA4-97.88Q L1} R - S ettt eeeecaenee aebesyeaes AP JARURRN 250
SA168~78B.SEQ 201 ineienea® ceerenenen sesencress cesvesanes sesTarians 250
JHB3-94.SEQ 201 seervereaB vevvenrene sueenannn R - SR RN 250
JHB12~95.5EQ 201 evernersG ceceneaves oreerenins sseeeesBea cadTooaans 250
JHB2-96.SEQ 201 vevnvvenid covenavens sasecanese ssocanaBun oo, Tanus.t 250
JHB33-96.SEQ 201 tiverneoal eoveveneas soceoannee savaeesBae oo Toiiin. 250
NATALL.SEQ 201 sevnereeoB sevvanavee sorcecenas seaaseaBoe ooTaiiian 250
NATAL10.SEQ D01 suvenecnsB sevvnnnaes sensoensni sveosesBGos cooToannnn 250
DBN1-97.SEQ 201 vevnnceeslG snenneeore sensenanie ssevessBuis saiTaeiinn 250
SSPES-97.SEQ 201 ...e.- b eaB tienenecre vanneeaone ssssrenens seaTioiinn 250
WDK28-97.SRQ 201 viveneeooB seeveecons cnevisesne sessessane apoTeiaans 250
WDK91~97.SEQ 201 tirrueeael seenscenee sesasennes saseresBGae vadTe tuun 250
SA361-78.8EQ 201 ceivnonesl snnrnncnce vassnosnes avasessBoe i Toennns 250

260 270 280 290 300
SCH.SEQ 251 GAGCARGTGA TGCGAGAGCT GCCCATCTTC CAACCGGCAC ACCCCTAGAC 300
JHB2-88.3EQ 251 teeqenvess seaseasews csestsesee veseresess sebmeoseeee 300
JHB2-89.SEQ 251 teaceccens cinsenaces sesesesses wesreaeeas eveiscesas 300
JHB25~96.SEQ 251 tiveccccar ssiessenes sresssases sevhfreacs secssseien 300
JHB36-585.8EQ 281 ciaceveses accecsanse semesaeess sesescases msssssesoes 300
JHB1-86.SRQ 281 . uBAieiinie sonrsasnes vasesasres sressPieie siciesnien 300
JHB1-58.SEQ BB R .:Crt cvvecaneci sassuennes sseveBiiis seccssienn 300
JHB4-27.8EQ F- 3T R N « S R Y LR R 300
SA168-78.SEQ 251 vuA ceeee ersscvrree snseaseene sneveBocet ciensienen 300
JHB3~94.8EQ 28] tieneennss sacsscansn vesercessn sevasBicae cieedinnn 300
JHB12-+385.SEQ 251 severenees seccresess sesenvenes srsesPioie cosesniene 300
JHB2~96.SEQ D8] caenesoves esveevases sservecess soessBiiie tueneiinen 300
JHB33-96.8EQ 251 ecvvesBPers seveesases srevsacnas wesssBacee ceee Gl 300
NATALL.SEQ 251 eenrsesenn seaveseres seeenseses ssaseBecie cieueaien 300
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Fig. 3.5, continued -

NATAL10.8EQ
DBN1-97.8EQ
SSPES~97.SEQ
WDK28-97,3EQ
WDK91-97.S23
SA361-78.%EQ

SCH.SEQ
JHB2~-88) SE¢
JHB2-82.SEQ
JHB25-96, SEQ
JHB28-35.SEQ
Jt 286, 8ER
JHE1-88.8%Q
JER4~37.8BR
SA168-78,KEQ
JHB3-94 .SEQ
JHB12-95.SED
JHB2-96.8EQ
JHB33-96, SEQ
NATALL.SEQ
NATAL:0.£8Q
DBN1=97.8EQ
SSPES-97.SEQ
WDK28-97. SEQ

WDKS1-97.2EQ
SA36L-78.5EQ :

SCH.SEQ
JHB2~88.SEQ
JHB2-89.SEQ
JHB25-96 . SEQ
JHB38-95.5EQ
JHBL-86 . SEQ
JHEE1-88.SEQ
JHB4-97.8%
SA168-78.SEQ
JHB3-54.SEQ
JHB12~95.SEQ
JHB2-96. SEQ
JHB33-96.SEQ
NATALL.SEQ
NATAL10.SEQ
DBN1-97.3EQ
SSPES-97.8EQ
WDKZ8~-97.SEQ
WDK91-87,SEQ
SA361~78.SEQ

SCH, SEQ
JHBZ-88. SEQ
JHE2-89.8SEQ
JHB25~96,5EQ
JHB38-93.SEQ
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Fig. 5.3, vontinued

JHB1-86.8SBQ L S Grirene vresoncons o [ 450
JHB1-88.8EQ BOLl et iiens virrrataes sman Gevine covvanaces o Geevvennn 450
JHER4-97.88Q Q01 .c..viiieine o Ao rnree sinn Govorie erenensses onasevaens 450
SA168-~78.8EQ Q02 L iiiiiiees sossenniee sean Bocivs cvennnsens o [ T 450
JHB3-94.5EQ 401 fiiiceiees senenene Te ween GGivee seecnneves o Gieeerans 450
JHB12~85.8EQ - 0 T oen. GG.ous o Tovevesee o Gevernnns 450
JHB2~-96.SEQ 401 Liiiaseens eresnana Te cen GBever encnvrnnne o Geesvenan 450
JHB33~96.5EQ 2 Te vove GGever svevnvarse o [ PO 450
NATALL.SEQ 0L Liiieeient ceseenns TT v eeeBBetey cienonenne o Gosvnvonn 450
NATAL10.SEQ 401 .. .iiieens seerenne Te vunn GGreee eveeesesns snmsonncns 450
DBN1-97.SEQ Q0L wecivannns aovnoens To wenn GGevon o Cervevanae o [ 450
8SSPES~97.SEQ 401 siiined e sireearane aenne GG..A. coviaveves o Gevavoanne 450
WDK28~97.5EQ 4 GG.... . Tevsrenna o Govivennn 450
WDK91-87.8SEQ 401 tiinerrer cevseenaens erue GB.vvv cvnvenncee o Govaoannn 450
SA361~78.SEQ 401 seeianiese secvanne Te aens GGevws o b Giveeanns

Fia. 3.5 Nucleotide alignment of selected measles virus strains representing 3 distinct

viral groups. Nucleotides were aligned using the Wdnasis program, version 2.5
(Hitachi); a dot indicates same residue. SSPES-97= SSPES/PE97. Nucieotide
(nt) 1 of this alignment corresponds to nit 1152 of the full N gene.

The nt substitutions at positions 136 (C~A), 237 (A-G), and 419 (C-T) resuited
in distinct aa changes (L-}, T-A, and T-I, respectively) that were only seen in
group lil. The Canadian isolate Can (1989) is the only strain described so far
that shares the mutations at position 136 and 419 with SA group Hll, as was
described previously {(Kreis, S. et al., 1997). As indicated in Fig. 3.6, aa
replacements at positions 57 (R-G), 81 (P-8), and 96 (G-S) wera common to
both South African wt groups (Il and llf) and other genotype D viruses from
America and Europe (genetic groups 2,3, and 4). Two substitutions at nositions
108 (S~G) and 131 (8-L) were seen in SA group Hil and subgroups D2 (2) and
D4 (3), which represent mainly American strains isolated between 1989 and
1994 (Fig. 3.8). SSPES/PEY7 and Wdk28/97 carried some unique aa changes
that were not shared by any other viruses described in Fig.3.5 and 3.6,
indicating that these 2 viruses were distinct from the common SA groups.
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Fig. 3.6

SCH.AMI
JHB2~-88. AMI
JHB25-96.AML
JHB38-95.AML
JHB2-89 . AMI
JHB1-86 . AMT
JEB1~88.AMI
JEB4A~97.AMI
SA168-78.AML
JHB3~94 AMI
JHB12-95.AMI
JHB2-96.AMI
JHB33-96.AMI
NATALL.AMI
NATAL] 0. AMT
DBN1-97,AMI
$SPES-97.AMI
WDK28~97.AML
WDKS1-97.AMI

SA361~78.AMI

. SCH.AMI

JHB2~-88.AMI

. UHB25~-96.AMI

JHB38-95.AMT
JHB2-89.AMI
JHB1-86.AMI
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Fig. 3.6, continued

DBN1~-87.AMI 1 5 Loceaean. I .R.....D.. 150
SSPES-97.AMI 101 ....un Gee titiienees conennaona Levviwanen Reeuns D.. 150
WDK28-97 .AMI B 2 O Keve Lovieenase Reavso D.. 150
WDK91-97.AMI 10L iieie it teiitiaats teeeraeae Lieevennns o Riaoon D.. 150
SA361-78.AMI 101 ....... Gee tuerececte neenenan Vi Deevoonsns I .R.....D.. 150
Fig. 3.6 Alignment of predicted amino acids for a selection of South African strains

relative to the Schwarz vaccine strain. Aa were aligned using the Wdnasis
software package, version 2.5. SSPES-97= SSPEs/PE97. Aa 1 corresponds to
residue 375 of the full N gene.

The 2 sequences that were obtained from Namibian serum samples (Wdk28/97
and Wdk21/97) strains, as weil. as the SSPE CSF sample (SSPEc/PES7) did
not display the mutation at position 46 (L.~1), which was characteristic for SA
group |il strains, Although quite different from group Ili viruses, upon
phylogenetic analysis Wdk28/97 appears to be still part of this lineage (Figs.
3.4 and 3.7). The sequence that was derived from a 5 year old SSPE patient in
Port Elizabeth (Eastern Cape province) carried 2 distinct aa changes (L-P,
position 93 and T-S, position 97) that have not been detected in other MV
strains from southern Africa. These changes were aiso detected in group 2
strains (D2), which represent strains from the USA (Fig. 3.8). It is not known
whether the SSPE patient had travelled to other countries, but this strain
clearly represents the American lineage of viruses that caused the re-
emergence of MV from 1989 to 1991 in the USA. Viruses belonging to this
group have also been isolated in Japan, the Phillippines, and Micronesia
(Bellini, W.J, and Rota, P.A., 1988).

in summary, 3 distinct genetic groups have been found to exist in SA when
analysing the carboxyi-terminus of the N gene. Four strains had vaccine or
vaccine-like sequences and therefore formed part of genetic group 1 (A). Six
strains, the earliest of which was a virus from 1978, grouped within group D
(groups 2,3, and 4) and appeared to form an individual subgroup. The majority
of analysed specimens proved to be part of a distinct genetic group | (7). The
earliest strains in this group were circulating in South Africa in 1978 and this
group continues to predominate in the country at present. Another strain that
was very similar to group | or 7 viruses was isolated in Montreal, Canada in
1989.

ir’l“
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3.1.5 Phylogenetic analysis of South African measles virus
strains compared to previously described strains

Fig. 3.7 shows the phylogenetic analysis of a selection of SA strains and
strains described previously representing all genetic groups known to date.
This tree also includes viruses that are assumed to be extinct (groups C1, E, F,
and G) since they have not been re-isolated for more than 10 years. However,
for reasons of completeness they were included in this dendrogram. A list of
MV strains shown in this tree, their origin, year of isolation and a brief
description is given in Appendix B.

The genetic group 1 (A) represents a variety of vaccine and vaccine-like
sequences including the 4 SA strains described above.

Group B (6) represents a few African strains from Gabon, Cameroon, Gambia,
and Kenya. No significant relatedness between these strains and the southern
African isolates was evident. Group C2 (5) contains sequences of MV from
numerous European countries such as Germany, Spain, and the UK. and
appears to form a common genetic group in Europe. Group D2 (2) contains US
~American isolates and the SSPE case from SA. This genetic group was
responsible for the resurgence of measies in the USA between 1989 and 1991.
There has been no indigenous transmission of this particular lineage in the
USA since 1993 and this has been shown by continued molecular
epidemiological studies (Bellini, W.J. and Rota, P.A., 1988). Group 3 (D4), in
some studies, is divided into 2 subgroups, 3A and 3B. Only group 3A
representing isclates from the USA and the Namibian strain Wdk91/97 is
presented here. At present, no further molecular epidemiological infermation is
available concerning Namibian MV genetic groups; therefore it cannot be
speculated on as to whether this may be a common lineage in this country.

Most of the recently isolated MVs from northern America, Europe and the
strains from South Africa described here grouped within genotypes D and |
(groups 2,3,4, and 7). These viruses share 3 characteristic amino acid
substitutions (positions 431, 456 and 470), which may indicate a common
evolutionary relationship for the 2 genstic groups. it appears that D and |
represent the dominant genotypes currently circulating in many parts of the
waorld.
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Fig. 3.7 Phylogenetic analysis of South African measles virus strains compared to

strains described previously. The dendrogram is unrooted and was generated
with the DNAML program. Group designations are indicated behind the
brackets. Dotted brackets and italic numbers represent suggested group
designations as discussed below.
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The viruses belonging to group D (2,3, and 4) were divided into 5 subgroups
(Fig. 3.7). However, all subgroup D and the group | (7) viruses from SA and
Canada could also be interpreted to form 1 genotype since they all branch off
from the same central node and this “genotype” could then logically be divided

- 'into 4 subgroups, each of which branches off from one of the 4 inner nodes.
. Suggested alternative designations are shown in italics with brackets in dotted
Jines (Fig. 3:7). To describe group D (2,3, and 4) and group | (7) together as 1

lineage or “genotype” would also be supported by distance analysis of nt and
aa divergence (Table 3.2) which further shows that these groups appear to be
related to each other.

{A). Analysis of cornisensus sequences

Consensus sequences for viral groups that are currently circulating were
generated with the WDNAsis program, the GCG program and partly by
manually determining shared nt and aa changes within genetic groups. Fig. 3.8
shows an alignment of the predicted aa for current lineages. Groups that have
not been re-isolated for more than 10 years were not included in this analysis.

Fig. 3.8
10 20 30 40 50
CON-A 1 XVSSTLASEL GITAEDARLV SEIAMHTTED KISRAVGPRQ AQVSFLHGDQ 50
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CON-A 51 SENELPRLGG KEDRRVKQSR GEARESYRRT GPSRASDARA AHLMGTPLD 100
CON-B1 Bl cevenanees ooboasasen oo Goveees onseccanne on |- 100
CON-B2 Bl verevonans soneemnnes ees Gevroee sosseconns Teverenons 100
CON~C2 51 NuSevueWar oun Meveose seeacnasne svconenene ae P..Du... 100
CON-D2 Bl tevees Gueve wemsncsson enssoneees o Seevrences on P..SM... 100
CON-D3 5l teieen Guove evnen - Srrvesone seass Feuue 100
COoN-~D4 51 Guve eecnnnsacs avmsonsoes o Seenen Buoe coess Seess 100
CON-D5 [ s 100
CON~F 100
CON-H 100
100

CON-I




3.1 Analysis of N genes 70

Fig. 3.8, continued

110 120 130 140 150
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CON~-BY . 101 ....... Fae tecetsncse sevescncas savrasanan o Reoenn D.. 150
CON-B2 I T Ro.a.s D.. 150
CON-C2 A0) i iit tarseieane waeereacana comvescanen o Reveao D.. 150
CON-D2 101 ....... Gie teevnavste vocscocsns Levesnaans Revawn D.. 150
CON-D3 101 ...... S Reannn D.. 150
CON-D4 101 ....... Goa cieecnense semscssaca Loveenanan R....8D 150
COR-D5S e I Reooww D.. 150
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CON-H 2 0 Ve cieeniines Reenns D.. 150
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Fig. 3.8 Alignment of predicted amino acids for consensus sequences representing 11

viral groups or subgroups. A= group 1; B1 and B2= group 6; C2= group 5; D2=
group 2; D3= group 4; D4= group 3; D5 (SA strains, bold) = group ?; F= ?; H=
group 6; | (SA strains+ Can89, bold) = group 7; con= consensus sequence.

All wt groups that have been described to date share 3 aa substitutions at
_positions 31 (K-R), 142 (I-R), and 148 (N-~D) as is shown in Fig. 3.8. The
subgroups within genotype D (D2-D5, or groups 2,3, and 4), as well as the
predominant genetic group in SA (I or 7) have, apart from the changes
mentioned above, 3 additional aa substitutions in common (aa 57, 82, and 96)
which proved that these genetic groups, although circulating in continents and
countries far apart from each other, are indeed related to each other. The aa
substitution at position 459 (A-T), characteristic for D§ viruses, was only
shared by an isolate made in Cameroon (Y22) in 1983. Besides these common
mutations, Fig. 3.8 also demonstrates the relative divergence between the
different genetic groups, each of which carries changes that were group
specific.

Con-H is not a real consensus sequence, because it only represents 1 isolate
(Gam ©1) form Gambia (1991). This strain is related to other African isolates
such as the Gabon and Cameroon strains of group € (B1 and B2). However,
the alignment of the consensus sequences shows that this strain carried 6
unique substitutions that were not shared by any other group of MVs and was
therefore given an individual group designation (Kreis, S. etal., 1997).

. L
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Fig. 3.9 Number of nuclectide and predicted amino acid changes for 11 consensus
sequences.

Fig. 3.9 presents the number of nt and predicied aa changes for each
consensus sequence representing 9 genetic groups. Groups C2 and D2
(groups 5 and 2) both carried the highest number of mutations, 25 nt changes
and 10 aa changes. Fig. 3.2 iliustrates a useful and simple way of preliminarily
assessing a genetic drift that might have occurred in geographically related
groups over time . By comparing the consensus sequences of the 2 SA wt
groups, a considerable difference in the number of mutations was noted. D5
had 15 nt and 7 aa changes, whereas group | (group 7) showed 20 nt and 11
aa changes. Thus, genotype | displayed a greater number of mutations and
may have evoclved from the “earlier” South African viruses in subgroup D5,
signifying a genetic drift. However, the aa substitution at position 85 of the N
gene was characteristic for D5 viruses only. Given that this mutation was not
seen in any of the recent genotype | strains and assuming that a reversion of
this particular mutation did not occur, it is more piausible to consider an
independent evolution for both lineages. When viruses of group | (7) and DS
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that were isclated ov.” a period of 20 were analysed, no significant change in
number and type of mutations was seen over this extended period of time
(Figs. 3.5 and 3.6). Therefore, it can be assumed that no siginificant genetic
drift occurred in those groups. Measles virus is known to be remarkably stabie
over time, a fact which is illustrated by genotype A (1) viruses that have at least
been circulating for 44 years and that do not show many changes over this
period of time.

{B; Distance matrix analysis

The genetic distances betwesn some consensus sequences representing the
most important genetic groups currently circulating is shown in Table 3.2. The
genetic distances at nt and aa levels were calculated using the DNADIST and
PROTDIST programs of the Phlyip package.

Relative to Schwarz, the C2 (5) group displays the highest variability at nt level
(5.5%). The variability in aa between the different genetic groups ranged from
3.7% (B1 or 6) to 6.9% for the group | (7), which included the majority of SA wt
strains. As much as the SA group | (7) viruses showed the highest variability at
aa level relative to Schwarz, the D5 group displayed the least changes of all
groups analysed, followed by other African strains in group B1 and B2 (6) and
by Wdk91/97 (Namibia) which revealed nt divergence rates of only 3.1%.

The highest variability regarding aa changes of all groups was detected
between groups | (7), representing the predominant SA wt group and group C2
(5), which includes mainly European strains but also US American strains from
1994. As mentioned before, SA wt strains of group | (7) revealed a relatively
high level of resemblance to group D2, D4, and D5 (2, and 3) which was
confirmed by the low figures for nt and aa diversity (max. 3.8% for nt, and max.
3.6% for aa). The second SA wt group, D5 has phylogenetically been shown to
group with other group D viruses and this relatedness was also reflected in the
distance matrix analysis. The only 2 strains analysed here that did not group in
wt lineages representing the majority of SA strains (I and D5), wdk91/97 and
SSPEs/PES7 are included in Table 3.2.
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According to the phylogenetic trees and alignments of aa and nt, SSPEs/S7PE
appeared to bealong to group 2 (D2) and this was clearly supported by il.e
distance values. SSPES/PES7 had an identical sequence to the consensus
sequence that was generated for group 2 (D2). The phylogenetic tree (Fig. 3.7)
shows that Wdk91/97 grouped with lineage 3 (D4) viruses aithough it did not
branch off the same node as other members of this group. Wdk91/97 appeared
to have genetic features that could be described as lying somewhat between
groups 3 and 2. The distance analysis for these strains revealed identical nt
values for groups D4, D5, and | (each 2.0%). The aa divergence for the
Namibian virus from SA groups D5 and [ is very low (1.0% and 1.8%,
respectively), whereas values when compared to groups 2 and 3 (D2 and D4,
respectively) were somewhat higher at 2.4% diversity (at aa level). The
distance matrix analysis confirmed the phylogenetic analysis in that groups
closely related to each other in a phylogenstic tree had low values for nt and
aa divergence whereas groups showing littie relation to each other displayed
higher diversity values approaching 8.0% at nt level and 9.0 % at aa level.

3.1.6 Discussion

Molecular epidemiological data on MV in southern African countries has not
been available to date. The present study aimed to establish (i) how many
_ different genetic groups of MV are present in South Africa, (ii) what the genetic
properties of these viral groups are and how they compare to strains isclated
elsewhere. As discussed in 1.4, the knowledge of the molecular epidemiology
of MV is necessary before indigenous and imported viruses can be
distinguished, and this is important in assessing the success of local MV
control and elimination programs. The WHO is moving toward setting goals for
national and global control and the eventual eradication of MV and an
increasing number of countries are investing considerable effort in achieving
this. The estimated number of measles infections each year approaches 45
million with approximately 1 million measles related deaths. Africa, especially
sub-saharan Africa stili accounts for the majerity of these cases. The reduction
and control of measles infections in Africa will therefore be a cornerstone in
achieving the goal of giobal MV eradication. The EPI (Extended Program on
Immunization) in South Africa is currently attempting to reduce the numbers of
measles infections by implementing mass vaccination campaigns and by
improving routine vaccine coverage. An indicator for the continued probiem of
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maintaining a high vaccine coverage is reflected in the large number of
measles infections seen in the country (Schoub, B.D., 1994). Over the past 10
years, an average of 15 000 notifications and 300 deaths per annum have
been reported in South Africa and this is almost certainly an underestimate of
actual cases {(Naidoo, S. and Meyers, K., 1984). However, after the completion
of 2 mass vaccination campaigns in 1996 and 1997, the above numbers of
measles cases are likely to decrease considerably in the near future. The
knowledge of the genetic groups of MV indigenous to South Africa will be an
important means to evaluate the success of MV control programs.
Neighbouring countries stili have endemic levels of the virus and importations
of MV across the borders will continue to occur. [t is not known whether the
genetic groups of MV in neighbouring countries are different to the ones
currentiy circulating in SA. Efforts are currently being made to collect MV
specimens from countries such as Zimbabwe, Namibia, Botswana,
Mozambique and others to establish the molecular epidemiology of MV in the
whole of southern Africa.

To determine strain variation of SA MVs, specimens were coliected from 4
different provinces. Although there are still vast areas remaining in the country
that could not be included in this present study as specimens were not
available, the 87 samples analysed have revealed 3 distinct genetic groups
that are currently in circulation. At this point, it can not be completely ruled out
that more MV groups are present in SA. However, there is exiensive fravelling
from all parts of the country into Johannesburg (Gauteng) mainly for work-
related purposes, and the 82 analysed specimens collected in Gauteng are
fikely to reflect MV from other provinces as well. This is known for NC1/85, a
specimen from Newcastle in the Natal province that was taken from a boy who
contracted the disease in Nata! &nd then travelled to Johannesburg where he
became ill.

Group |

‘Three distinct genetic groups have been found to circulate in South Africa, 1 of
which included 4 vaccine-like strains isolated between 1988 and 1996 (group A
or 1). Three of these 4 isolates had identical carboxyl-terminal N sequences to
the Schwarz vaccine strain. The recent strain, Jhb38/95, was isolated from a
child that was hospitalised with severe measles related symptoms but further
medical history for this patient was not available. The HIV status of these
patients was also unknown and it can not be speculated whether the patients
were immuno-suppressed. It therefore remains unclear why the vaccine strain
caused such severe dlinical sympioms. So far, clinical signs of infection
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following vaccination have been reported to be subclinical, milder and shorter
in duration than those of a natural infection (Osterhaus, A.D. et al., 1984).
Patients' histories for the isolates made in 1988 and 1989 that also belonged to
this group 1 (A) were unfortunately not available. Jhb25/96 displayed a
sequence that differed by 2 nt from the Schwarz vaccine strain. This strain
therefore appeared to be a vaccine-like wt strain ra "er than the vaccine strain.
Substantial numbers of wt isolates of this genotype have not been made since
1971. 1t will be interesting to continue the analysis of MV strains to identify
whether this group 1 (A) is still circuiating more frequently elsewhere. Before
the worldwide infroduction in the 1960s of the potent measles vaccines, this
genetic group was believed to be the predominant genotype in many parts of
the worid (Rima, B.K. et al., 1995a).

Group Il

The wt genetic group 1l (D5) viruses have heen present in the country at least
from 1978 onvsards. Most isolates of this group were made 12 to 20 years ago
and only 2 of the 6 strains were recent (1995 and 1997). There is a possibility
that this group was more frequent in the 1970s and 1980s and that it has been
partly replaced by group lil. Jib4/97 carried 7 additional nt and 4 aa changes
when compared to SA168/78, a strain of the same group that was coliected 19
years earlier. This might indicate an evoliutionary process towards the higher
mutated more recent isofates.

Group i

The third and at present dominant genetic group Il (I or 7) included the
majority of isolates made in South Africa. A total of 87 strains (out of 97) proved
to belong to this group. Twenty-nine of these strains were determined to be
group 11l viruses by sequence analysis of the COOH-terminus of the N gene. A
further 58 strains were grouped by HMA analysis (chapter 3.3). Can, an isolate
made in Canada in 1982 was closely related to the recent South African MVs,
sharing 10 out of 11 aa substitutions. Unfortunately, further sequences of
Canadian isolates were not available, and so it is not reasonable to comment
on possible importation routes of this genetic group. However, the fact that 3
SA strains from 1978 belonged to this group might demonstrate that this
genotype has been longer in circulation in South Africa than in Canada.

Asymptomatic measles infections

T3/96 represented a urine semple that was taken from an acutely infected 26
year old male in Johannespurg who had a history of receiving measies
vaccination at the age of 15 months and 7 years of age. The measles infection
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in this case indicated primary vaccine failure. Primary vaccine failure occurs in
about 5% of vaccine recipients immunized at 15 months of age (Surveillance
Bulietin, 1996; Mathias, R.C. et al., 19838). To determing if this patient was
indeed a case of primary vaccine failure an avidity test was performed on a
serum sample by the diagnostic section of the NIV. Avidity during the first
weeks following primary infection is low and increases with the maturation of
1gG antibodies (Narita, M. et al., 1996). The avidity for T3/96 was low {<30%),
indicating a primary infection in this patient due to primary vaccine failure. This
was also confirmed by a positive IgM ELISA result in this case indicative for &
primary infection (Linnemann, C.C. et al., 1973). The patient’s mother (T5/96)
who had a history of natural measles some 30 years ago was in close contact
with the son during his iliness. A urine sample obtained from the mother
showed typical measles CPE after 3 passages in B95a cells. A throat swab
specimen taken from the same individual, as well as urine and throat swab
samples taken from the father of T3/86, remained negative in tissue culture for
6 passages. MV-specific immunoflucrescence using monoclonal antibodies
against the N protein performed on those samples also gave negative results.
igG and IgM ELISA testing was carried out on serum samples from both
parents showed IgG positivity and avidity vaiues of 49% for the mother and
55% for the serum sample of the father. Both parents were negative for IgM
antibodies.

The fact that MV could be isolated from the urine of an asymptomatic individual
who was in close contact with an acutely infected person has, to our
knowledge, never been reported hefore. However, it has been proposed that
asymptematic individuals can develop secondary immune responses and may
in fact be transiently contagious (Muller, C.P. et al., 1996; Pedersen, |.R. et al.,
1989). The question remains at which frequencies these subclinical or
asymptomatic cases occur as they could present an important source of viral
dissemination in cases where no epidemiological link to an acute case can be
found. Following this result, a study has been set up to include urine, blood,
and throat swab samples from care-givers that had been in close contact with
an individual acutely infected with measles. To date, 4 pairs of infected
individuals and their asymptomatic care-givers have been analysed. Virus
could not be isolated or detected by immunofluorescence on urine or throat
swab samples from the care-givers at any stage, whereas 3 of the 4 infected
children clearly were positive for measies infection.

Sequence analysis revealed that both mother and son had identical carboxyl-
terminal N genes. It can not be excluded at this stage that the aforementioned
MV isolation from an asymptomatic mother was in fact due to a contamination
with the virus from the son. However, great care was taken to strictly separate
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both samples in tissue culture and at any later stage so that a contamination
seemed unlikely. It is questionable whether the viral titres in the mother would
have been sufficient to infect susceptible individuals. Furthermore, no virus
was isolated from the throat swab sample and MV titres in the urine must have
been very low since isolation only occurred after 3 passages in tissue cuiture.
In contrast, MV-positive CPE of samples (either urine or throat swab) from
acutely infected patients generally became evident during the first passagé in
B95a celis (after 1 to 3 days). Further pairs of MV-infected patients and their
asymptomatic care-givers will have to be analysed in order to state whether
this is a commoan phenomenon in South Africa or elsewhere.

Analysis of stored clinica! samples

Worldwide, efforts are being made to reduce the incidence of MV infections.
Some countries in the developed world are moving towards the elimination of
MV from within their borders, or have succeeded in interrupting transmission of
indigenous virus, as has been shown for the USA (Bellini, W.J. and Rota, P.A.,
1998; Rota, J.8. et al., 1996). Nevertheless, most developing countries are only
now beginning to embark on MV control programmes such as mass vaccination
campaigns and strategies to improve routine vaccine coverage. For countries
that currently do not undertake molecular epidemiological surveiliance of MV,
the amplification of the carboxyl-terminus of the N gene form stored clinical
samples using the PCR protocol described in 3.1.3 could be a useful tool in
obtaining retrospective epidemiological data. This would allow for sequence
analysis of the amplified fragments in order to establish the characteristics of
MV strains that have been circulating in that country over time. The knowledge
of the genetic characteristics of MV strains prior to implementation of control
measures and mass vaccination campaigns, is essential for distinguishing
imported from indigenous virus strains. Most techniques reported to date that
aliow for partial amplification of the MV genome from clinical samples such as
sera and CSF's, were used only on fresh samples that had never been frozen,
or the techniques proved to be rather time-consuming (Matsuzono, Y. et al.,
1994). In addition, other methods amplified only conserved regions (Jin, L. et
al., 1996), and resulted in PCR products of less than 200 bp in length
(Nakayama, T. et al, 1995) or required further DNA purification pricr to
sequence analysis (Jin, L. et al., 1996; Nakayama, T. et al., 1985). The methcd
for RNA extraction and RT-PCR of the carboxyl-terminal 450 bp of the N gene
described here proved to be rapid, relatively simple, and yielded PCR products
that could be used directly for sequencing analysis. Apart from the
retrospective analysis of MV using stored material, this technique can further
be used to obtain sequence data from recent sera in situations where
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specimens for virus isolation are not available. The serum and CSF samples
had been stored for 20 vears at -20°C and were likely to have been frozen and
thawed several times due to use of the samples for other studies. Considering
the substantial degradation of RNA that occurs in samples that have been
stored for proionged periods of time and that have been frozen and thawed
numerous times, positive amplification in 24% of cases was satisfying.
However, the extent of RNA degradation did not permit the amplification of
fragments longer than 350-400 bp in most of these samples.

Sequence comparison of different samples from one patient

The CSF and serum samples that were obtained from the same SSPE patient
from the Eastern Cape revealed identical sequences for the carboxyl-terminal
456 nuclectides. Similar results were reporied by Sakaguchi, M et al. (1986)
who found identical sequences for a throat swab and lymphocyte sample from
one patient in Japae. This was the only region of the genome that could be
amplified using the method discussed above. Partial amplification of the M and
H genes were negative. Previous studies have shown extensive mutations in
the M gene and F gene of SSPE MV strains (Wong, T.C. et al., 1991; Cattaneo,
R. et al., 1986; Cattaneo, R. et al,, 1988). Cattan=o, R. et al. (1989) further
showed that the carboxyl-terminus of the N gene also accumulated amino acid
changes which, however, did nct significantly alter the gene product. The
results presented here indicate that the carboxyl-terminal N gene sequence of
a SSPE case revealed a “normal” sequence that did not reflect unusual
hypermutations. This sequence was shown to be closely related to US
American strains that were associated with a sustained measles outbreak in
this country in the late 1980s and early 1990s (Rota, J.S. et al., 1966).

In summary, this chapter presents molecular epidemiological data on South
African measles viruses isolated between 1978 and 1997. The phylogenetic
trees, nt and aa alignments, and distance matrix analysis showed that 2 distinct
wt groups and 1 group of vaccine-like are circulating in the country. A strain
from Namibia, aithough carrying distinct changes, grouped with the majority of
SA MVs. A second MV from Namibia was shown to group with D4 (3) viruses, a
group that mainly represents US American MV isolates. A CSF and serum
sample taken from a SSPE patient in the Eastern Cape province were identical
and were confirmed to be closely related to Chi1, the representative strain of
D2 (2) viruses that were responsible for the resurgence of measles in the USA
between 1989 and 1991. The analysis of consensus sequences for different
genetic groups is a useful way to present genetic comparisons of newly
described strains with the ones known to circulate in other parts of the world.
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CHAPTER 3.2 MOLECULAR  EPIDEMIOLOGY OF
MEASLES VIRUS IN SOUTH AFRICA-
ANALYSIS OF HEMAGGLUTININ GENES

3.2.1 Introduction

The hemagglutinin (H) gene of wt MVs displays a high variability and sequence and
phylogenetic analysis of the full coding region as well as of partial sequences has
been used in numerous studies to differentiate between genetic groups (Rota, J.S.
et al,, 1992; Outlaw, M.C. et al,, 1997; Rima, B.K. et al., 1997). The H gene has
been suggested to uriderg,o more change than other regions of the genome since
the encoded protein is present on the surface of the virus and is therefore likely-to
become exposed to increased immunological pressure (Rota, J.S. et al,, 1992). The
H protein is the major target for inducing neutralizing antibodies. Currently, efforts
are underway to precisely determine the epitopes on the H protein that induce
immune respornises (Rota, P.A. et al., 1995). In this context, knowledge of sequence
diversity within the H gene will contribute to understanding antigenic variations of
the H proteins (summarised in 1.2.1 (B)).

In this study, full codin:- sequences of the H gerie were determined for 21 MV strains
from South Africa, selected in order to represent the 3 genetic groups circulating in
_ the country (3.1). The analysis of H genes was particularly important to establish
whether the 4 group | strains were vaccine or vaccine-like viruses (discussed in
chapter 3.1). Furthermore, this analysis served to confirm the groupings obtained
upon sequence analysis of the N gene. The comparison of H and N gene results for
use in genptyping will be discussed. Additionally, 2 aa residues that have been
suggested *o govern CD46 downregulation (Lecouturier, V. et al., 1996; Bartz, R. et
al., 1996) were specifically noted. A further aa residue (416) will be discussed in
view of an additional glycosylation site that some wt strains contain at this position
(Rota, J.S. et.al,, 1992; Saito, H. et al., 1994). Partial coding sequences of H genes
of several MV from the Gambia and Zambia have recently been published (Outlaw,
M.C. et al., 1997). These will be compared to South African isolates and selected
strains representing other genetic groups.

Group designations in this chapter will be used in order to conform to those used in
chapter 3.1. The full coding sequence of H comprises 1830 nt or 61C aa. For
reasons of simplicity, only a few selected strains were used for the alignment of
predicted aa changes in Fig. 3.12.




3.2 Analysis of H genes

81

3.2.2 Phylogenetic analysis of South African measles virus H genes

Hemagglutinin genes of 21 SA MV isolates were cloned (2.5) and sequenced on
gither ABI 373 or AlLFexpress automated sequencers (2.4.3) in duplicate or in
triplicate. Phylogenetic analysis was performed as described in 3.1.2 (A).
Information on strains is summarised in Table 2.1.

|

Schwarz

Jho2/88
Jhb25/96
Jhb38/95

Edm—wt

|

~————— NC1/95
hb1/88

{:i
‘r N0t0‘1/96
| L Notai7/96

Notai8 /96
— Jhb18/84

]”

Jhb1/89

— Rdpt1/94

— Jhb1/86
Jhb3/96

4‘7 Pta1 /95
! { Jhb3/94
v !—T-— Jhb28/95
[_‘——— Jhb47/96
Jhb20/95
— Jnb36/95
Jhb2 /95

L Jhb73/95

[

i

Fig. 3.10

Phylogenetic analysis of the entire coding region of the H gene for 21 South African
_ measles virus strains. The tree is unrooted and was generated using the DNAML

program {Phylip).
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The phylogenetic analysis on H genes from representatives of the 3 SA genetic
lineages confirmed that 2 wt groups as well as 1 group of vaccine-like viruses (Fig.
3.10) are presently circulating in SA, as was determined by partial sequencing of the
N gene (3.1.2). For 3'of the 6 strains of group il (D5) H sequences were determined.
Once more these viruses proved to belong to a distinct group clearly different from
the majority of SA wt strains in group Ill. The predominant genetic group Il also
includes the H gene sequence of a strain that was isolated on Vero cells in 1984
(Jhb18/84), showing that this group has been circulating in SA for many years. The
coding sequences of H genes from stored clinical samples (2.2.2 and 2.3.3) could
not be analysed since PCR amplification of partial H fragments remained negative
(data not shown). PCR amplification prisducts of H genes for selected MV isolates
were shown in Fig. 3.1. The H sequences of the 4 vaccine-like or vaccine strains
(Jhb1/88, Jhb1(89, Jhb38/95, and Jhb25/98) that have been discussed before were
closely reiated to the vaccine strain Schwarz and the Edmonston wt sequence.
However, the phylogenetic tree in Fig. 3.10 indicates that the H sequences of these
strains were not identical to Schwarz. The question whether these strains represent
the vaccine strain or vaccinge-like wt isolates will be discussed further in view of nt
and aa alignments.

3.2.3 Analysis of H gene sequences from different genetic groups
and comparison of phylogenetic resulis for H and N genes

Fig. 3.11 shows a dendrogram including several South African H sequences and
strains from other parts of the world representing most of the genetic groups known
to date. Although partly different strains were included in this phylogenetic analysis,
the groupings for the strains analysed before (3.1.3) were very similar to the ones
described here. Information on MV that were isolated in countries other than South
Africa is given in Appendix B. The genetic groups and their designations have been
discussed in chapter 3.1. in summary, individual strains that belonged to a certain
genetic group on the basis of N gene sequences grouped with the same lineages
when H genes were analysed. In addition, some recently published strains, for
which corresponding N sequences were not available from the NCBI Genbank, were
included in the H tree.

C2 (5) seems io be the predominant genotype in most parts of Europe. TXS6 was
isolated in the USA but was shown to have been imported from ltaly (Rota, J.S. et
al., 1998). Other isolates like AB93Ger and WTFV were circulating in Gerrnany in
1992 and 1993, respectively. Numerous new strains from groups D and | (2,3,4, and
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7) were analysed as well as additional strains from South Africa that formed part of
the genetic lineage | (7)
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Fig. 3.11 Phylegenetic analysis of H genes.
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Phylogenetic results for H and N genes compared well to each other and it appears
that analysis of either gene can be used for molecular epidemioiogical studies. To
date, there is no evidence for recomtination between MV strains. Thus, simply
because of thie difference in length of the 2 genes, sequencing of the 456 carboxyl-
terminal nt of the N gene would seem easier and mare rapid.

The N gene sequence of the Canadian wt strain (Can) was shown  be closely
related {o the predominant genetic group in South Africa {1 or 7). The analysis of H
genes showed that 2 wt strains from Pakistan (PK89-1, PK89-2) also grouped with
the majority of SA MVs. To date, one 1989 Canadian virus (N gene) and 2 strains
from Paldstan (H genes) also isolated in 1989 were very similar to South African MV
strains of group | (7).

Not included in the N or H phylogenetic trees were wt isolates from China since
sequences were not available at the time of writing. This group of viruses has
recently been reported to be distinct and considerably different from any genetic
group kriown to date (Beliini, W.J. and Rota, P.A., 1998).

{A) Nucleotide diversity between strains from 8 distinct genetic groups

Table 3.3 shows characteristic nt changes that seem to be useful genetic markers
for differentiation of the various viral g:oups. An alternative method to present such
data is to create consensus sequences for each genotype as was presented for the
N gene sequengces in chapter 3.1.

The nt substitutions at position 72 and 129 of the coding region of the H gene
distinguished wt from vaccine and vaccine-like strains (A or 1). Substitutions
characteristic for all group D (D2 (2); D3 (4); D4 (3); D5) and group | (7) viruses were
identified at positions 525, 754, and 1476. The silent mutations at positions 154,
180, 1659, 1701, 1716, and 1818 were specific to lineage |, including SA wt strains
and 2 isolates from Pakistan. A coding substitution at nt 1797 which resulted in the
replacement of valine (V) by glutamate (E) was distinct for both SA wt groups (D5
and 1) as well as for vaccine and vaccine-like strains. This substitution appeared to
be specific to SA MV strains and has not been detected in genetic groups circulating
elsewhere. Table 3.3 also demonstrates that the SA isolate Jhb38/85 (A or 1) carried
5 specific nt changes, each of which was coding for aa replacements. Aithough the
carboxyl-terminal N sequence of this strain was identical to the Schwarz vaccine
strain, the substitutions in the H gene indicate that this sirain indeed was a wt isolate
of group 1 (A) rather than the vaccine strain itself.
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Table 3.3: Characteristic nucleotide substitutions for selected strains of 8
different genetic groups.

Ntno. Sch  Jhb38/95 NC1/95 Jhb3/06 PK8S-1 CAMB3 Thai9d AGR  ILo4  Gamoi aa
(A1 (A (D5) ()T (7 (D2)2 (D43 (D34 (C2)5 (B)S
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Strains that caried most of the group-specific nt substitutions were selected to represent the relevant
genetic groups in this table. This table shows a sefection of nt changes only. Additional and similar
nt substitutions were present in most groups but for reasons of simplicity were not listed.
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(B) Genetic distances

‘The genetic distances between H gene sequences of SA strains corresponded well
with the distances calculated for N gene sequences. South African Group A (1)
viruses differed by a maximum of 0.4% (nt level) between each other. D5 viruses
varied by 1.3%-1.5% when compared to each other, whereas strains from the SA
lineage | (7) appeared to be more closely related with nt divergence rates ranging
between 0.5% and 1.8% and averaging approximately 1%. The isolates from
Pakistan that were closely refated to the majority of SA wt viruses, differed by 2.4%-
3.0% to other group | strains (data not shown). The nt divergence rates for the
representatives of the genetic groups circulating in countries other than South Africa
and Pakistan were also similar to the ones obtained in the distance matrix analysis
of the N gene (Table 3.2).

3.2.4 Analysis of predicted amino acids of the M protein

{A} Alignment of amino acids for strains representing 8 genetic groups

Fig. 3.12 shows an alighment of predicted aa for a selection of MV strains
representing 8 genetic groups.

Fig. 3.12

Sch 1 MSPQRDRINA FYKDNPHOKG SRIVINREHL MIDRPYVLLA VLEVMELSLT 50
Jhb3s/9s B Veeees nseenconess ssecsssnen 50
NC1/95 L it iesudeer wsabeseare ssesanecee sotmssaeer srsssicsas 50
Jhb3/94 L it itenavee amissmares ssesesesme Sesecesress eescasnens 50
PK89=-1H 1 tisiaiacas ssacscbens seesserses sestsssess seensesens 50
Cam83-H L eiacenece setessccas secsrinite smessvesvs siescvesse 50
Thai94 1 i e eeiiess resesrenes wresasiess seescstsrs seesassses 50
Palg3 1 iiecavcas esiesrenes o vestease caeresavas sesescases 50
AGR 1'% teeecaerat sstasseass secsseaces seeassares siresssase 50
1194 1 it escies cedeaveens sreasrrens seatsessas semmecmens 50
Gam91 P Yoo covecennes ooanne Beer seevennans 50
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PK89-1H £ R Y ineineaie noscassces sevsetrnnns soasenssss 100
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e R
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Fig 3.12, continued
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Fig 3.12, continued

AGR 301 e ease eatseecans seseectece sesentasse eamensenns 350
1194 301 N eBieecain vasentreee sevesecaie esanneesFe aeivannans 350
Gam9l . 301 Cteeetniis eeeteesiae setsaceres ssesbessse sessescnyy 350

Sch 351 LSSHRGVIAD NQAKWAVPTT RTDDKLRMET CEQQACKGKI QALCENPEWA 400
Jhb38/95 351 ..... ries Pasteetees messrecsas sesevesies seesasacen 400
NG1/95 351 B & B T L L R L R - T 400
Jhb3/84 351 T T P T T L R, 400
PK89~1H 351 [, e esesieties sescssvrese sesnsisies dnesscenan 400
Cam83-H 351 testettran sesecnsans srsesesnns acvsvereoN coeiaan, 400
Thai%4 351 saF e eeens treaeiteer cerierenas beaseatrae saevsasans 400
Pal93 351 eerameneie aseeccavis seasesenas saveesQeis ceaeenaenn 400
AGR 351 S 400
Il94 351 S S R T T T T TR 400
Gam9l 3as1 Seeesecses eresesveve rasisntues sesesreser ressessons 400

Sch 401 PLKDNRIPSY GVLSVDLSLT VELKIKIASG FGPLITHGSG MDLYKSNHNN 450
Jho38/98 401 T - R T 450
NC1/95 401 Ceeeeeases eessisrese eawresteas seasasreas eeesssesne 450
Jhb3/94 401 cevaesseee eeaereiir visieieres Didceiseat siasreeens 450
PKB9-1H 401 Cabeeesans siesstetens sssesreass sassisesas ssessacens 450
Cam83-H 401 pesevsaons saevedNeune seserrenes snnesescee svaseToone 450
Thaiod 401 cesensnsire sreneNeeis setecarrie waerserees ssisesanen 450
Pal83 401 P R R R 450
AGR 401 et e b enaast sreseseaas sseeeasies sesesnitge sedecceray 450
1194 401 P R I R e 450
Gam9l 401 Cebéemsaces rreemseise sesebrrras arsssseses ssevesevss 450
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PKB89~1H 451 R | D P 500
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Pal93 451 g 500
AGR 451 ebrearane svesanione ssessornes Novvenoner anescnanns 500
194 451 Eevennnaes asnsvanane sonasssssa Noveoosois conennnnss 500
Gam9l 451 tembesresR srnievenne eerevarnes Nevonoroos sanenveass 500

Sch 501 PAEVDGDVKL SSNLVILPQD DLQYVLATYD TSRVEHAVVY YVYSPSRSFS 550
Ohb38/95 501 M vetnamecs Gienavesis sseecasuas sssvacires sessesseas 550
NC1/95 501 B N T R 550
Jhb3/94 501 hesecisaan ssevevares sessaesane ceresessan 550
PK89-1H 501 tasebeaces breveaceas wesuesssen cemeesnane 550
CamB3~-H 501 eeresiesi seeversase sessvrenae [N < T 550
Thaig4 501 eesttacrs sesssersee sessvebers oFreiiiiin canes .o 550
Pale3 501 fdtastetes ssssavrsss sesrsreess Braaevesesr saiesseven 550
AGR 501 iteeceess seeseseses sesssesses bessesisee seessssese 550
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Seressresi erreessees seseieseas 550
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Jhb38/95 551 e eteeees saseceeses sesarasess sessenseE o ciiiiii B 600
NC1/9% 551 iveese Ve veevoneess seesliornes cocsnnvece snecavselE 600
Jhb3/94 551 e teeiiind seseeasnia vessessese sssenseces secsseesaB 600
PK89-1H 551 e eeedeeei esmerescein eenesrasas sreseesses sesseseces 600
Cam83-H 551 e veevense ensesecare sesssseoss seesacines seseseevune 600
Thaidd4 551 e teeeies seesenenss sesssiesne seaessesee seseesssas 600
Pal93 551 v eetenen sesecsinee svestssese dnesebvase sscenseaas 600
AGR 551 e tneeees eeeerensss neseeveves sesesesias assamenans 600
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Fig 3.12, continued

Ti94 551 600
Gamdl §51 600
Sch 601 650
Jhb38/95 601 650
NC1/95 601 650G
Jhb3/94 601 650
PK89~1H 601 650
Cam83-H 601 650
Thaig4 601 650
Paloas 601 650
AGR 601 650
I194 601 650
Gam9l 601 650
Fig. 3.12 Alignment of predicted amino acids from selected strains of 8 genetic groups.

Position 1 corresponds to the first amino acid of the translated mRNA. The major
hydrophobic region is underlined and potential glycosyiation sites are indicated in
italic and bold letters.

Amino acid substitutions at positions 117, 243, 276, and 481 are markers that
distinguish wt from vaccine strains. A Y-H replacement at 252 and a L-W
replacement at 284 were characteristic changes only seen in group D and group |
virus strains.

Group-specific changes for South African D5 viruses only, were located at
residue numbers 211, 285, and 289 (R~L, S-N, and V-L, respectively). Group |
(7) strains shared 3 conserved changes at positions 288 (M-V), 305 (S-A), and
473 (I-V). These changes could be interpreted as unique markers useful for
differentiation between imported and indigenous MV in SA. The aa substitution
V~E (position 600), corresponding to the nt substitution at position 1797
represented a distinct change for SA MV strains of all 3 groups that was not seen
in any other genetic group. On average the primary sequence of the H protem of
these SA group | (7) strains differed by 57 nt and 22 aa from the Schwarz vaccine
strain. D5 strains carried 42 and 16 conserved aa changes when compared to the
vaccine strain.
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{B) Characteristics of South African vaccine and vaccine-like strains

The Schwarz vaccine strain carries characteristic aa substitutions at positions
117 (F-L), 484 (N-T), and 600 (E-V) when compared to the Edmonston wt
strain. Except for the first aa replacement, none of the South African vaccine-like
strains of group 1 (A) showed these changes, but displayed the “original’
residuss that are present in Edmonston. Apart from these mutations, the 2 recent
isolates in group 1, Jhb25/96 and Jhb38/95, carried further non-conserved nt and
aa changes. This clearly indicates that both strains represent wt isolates of group
1 (A), differing on average by 4 nt compared to the Edmonston strain.

The 2 earlier strains, Jhb2/88, and Jhb2/89 had identical COOH-terminal
sequences when compared to Schwarz and apart from the 2 mutations
mentioned above, identical aa relative to the H gene of Schwarz. Therefore,
these earlier isolates are more likely to represent re-isolated vaccine strains.

Nucleotides of SA group 1 (A) viruses were also aligned with vaccine strains
other than Schwarz (Edmonston-derived) and the Edmonston wt strain (data not
shown). CAM70 (Brazif), Len16 (Russia), and Chg47 (China) are vaccine strains
that were derived from wt strains igolated in those countries. The SA group 1 (A)
viruses shared 4 coding nt substitutions with all attenuated vaccine strains
mentioned above. These changes at positions 137 (C-T), 631 (A-G), 1441
(A-T), and 1636 (G-A) seem to be highly conserved among group 1 (A) but were
not present in the Edmonston wt strain (nt position 137 here corresponds to nt
157 in Rota, J.S. et al., 1994). However, the 2 earlier SA isolates in this group
each carried 1 silent nt change, and both recent strains (Jhb38/95, and Jhb25/96)
each shared 3 unique nt changes when compared to other vaccine strains. As
mentioned above, the SA strains had certain characteristics with other vaccine
strains in common. Nevertheless, particularly the 2 recent isolates displayed
several specific nt and aa changes identifving these strains as wt isolates of
genotype 1.

(C) Specific amino acid changes within the H protein

Glycosylation site at residue 416

It has been shown that residue 416 can contain an additional glycosylation site in
some wt strains (Rota, J.S. et al., 1992). This aspartate (D) to asparagine (N)
substitution has been detected in wt isolates from groups D2 (2) and D4 (3) as
well as in the majority of SA wt viruses of group i (7). Only a single strain,
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Natal1/96, did not carry this substitution (data not shown). None of the SA group
A (1) and D5 viruses displayed this additional potential glycosylation site.
Whether this site is utilised in vivo for additional glycosylation is not clear. The
antigenic properties of SA strains related to this aa substitution will be discussed
in more detail in chapter 3.4.

Amino acid changes that govern CD46 downregulation

Two amino acid substitutions in the H protein have been reporied to influence the
ability of certain MV strains to downregulate the cellular receptor CD46
(Lecouturier, V. et al., 1897; Bartz, R. et al., 1897). Table 3.4 summarises the nt
and aa at these positions for representatives of 8 genetic groups and the
theoretical effect that these mutations could have on the possible downregulation
of the CD46 recepior.

Table 3.4 Identification of nucieotide and amino acid changes responsible for
CD46 downregulation in 8 different genetic groups

nt 1352 aa 451 nt 1441 aa 481 possible CD46
downregulation

Sch

Edm

SA-Group | (A)
SA-Group il (D&)
SA-Group I (1, 7)
PK8o-1 (I, 7)
CAMB83 (D2, 2)
Thai94 (D4, 3)
Palg3 (D4, 3)
AGR (D3, 4)
1L.94 (C2, 5)
Gam91 (B, 86)

+ + +
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The aa substitutions at position 451 (valine (V)- glutamate (E)) and 481 (tyrosine
(Y)- asparagine (N)) have been determined for several vaccine and wt strains. It
was . found that valine at residue 451 and tyrosine at residue 481 led to the
downregualtion of CD46, Hel.a cell fusion, and hemadsorption (Lecouturier, V. et
al., 1997). Furthermore, Shibahara, K et al. (1894) showed that B95a MV
isolates that were previously unable to agglutinate AGM-RBC (African Green
Monkey-red blood cells) gained this ability after 20 passages in Vero cells. Two
of the 3 strains investigated acquired the 481 substitution after prolonged
passage in Vero cells.

The V(451) and Y{481) aa that were present in all strains of group 1 (A) have
been shown to induce downregulation of CD46. Most wt isolates investigated in
previous studies carried mutations at position 481 which would theoretically
abrogate the ability to infiuence the expression of CD46 on the cell surface.
South African strains of group 1 (A) showed a downregulating genotype carrying
aa V (451) and Y (481) (Table 3.4). All SA wt isolates of groups D5 and | (7}
shared the valine at 451 with the vaccine strains but carried the Y-N substitution
at residue 481. Thus, the SA wt strains should tiweoretically not be able to
downregulate CD46. The possible effects that the downregulation of CD46 could
have in vivo, are summarised in 1.3. and will be discussed further in chapter 3.5.
The only strain described in Table 3.4 that displayed the V-E substitution at
position 451 was IL94 from group C2 (5). This particular change appeared to be
characteristic for C2 viruses and was not found in strains belonging tc other
genetic groups. The representative strains for the remaining genetic groups
carried the genotypic markers at 451 and 481 identical to the SA wt isolates
" mentioned above.

3.2.5 Phylcgenetic analysis of partial coding sequences of African
measles virus strains

Outlaw, M.C. et al. (1997) have recently described partial coding sequences of
the H gene (1200 nt) for several African MV strains from the Gambia and Zambia.
Two Zambiar strains isolated in 1992 and a selection of Gambian viruses (1994
and 1995) that have been shown to group together were compared to South
African isolates. The only other African sequences described hefore (Gam31,
NY94-H, and several 1983 isolates from Cameroon and Gabon) grouped in
lineage B (6) and did not reveal significant similarities to South African MV strains
(Figs.3.7 and 3.11). Fig. 3.13 shows the phylogenetic analysis for selected
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African viruses and representatives of other genetic groups. Further, 1 strain that
was isolated in the Coventry area in England (1993) was included in this tree.
Outlaw, M.C. and Pringle, C.R. (1995) concluded that this strain represented a wt
isolate closely related to genotype 1 (A) viruses. None of these isolates could be
included in the phylogenetic analysis in Fig. 3.11 which was based on the full
coding region of the H gene, as oniy 1200 nt of the coding sequence of H were
available for the strains described by Outlaw, M. C. et al. (1997) and Outlaw,
M.C. and Pringle, C.R. (1985).

IL94—USA 1 s5(Cc2)

Gams1

’ Gamg4-X914
{"‘q(iam94-xgso 6 (B)
Gam@5-X1247

l

NY94 (Kenya)

Thoi94
3 (D4)
Pole3

Com83H ___| 2(D2)

t e PKBGH-—1

— Jhb28/96
r_L— Jhb2/95 7
—— Rdpt1/94
{ Natai8/96
AGR —1 4(@D®3)
Zam92-A43 | !

Zam92-At

Jhb1/89
: — UK93-077
i E Jhb38/95 1(A)
Jhb25/96

EDM—-WT — —

D5

NC1/85 S

Fig. 3.13 Analysis of partial coding sequences of H for a selection of African strains and
representatives of other genetic groups.
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This phylogenstic tree clearly indicates that the Coventry isolates indeed grouped
with vaccine and vaccine-like viruses in group 1 (A). Two Zambian strains from
1992 (Zam92-A43, Zam92-A11) clustered with South African DS strains. This is
the first time that MV similar to the SA isolates in this group were shown to
circulate in other countries within Africa. In view of these results it would be
interesting to obtain more sequences from southern Africa to investigate whether
this a common lineage in this part of the world. Table 3.5 shows nt and aa
changes of the partial coding sequence of H for 2 Zambian strains and South
African D5 viruses. MV from these 2 couniries shared 10 conserved nf changes
of which 5 were coding for aa replacements. Four of 5 aa changes listed below
were unique to D5 strains only, confirming the genetic similarity between South
African D5 strains and the 2 Zambian isolates from 1992.

Table 3.5 Characteristic nucleotide and amino acid changes in MV strains
from South Africa and Zambia.

Nt # South Africa-D5 Zambia aa
(1988-1995) (1992)

687 G-A + -
854 G-A + L-F
865 G-T + V-L
891 A~G + -
1078 G-A + D-N
1116 A-T - -
1158 - T-C -
1164 - T-C -
1215 C-T + -
1398 A~G + .
1451 C-A - -
1675 A-G + -V
1724 A-T + Q-L
1755 -G + -

+ nucleotide change present; - nucleotide or amino acid substitution absent
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Eighteen west African MV from the Gambia (1994 and 1995) have been
demonsirated to be closely related to each other (Outlaw, M.C. et al., 1997).
Therefore, only 3 of these isolates were selected for the phylogenetic analysis in
Fig. 3.13. The Gambian viruses grouped with other west African strains
described before in lineage B (8). This group includes isolates from Cameroon,
Gabon, and Gambia (1991) as well as a strain that was imported into the USA
from Kenya (NY94) (Rota, J.S. et al., 1996). The Gambian isolates shown in Fig.
3.13 appeared to be more closely related to this Kenyan virus than to another
strain that was isolated in this country 3 or 4 years earlier. It seems plausible to
assume that more genetic groups will be found as more isolates from other
African countries will become available.

3.2.-6 Discussion

Groupings of South African MV sfrains established on the basis of H gene
sequences confirmed the results based on the carboxyl-terminal N gene
sequences. Two distinct genetic groups of wt MV and one group of vaccine-like
strains were identified and have been discussed before.

Measles virus genelic groups in South Africa:

The 2 recent SA vaccine-like strains were demonstrated to be wt isolates of
group 1 (A) which includes vaccine and vaccine-like sequences from different
parts of the world. Jnb25/96 and Jhb38/95 carried 4 and 5 different coding nt
changes relative to the Schwarz vaccine strain that has been used in South
Africa for many years. Jhb2/88 and Jhb2/89 however, displayed only 1 nt change.
Patients’ histories for these isolates were not available but there is a possibility
that these early strains (isolated on Vero cells) were in fact derived from the
Schwarz vaccine strain. This single nt change may have been acquired during
replication of the virus in the patients. At this point in time, it is not possible to
establish beyond doubt whether these viruses represent vaccine strains or wt
isolates of group 1. In this context, vaccine-like wt strains have recently been
isclated in England (Outlaw, M.C. and Pringle, C.R., 1885). One strain from the
Coventry area revealed 1 coding nt change only when compared to the MMR
vaccine. Another 4 viruses from this area were also shown to be vaccine-related
although a premature termination signal at residue number 583 in these strains
shortened the H protein by 35 aa. Genotype 1 is believed to have been the
predominant genetic group in the world before the widespread introduction of
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measles vaccines. The last wt MV of group 1 (A) was isolated in 1970 (Rima,
B.K. et al., 1997). Almost 30 years later, 9 viruses of this genotype were found to
circulate in South Africa and England. There is a strong possibility that more
group 1 viruses will be identified as more countries participate in routine
mofecuiar surveillance of circulating MV strains.

The ratio of expressed over silent mutations within the 2 South African wt groups
D5 and |, was 0.35 and 0.38, respectively. Both ratios are indicative of random
drift rather than a direct genetic drift due to immunological pressure. Evolutionary
rates for South African MV were extremely low. The earliest H sequence within
group { was derived from an isolate made in 1984 in Johannesburg. Comparison
of Jhb18/84 to i 2cent SA wt strains revealed only 1 additional nt change in recent
isolates and this equalled a mutation rate of 5.5 x 10° per annum. The
immunological pressure due to high vaccine coverage has been proposed to
possibly drive the evolution of MV (Rima, B.K. st al, 1997), as has been
dernonstrated for influenza A virus which is known to accumulate mutations
under increased immunological pressure (Domingo, E. and Holland, J.J., 1994).
The evolutionary pressure caused by elevated vaccine coverage was certainly
relatively low in African countries as well as in South Africa. The coverage rates
for South Africa over the past 10 years averaged 76% for the first dose and 63%
for individuals who have received a second dose of vaccine (Epidemiological
Comments, 1995). Thus, it is reasonable to assume that MV isolated in Africa are
likely to display an even higher degree of gerietic stability than viruses from
developed countries. This has been reported before for African strains (NY24-H
from Kenya and Cameroon strains from 1983) that were isclated in 1983 and
1994. The 11 year time span between isolations did not show a significant
evolution and nt differences only attained 1.5% over time (Rota, J.S. et al., 1986).

Comparison cf South Airican MV strains with those isolated in other parts of
Airica.

Another recent study by Qutiaw, M.C. et al. (1997) analysed wt strains that were
isolated in the Gambia during 1994 and 1995 as well as 2 isolates from Zambia
(1992). The region analysed (1200 nt) covered the majority of the open reading
frame (ORF) for the external domain of the H protein and wes therefore likely to
represent the majority of significant neutralizing epitopes. Eighteen Gambian
isolates have been shown to group together. Phylogenetic analysis was
performed on a selection of Gambian strains, the 2 Zambian strains in addition to
a selection of South African MV (Fig. 3.13). The Zambian isolates were related to
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group D5 of South African strains. This is interesting since viruses of this group
have only been found to circulate in these 2 southern African countries to date.
D5 is certainly not the predominant genetic group in South Africa at present, but it
could be the major lineage in cther southern African countries from which
individual strains could have been imported into South Africa. Efforts will be
made to obtain more samples from Zambia and other neighbouring countries in
order io establish whether this group is circulating in higher numbers elsewhere.
Previously described African strains from the Gambia (Gam91), Kenya (NY94-H),
Cameroon and Gabon (Rota, J.S. et al., 1996; Giraudon, P. et al., 1988) were
shown to be related to each other and ail belonged to one genetic group (B or 8).
The recently published 1J sequences from the Gambia (1994 and 1895) (Outlaw,
M.C. et al., 1997) proved to cluster together and were closely related to group B
viruses. Although geographically distant, 1994/95 Gambian MV were more
closely related to a Kenyan isolate from 1924 (NY94) and not to the Gambian
strain (Gam91) that was isclated in 1931.

Comparison of phylogenetic groupings on the basis of H and N seguences:

The results for the genetic groupings presented here were based on the entire
coding region of H and compared well with the phylogenetic groupings rbtained
using partial coding sequences of N. No major changes were apparent when
analysing the 2 different genes. However, Rima, B.K. et al. (1997) have noted
that the central nodes in such phylogenetic trees are not well supported in
bootstrap analysis and that changes can occur depending on the data set of
sequences included in the analysis. In this particular study (Rima, B.K et al,
1997}, the only significant changes that were detected when comparing N and H
genes occurred with SSPE strairs. The majority of wt strains from cases of
natural measles remained unchanged. To date, recombination between different
MV strains has iiot been shown to exist and this seems plausible as genetic
groups appear to be restricted to certain geographical areas and the time period
for necessary ro-infection with 2 viruses is very short in natural measies
infections. Thus, it would be easonable to state that either gene, H or N, could
be used for establishing phylogenetic groups of MV,

Genetic groups of measles virus:

The question of how many genotypes currently exist in the world can only be
answered when sequences from more countries, especially from Africa and Asia,
become available, and as soon as clear guidelings as to how to define MV
genetic groups have been agreed upon. Depending on the criteria used for
definition of MV genotypes, generally 8 distinct genetic groups have been
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described to date, most of whict isclose a clear geographic restriction. The
majority of South African wt strains g.ouped in lineage | (7) similar to strains from
Pakistan and 1 Canadian isolate. This group revealed several common changes
with genotype D viruses, which appears to be the predominant genstic group
currently circulating in many parts of the world. Therefore, group | could also be
interpreted as a subgroup within genotype D. The D5 group representing 6 South
African strains as well as 2 Zambian isolates were shown to be even more
closely related to genotype D measles strains, and thus could certainly be
considered as a subgroup within this major genetic group. The nucleotide and
amino acid alignments as well as the analysis of genetic distances supported the
genetic clusters established by phylogenetic analysis, as related groups of
viruses shared certain silent or coding nt substitutions and exhibited low genetic
distance values. This was equally true for analysis of H and N genes.

Additiorial glycosylation site in the H protein -
The D-N aa substitution in some wt strains has been shown to create a new
potential N-linked glycosylation site (Rota, J.S. et al., 1994). The alignment of
predicted aa in Fig. 3.11 demonstrated that viruses in groups D2 (2), D4 (3) and
the South African strains of group | displayed this change, whereas the isolates
from Pakistan, closely related to I, did not carry this substitution. Whether this 6"
glycosylation site is used in vivo and what the relevance of this additional sugar
could be is nx clear at this point in time. However, other morbilliviruses such as
canine distemper virus and rinderpest virus also contain an additional
glycosylation site at or near the one described for MV (Rota, J.8. et al., 1984),
" providing evidence that this phenomenon might indeed have in vivo relevance.

Amino acids responsible for CD46 downregulation

Two amino acid changes at positions 451 and 481 have been proposed to play a
major role in the ability of MV strains to downregulate CD46 (Lecouturier, V. et
al., 1997; Bartz, R. et al., 1997). Both groups used site-directed mutagenesis to
introduce valine (V) at position 451 and tyrosine (Y) at position 481 into
previously non-downregulating measles strains. Apart from cther mutations that
might be of minor importance for a downregulating phenctype, these 2 aa
substitutions were able to clearly induce downregulation of CD46. Apart from this
phenomenon, Lecouturier, V. et al. (1897) further investigated the ability of 2 MV
strains to fuse Hela celis as well as hemadsorpiion patterns, properties that were
also influenced by the 2 mutations mentioned above. Table 3.4 showed the
residues that were present at positions 451 and 481 in a selection of MV strains.
The downregulating genotype .5 « - /acterised by aa V451 and Y481. The
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vaccine strain Schwarz and the Edmonston wt strain as well as viruses related to
group 1 (including 4 South African strains) carried these phenotypic markers (V
and Y). Except for 1L94 (group €2 or 5), all other wt isolates proved to have the
valine residue at 451 but displayed a glutamate (N) at position 481. This change
has been demonstrated fo abrogate fusion of Hela cells as well as the ability to
downreguiate CD46 (Lecouturier, V. et al, 1997). However, Bartz, R, et al.
(1997) have identified several wt strains that contained the N residue at 481
instead of tyrosing (Y). All of these wt strains were initially isolated on Raji or
Hel.a cells. The relevance of these aa substitutions and the ability to
downregulate CD46 of some MV strains will be discussed further in chapter 3.5.



3.3 Genctic screening v 100

CHAPTER 3.3 GENETIC SCREENING OF MEASLES
VIRUS STRAINS

3.3.1 Introduction

Measles virus continues to circulate endemicaily in most parts of Africa as well as
in South Africa. Although the incidence of the disease is believed to have been
markedly reduced by 2 mass vaccination campaigns in 1996 and 1997, an average
of 15 000 notified cases per annum over the past 10 years (1986 to 1996) have been
reported (Epidemioclogical Comments, 1994-1997).

The standard and most commonly used method for determining strain diversity in MV
has been sequence analysis of the carboxyl-terminus of the nucleocapsid gene
(Rota, P.A. et al., 1994; Rima, B.K. et al., 1995a). Nevertheless, the abundance of
circulating wt MV in South Africa and the need to obtain molecular epidemiological
data on multiple specimens in a short period of time demanded a more rapid, less
complex, but still reliable technique to identify strains for further characterisation by
sequence analysis. This study was aimed to adapt and evaluate techniques, other
than sequencirg, allowing for rapid and reproducible pre-screening of MV isolates.
Efforts were concentrated on the Restriction Length Fragment Polymorphism (RFLP)
technique and the Heterodupiex Mobility Assay (HMA).

RFLP analysis relies on the identification of nt changes that destroy a known
restriction enzyme recognition site or create novel recognition sites that can then be
cleaved by selected enzymes. PCR-amplified fragments are digested with a single
or multiple restriction enzyme(s) and the resulting fragments are separated cn
agarose gels. This approach has been successfully used by Mori, T. et al. (1994) to
differentiate between wt and vaccine strains. The technique is easy to perform and
results are generated rapidly. However, it generally depends on the detection of
single mutations only that could alter restriction enzyme recognition. The loss of a
previously present site or the creation of a new restriction site can subsequently be
detected by the ditferences in resulling cleavage fragments on an agarose gel.

The HIMA technique was initially applied to detect deletions and insertions in human
genes {Prior, T.W. et al,, 1993; Soto, D. and Sukumar, S., 1892; Ruano, G. and
Kidd, K.K., 1992) and more recently in time for analysis of genetic relationships
among HIV isolates (Delwart, E.L. et al., 1993; Strunnikova, N. et al,, 1995), The
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technique utilises polymorphic differences in fragment mobility relative to a fragment
of known sequence. To obfain heteroduplex formation, PCR amplified fragments
from known and unknown isolates are mixed together, denatured and then re-
annealed. The resulting heteroduplexes show differences in migration due to the
effects of primary sequence changes forming mismatches which cause bulges in the
ds DNA fragment. The location, type (transition or transversion), the actual number
of mutations and the spacing between mismatches influence the mobility and
migraticn pattern of heteroduplexes in a non-denaturing gel electrophoresis (Lilley,
D.M.J., 1995; Hsieh, C.H. and Griffith, J.D., 1989). Thus, the HMA allows the genetic
screening of unknown DNA fragments in a sequence dependent manner (White,
M.B. et al., 1992).

The HMA proved to be the most useful technique for screening and assigning
individual MV isolates to genetic groups. A total of 97 isolates were genotyped, 47
of which were confirmed to belong to the predicted group by sequence analysis of
either the carboxyl-terminus of the N gene or the entire coding region of the H gene.
The methodology for both RFLP and HMA analysis are described in section 2.6.

3.3.2 RFLP analysis of South African measles virus strains

RFLP analysis has been used previously to genetically characterise MV on the basis
of mutations in the H genes of viruses belonging to different genetic groups (Mori,
T., 1994; Saito, H., et al., 1995). In this study, the carboxyl-terminus of the N gene
was used to characterise South African MV isolates. However, a number of variable
regions of the genome could be used for RFLP. By generating restriction enzyme
maps of the relevant genomic region, restriction patterns unique to a certain genetic
group could easily be identified.

Table 3.5 shows the cleavage patterns for the 3 genetic groups of MV currently
circulating in SA. Consensus sequences were created for these 2 lineages and used
to generate restriction enzyme maps. Con-A includes group 1 viruses that are
related to vaccine strains, Con-D§ included 6 wt strains which are distinct from the
majority of SA strains which belong to Con-l. To confirm the resuits regarding
consensus sequences, original sequences of several isolates were used to
generate restriction maps that were compared to the ones obtained for consensus
sequences. Suitable enzymes for cleavage of the original sequences were mostly
identical to the ones shown here.
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Tabte 3.5 summarises the group-specific fragment sizes that were obtained upon
cleavage of the carboxyi-terminus of the N gene (456 nt) with the listed enzymes.
in addition fo the enzymes mentioned below, further enzymes were identified
resulting in specific fragments that would distinguish 2 or all 3 of the South African
genetic groups. For reasons of simplicity only some of the suitable enzymes are
presented.

Table 3.5  Fragment sizes and cleavage sites within the carboxyl-terminal 456 nt
of the N gene on consensus sequences of 3 South African genctic
groups for selected restriction enzymes.

Enzyme Con-A Con-D5 Con-i differentiates between:
U] (i {1
Bgl il - (456) 441 (15) 441 (15) vaceine versus wt
Dde | - - 41 (41)
83 (83) 83 (83) 83 (42) wt group | versus
364 (281) 364 (281) 364 (281)  vaccine and group
405 (41} 405 (41) 405 (41) DS
(41 (41) (41}
Hae Il 242 (242) - (456) 322(322) ali. groups
- (214) - 375 (53)
(81)
Mspl 239 (239) 239 (239) 239(239) vaccine versus wt
284 (41) - (217) - {217)
(172)

€on: consensys sequence
sizes of resulting fragments are given in brackets behind the location of the cleavage site

Further restriction enzymes that could disunguish between wt and vaccine-iike
viruses of group 1 were Afll and Cfr13l. However, some of the fragments created by

L

e
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these enzymes differed only by several nt between distinct genetic groups so that
it was difficult to visualize the difference in size on a 3% agarose gel. Bg! ], as
shown in Table 3.3, cleaved the carboxyl-terminal 456 nt of the N gene at position
441, This is one example of an enzyme not suitable for routine RFLP analysis since
the differences in size of 15 bp between different groups were difficult to detect on
an agarose gel. Further enzymes for differentiation between group | and group DS
strains were: Avrll, Bbvi, Cfr13l, Nspl, Siyi, and Frm4HI.

Haelll, Asul, Bbvl, and Pali were the only enzymes that could distinguish betwrien
all 3 South African genetic groups. Three of the above mentioned enzymes have
been used to differentiate between wt and vaccine viruses (data not shown) but
Haelll proved to work best because of the sizes of fragments generated after
cieavage.

Fig. 3.14 illustrates the Haelll cleavage fragments for selected strains representing
the 3 genstic groups currently present in South Africa. The vaccine strains Schwarz
and 2 SA wt strains of this group 1 (A) were cleaved into 2 fragments of 214 and 242
bp. In group D5 viruses, the Haelll restriction site was abolished by a C-T mutation
at position 244. Group | viruses too, did not contain this recognition site at 242 but
due to conserved mutations at positions 322 (A-G) and 375 (A-G), 2 new Haelll
restriction sites were created. This particular enzyme proved to be highly suitable
for clear discrimination between 3 viral groups.

Fig. 3.15 shows cleavage results for Msp! digestions. Msp! cleavage differentiated
between wt and vaccine-related strains of group 1. These viruses were cleaved into
3 fragments of 45, 172, and 239 bp in length. Wild-type strains, irrespective whether
they beionged to groups | or D5 were cleaved into 2 fragments of 217 and 239 bp.
This difference in size of the varicus fragments could be visualised on a 3% agarose

gel.
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Fig. 3.14 RFLP analysis of selected strains of 3 distinct genetic groups.
N-carboxyl-terminal fragments were cleaved with Haelll and separated on a 3%
agarose fjel.
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Fig. 3.15 Cleavage of carboxyl-terminal 456 nt of the N gene of representatives from 3 South
African genetic groups. digested with Mspl.
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3.3.3 HMA screening of measles virus

HMA analysis has previously been used to assign HIV, HCV, and Polio viruses to
different groups or clades (Novitsky, V. et al., 1996; Louwagie, J. et al., 1994;
Buanaguro, L. et al., 1995; Delwart, E.L. et al., 1994; Chezzi, C. and Schoub, 8.D.,
1997). In this study, HMA analysis has been applied to the genetic characterisation
of MV isolates belonging to different lineages. The methodology described
previously by Delwart, E. et al. (1994) had to be modified in arder to sensitise the
method for detection of heteroduplex fragments of MV in gel electrophoresis. To find
the optimal conditions for maximum separaiion of hetero- and homoduplex
fragments, several methodologies were tested including different annealing
protocols, different gel matrices and varying electrophoresis conditions. Fig. 3.16
shiows diagrammatically the formation of homo- and hetercduplex bands.

Homoduplex Heteroduplex
(1species) (2 species)

Unknown Ref

(b M sopefrerse d AONAUONNOOOX S
OO0 sovnamed X
T \ C/ A B

Denaturation; 5§ min at 95 oC

Reanealling by a slow
/ cooling step \ Heternduplex 1
G

A Ref T , A Y
DI Famoduons MU0 ¢ ) gy
A A T EBa
Unknown %}3&? sans 8 A
Homoduplex ﬁﬁk c.."-‘:ﬁfﬁ}.kb :’?’i’!ﬁ} =.-‘-q:5£ -
AVESS 3
b
Heteroduplex 2

Non-denaturing gel electraphoresi

Fig. 3.16  Diagram showing the principle of heteroduplex and homoduplex
formation during HMA analysis.
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The conditions described in section 2.6.1 were found to be optimal for pre-screening
of MVs. The MDE gel matrix proved to be superior to polyacrylamide gels (data not
shown), providing a higher resolution needed to detect heteroduplexes formed
between South African MV strains which varied at most by 4.9% in their nucleotide
seguences and the the Schwarz vaccine strain. Best annealing results were
obtained without the addition of annealing buffer and by a very siow cooling step in
a pre-heated water bath.

(A) HMA analysis of South African measles virus strains

Fig. 3.17 shows the heteroduplex formation of South African MV. PCR-amplified
fragments of the carboxyl-terminal 589 nt were first heat-denatured and then
annealed to the corresponding fragment of the Schwarz vaccine strain by a slow
cooling step. Homoduplex bands stained more intensely since they contain double
the amount of DNA compared to the heteroduplex bands (Fig. 3.16).

The isolates analysed by HMA broadly fell inte 3 different banding patterns, 2 of
which indicated distinct heteroduplex formation and 1 pattern which showed the
formation of a homoduplex band only when compared to the Schwarz-homeduplex
control. The 3 patterns were designated group 1 (1 or A), Il (D5) and Il (l or 7).
Lanes 2, 3, and 4 in Fig. 3.17 illustrate the formation of homoduplexes of the 3
strains Jhb2/88, Jhb2/89, and Jhb38/95, respectively when mixed with the Schwarz
vaccine strain, indicating a high seguence homology which was confirmed by
sequence analysis of the H and partial N genes. Group Il was represented by 4 wi
isolates Jhb1/86, Jhb1/88, Jhb1/89, and NC1/95, which have been discussed
previously in section 3.1. The 2 remaining strains belonging to this genetic group
(Jhb4/97 and SA168/78) also revealed the characteristic group 1 migration patterns
(data not shown). The heteroduplex fragments of group Ii viruses and the Schwarz
reference fragment migrated as a single band which vias retarded relative to the
homaduplex control. Group 1il heteroduplexes migrated as typical double bands.

HMA between isolates within the same genetic greup yielded homoduplexes only
(lanes 15, 16 and 17). The degree of nt divergence between the group Il pair
Jhb1/86 and NC1/95 (lane 16) and the group Il pair Jhb29/95 and Jhb73/95 (lane
17) was 1.6% and 2.9%, respectively while the group | pair Jhb2/88 and Jhb2/89
were almost identical to each other. Thus HMA appeared to be only able to detect
divergence greater than 3.0 % when analysing SA MV wt strains. Predicted amino

acids were aligned for SA viruses as was discussed in chapter 3.1.
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Fig. 3.17 HMA analysis of South African measles virus strains

This analysis indicated that group |l MVs carried 3 nt substitutions at positions 18,
253, and 321 (G-A silent, G-A coding, and C-A silent, respectively), which were
characteristic for this group only, The recent lineage of South African wt showed 3
characteristic coding nt substitutions at positions 138 (C-A), 238 (A~G), and 418
(C-T), which were distinct changes for this genetic group | (7). These results
suggest that the changes characteristic for either group might be responsibie for the
formation of specific bulges and kinks in each genotype which subsequently
determine the mobilities of heteroduplex fragments. Aithough the individual isolates
within a genotype differed by scattered mutations throughout the analysed region
of the genome, it appears that only the above mentioned substitutions alter the
camposition of mismatches enough to be detected by HMA analysis.

To determine the effect that a different reference strain would have on migration
patterns of the analysed isolates and to investigate whether the use of a reference
strain other than the Schwarz vaccine strain would allow discrimination between
viruses within 1 of the 2 wt lineages, heteroduplexes were formed between South
African MVs and 2 wild-types from the USA, Chi1 and JK (provided by Dr P.A. Rota,
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CDC). A selection of the group |, Il and 1l viruses were therefore annealed to either
Chi1 or JK. Mobility of heterody;~lexes formed with either of the 2 American strains
was clearly different compared to heteroduplex fragments with the Schwarz vaccine
strain, but confirmed in all cases the established groupings of the examined isolates
(data not shown). Lanes 20 and 21 (Fig. 3.17) show the migrafion patterns of 2
South African wt MV (group Il and group llI) with the American wt strain Chit
(genetic group D2 or 2). Thus, using Chi1 or JK as a reference fragmant, the same
groupings of viruses were obtained, but differentiation between strains belonging to
1 genotype was still not detectable, supporting once more the observation that the
composition of substituticas within 2 fragments of relatively high similarity rather
than the absolute number of changes, influences the mobility of formed
heteroduplexes.

Group Il (7 or )

Sch + Jhb23/96
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Sch + Jhb25/96
Sch + Jhb28/95
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Sch + Natal4/96
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Fig. 3.18 HMA analysis of recent measles virus straing from South Africa.
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Fig. 3.18 prasents further HMA results for MV isolates made in 1996. Most strains
tested in this analysis displayed the double heteraduplex band that was shown to
be characteristic for South African group Il (7) viruses. However, 3 strains from
Natal (Natal 1/96, 4/96, and 12/96) showed a wider spacing between the 2
heterodupley. bands. These strains were therefore sequenced to determine whether
unusual nt changes could be identified that may cause this different migration
pattern. According to sequence and phylogenetic analysis, these 3 Natal strains
clearly bwlonged to group il (I or 7) viruses (Fig. 3.4). However, they carried an
additional C-T mutation at position 420 of the COOH-terminus of the N gens,
adjacent to another C-T replacemerit at position 419 which was present in all other
strains of this genetic group. Sinc= no other significantly different changes were
found, this double mutation at position 419 and 420 must have caused the shift
between the heteroduplex bands.

Clinical samples of which the carboxyl-terminus of N could be amplified in 1
fragment (as discussed in section 3.1.3) were also analysed by HMA. Two further
sera that were collected in 1978 (SA414/78 and SA572/78) reveaied a banding
pattermn identical to group Ili strains and can therefore be grouped with lineage 1 (7)
(data not shown).

A total of 97 samples were analysed by HMA. Four isolates were shown ta belong
to group 1, 6 sirains formed group D5, and the remaining 85 samples proved to be
part of the major genetic lineage in South Africa (I or 7). Two clinical samples from
the Eastern Cape and Windhoek, Namibia were shown to be related to lineages
other than the 3 circulating in South Africa. Table 3.6 summarises genotyping resulits
on all specimens that were analysed for this study.
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Table 3.6  Summary of genetic groupings of measles virus strains analysed by

HMA andfor sequencing
Origin year total Groupt (A) Group D5  Group 7 {I) other
of isol. no. | ] n
?, South Africa 1978 4 - 1 3 -
Johannesburg 1984 1 - - 1 -
1886 1 - 1 - -
1988 2 1 1 - -
1888 2 1 1 - -
1994 3 - - 3 -
1995 51 1 - 50 -
1996 16 1 - 15 -
1997 2 - 1 1 -
Natal 1985 1 - 1 - -
1896 7 - - 7 -
Mpumalanga 1985 3 - - 3 -
Durban 1987 1 - - 1 -
Eastemn Cape 1997 1 - - - 1
Namibia 1997 2 - - 1 1
Total a7 4 6 85 2

{B) HMA analysis of measles viruses from 8 different genetic groups

The HMA has been shown {o be a successful method to reliably distinguish between
MV strains from South Africa that belonged to distinct genetic groups. This study
was underteken to determine whether the HMA could also discriminate between MV
isolated from 9 different countries that were known to belong to 8 distinct lineages.

The practical work for this study was carried out at the Centers for Disease Control
and Prevention (CDC) in Atianta during a study visit in 1997. The reagents and MV
strains that were isolated in countries other than South Africa were kindly provided
by Dr P.A. Roia and J. Rota. Information on these isolates is summarised in Table

3.7.
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Table 3.7:  Measles strains from 8 genetic groups used for HMA analysis

No. Name Country Country Date Genotype
of isolation of origin of isolation
1 Moraten USA USA 1968 1
2 Arg1169 1
3 Jhb25/86°  South Africa - South Africa 1996 1
4 CA1820° UBA 1990 2
5 TX-11988°% USA 1989 2
6 WA:3/14/96" USA Japan 1996 3A
7 MA:1/20/96" USA unknown 19986 3A
8 NM:1/31/85" USA unknown 1995 3B
9 CO1994° 1994 3B
10 NY:3/31/98' USA Austria 1996 4
11 AK:2/16/98" USA unknown 1996 4
12 MN:12/6/95" USA unknown 1995 5
13 NY:4/4/968" USA Germany 1996 5
14 Gambia1086 Gambia Gambia 1991 8
15 Y22 Cameroon Cameroon 1983 6
16 PA:4724/97* 1997 7
17 WA:6/12/95" USA Pakistan 1995 7
18  932/China® China China 8
19  936/China® {China China 8
20 Jhb33/96 South Africa South Africa 1996 7
21 Jhb2/94? South Africa South Africa 1994 7
Ref ! Rota, J'S., personal communication, ? Kreis, S. et al., 1997, *Rota, J.S.etal,

1987, * Rota, P.A. et al.,188 °Xu, W-B., personal communication.

The HMA resuits Jor sélected MV strains from Table 3.7 representing 8 genotypes
are shown in Fiix 2.19. Distinct migration patterns for the hetroduplexes became
evident for the ditferent genotypes and are discussed below. HMA results

corresponded i 51 ¢sses to sequencing resuits and thus confirmed the reliability of
this assay for rupid genotyping of MV isolates.
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Fig. 3.19 HMA analysis of viruses representing 8 different genotypes.

All PCR-amplified fragmenfs of the COOH-terminus of the N gene were annealed
to Morzten, a vaceine strain that has been used in the USA for many years. Lane 1
{Fig. 3%} ~apresents the homoduplex control of the reference strain (Moraten) only.

Lanes 2 and 3 show the migration patterns for 2 vaccine-like strains, When mixed
with the vasnine strain Moraten, the 2 strains Jhb25/96 and Arg1199 (Table 3.7) only
revealed hwnoduplex formation, indicating their ciose relationship to group 1(A)
viruses, whik:it was confirmed by sequence analysis. The remaining lanes in Fig.
3,19 show the diferences in heteroduplex formation and subsequent migration for
2 selected wt isolaies from each genotype (groups 1 to 8). The 2 isolates
representing genotype 2 {ZA 1990 and TX-1989) had identical heteroduplex
formation apart from a non-specific band in TX-1989 which migrated below the
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heteroduplexes (lane 5) . This band most likely represents an unspecific PCR
amplification product that did not interfere with the formation of the group-specific
heteroduplexes. Non-specific bands can easily be identified by comparing specific
heteroduplex bands to the bands present in the homoduplex control for a certain
strain.

Lanas 6 to 9 show that the HMA was able to distinguish subgroups (3A and 3B)
within a genetic lineage. Although the top band of the heteroduplexes for all 4
viruses from this genotype (3) migrated equally, the lower band ran faster in
subgroup 3B resulting in a different spacing between the 2 bands for both
subgroups.

AK:2/16/96 migrated with a single heteroduplex band, whereas NY:3/31/96 showed
a typical double band with the 2 bands migrating closely together (lanes 10, 11). The
nucieotide (nt) alignment for these viruses illustrated that these 2 strains were
identical except for 1 nt change in NY: 3/31/96 at position 169 (A~G) which probably
caused the formation of the double hetercduplex bands (data not shown). Migration
of both isolates was identical apart from this tight second heteroduplex band.

Lanes 14 and 15 show HMA results for African strains from the Gambia and
Cameroon that both revealed a distinct mobility pattern of hetercduplexes. Lanss
16 and 17 represent members of group 7 including WA:6/12/95 from Pakistan. The
relationship of isolates from Pakistan to the South African wt viruses of this group
has been discussed before (chapter 3.2). The HMA migration of this isolate is
identical to 2 SA strains in fanes 20 and 21 illustrating their genetic relatedness.
Group 8 is represented by 2 Chinese viruses (lanes 18, 19) that are very distinct and
do not seem to resemble to any other genetic group (Bellini, W.J. and Rota, P.A,,
1998). 936/China had multiple non-specific bands which made it difficult to detect
the specific heteroduplex band that was seen in 932/China.

In summary, HMA proved to be a suitable technique to reliably determine genetic
groupings of multiple samples within a shert period of time. In order to be able to
assign new isoi.4es accurately to a certain genatic group, representatives of these
lineages would have to be analysed in parallel to serve as reference standards for
each genetic lineage.
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3.3.4 Discussion

_The goal to control and eventually eradicate MV has been pursued by the WHO for

a number of years. Serological as well as molecular epidemiological surveillance
plays a critical role in any attempt to achieve this geal {as discussed in chapter 3.1).
The knowledge of MV genetic groups indigenous o a country will enable us to
establish the geographic origin of viruses associated with residual cases of measles
as successful vaccination programs reduce the incidence of the virus. The standard
rethod for determination of MV strains variations has been sequence analysis of the
carboxyl-terminus of the N gene or the H gene. Particularly in Africa, sequencing
facilities are not commonly available to clinical laboratories. Therefore, there was
a need to develop simple, cost-effective, rapid and reliable techniques to genetically
characterise MV. Using such techniques, researchers or medical personnel in poor
resource settings would be able to rapidly screen a great number of cases and
select samples that need to be sent for further characterisation by sequencing
analysis.

In this study the RFLP and HMA technigues were applied and evaluated to predict
genetic groupings of MV isolates or clinical samples. Analysis was focussed on the
PCR amplified carboxyl-terminal 589 bp of the N gene. It has been shown that this
region is the most variable of the MV genome and tharefore suitable for strain
characterisation (Griffin, D.E. and Bellini, W.J., 1996). Seventy-eight samples,
collected between 1978 and 1997 in South Africa and Namibia were included in this
study. Sequence and phylogenetic analysis performed on 47 of the 78 viruses
confirmed the HMA and RFLP results in all cases.

Overview of screening techniques other than RFLP and HMA:

Apart from the techniques presented here other methiods have been described for
genetic screening or detection of point mutations in heterogencus samples. Single
strand conformation polymorphism (SSCP) or dideoxy fingerprirting (ddF) zouid
have been used alternatively to the HMA. SSCP allows for the detectior of single
base substitutions by denaturation of ds DNA and immediate electrophorasis on &
non-denaturing gel (Spinardi, L. et al., 1991; Orita, M. et al., 1989); similar to RFLF
analysis. The advantage of SSCP over RFLP is that it can detect single baus
substitutions at a variety of positions in DNA fragments. However, e SSCP
technique involves the use of radicactive material and therefore restricts its
application to specialised laboratories iy, The ddF screanirig metncd is a hybrid
between SSCP and Sanger dideoxy saquenicing. It is very afficient but relatively
complex and also uses radioactive isotopes (Blaszyk, H. et al., 1994). RNAse
protection or mismatch assay is one of the earl rereening methods and has been
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used to assess heterogeneity in RNA viruses. RNA is cleaved by Rnase A at a
mismatch site in a RNA probe hybridised to mutant target DNA. This method only
detects 70% of mutations and is demanding as well as it involves considerable
amounts of radioisotopes (Myers, R.M. et al., 1985; Aranda, M.A. et al., 1995). One
of the few non-radioactive screening techniques is the low-stringency single specific
prirner PCR (LSSP). This special PCR application takes advantage of of limited
number of base differences in PCR fragments. By reamplification of the DNA at a
very low annealing temperature (30-40 °C) in the presence of excessive amounts of
a single primer and Taq polymerase, specific gene signatures are generated. The
mode of action lies in the fact that extension of partial hybrids between primer and
template takes place by the thermoresistert enzyme before actual dissociation of the
illegitimate combination between the 2 DNA molgcules. Thus, a novel DNA template
is created in a specific, sequence dependent manner (van Belkum, A., 1985; Pena,
S.D.J. et al., 1994). As part of this study, LSSP was also evaluated for use in MV
genotyping (data not shown). Screening results obtained with LSSP were
dissatisfying, resulting in too many bands on the gel as weil as smear of non-specific
DNA making it difficult to distinguish and read the results. Group-specific differences
in the banding pattern for the MV strains analysed could not clearly be detected.
Further screening techniques have been reviewed by Cotton, R.G.H. (1992).

RFLP analysis:

RFLP analysis of selected MV strains was performed on the carboxyl-terminal 582
bp of the N gene. Previous studies have focussed on partial sequences of the H
gene and were able to distinguish wt from vaccine strains and different types of
hemagglutination types (Mori, T., 1994; Saito, H. et al., 1995). The RFLP method is
easy to perform and, except for PCR facilities, does not require sophisticated
laboratory equipment. Purified PCR fragments were digested with selected
restriction enzymes. Consensus sequences were created for the different genetic
greups and a restriction map was generated on these sequences by the WDNAsis
program. By comparison of the restriction maps for the 3 groups, enzymes that were
suitable for differentiation of lineages could easily be specified. Several restriction
enzymes have been identified for this purpose and werz listed under 3 3.2. Haell!
appeared to be most adequate in distinguishirig between the 3 genetic groups of MV
currently circulating in South Africa, resulting in restriction fragments of a size that
could readily be detected on standard agarose gels (2-3%). The technique is simple,
affordable and produces results rapidiy. However, RFLP analysis can only take
single, previously known nt substitutions into consideration. If a certain mutation has
a heterogenous distribution between individual strains belonging to 1 genetic group,
RFLP can give conflicting and misleading results. Therefore, the selected enzymes
for RFLP analysis should ideally target highly conserved changes within genetic
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groups. However, if only such conserved substitutions are object of the analysis, it
may be difficult to find adequate restriction enzymes that couid cleave at the relevant
site. Thus, it seems that, even though RFLP is a feasible method, the HMA is the
more versatile and rsliable technique for genetic characterisation of MV.

HMA analysis:

Several protocols for HMA have been described for detection of point mutations and
single deletions or insertions in various human genes (Prior, T.W. et al., 1963; Soto,
D. and Sukumar, S., 1892; Wang, Y-H. et al., 1892). Furthermore, the HMA has
been used successfully for discrimination between HIV subtypes and quasispecies
(Delwart, E.L. et al., 1993 and 1994) as well as for differentiation of Polio vaccine-
related and wt viruses (Chezzi, C. and Schoub, B.D., 1897). This simple but efficient
technique relies on sequence differences between an unknown and a reference
sequence that result in mismatched base pairs. The mismatches form bulges and
kinks in the RNA or DNA molecules that are causing an electrophoretic retardation
(Lilley, D.M.J., 1995; White, M.B. et al., 1892). Important criteria for heteroduplex
formation are both the number and the position of mutations within the analysed
region. Gaps formed by unpaired nt have a greater effect on heteroduplex mobility
than simply mismatched nt (Hsieh, C-H. and Griffith, J.D., 1989). Base pairs
neighbouring a mismatch can affect the degree of kinking caused by the unpaired
pair and thus also impact on the resulting mobility (Wang, U-H. and Griffith, J.D.,
1991). Furthermore, it has been shown that purine-bulged bases produce greater
electrophoretic retardation than pyrimidine bases. The simplest explanation for this
phenomenon is that the bulge-induced kinks are relatively static, with the kinking
angle being greater for the purine bases due to their greater size (Wang, U-H. and
Griffith, J.D., 1991). Finally, Bhattacharyya, A.-and Lilley, D.M.J. (1989) have
demonstrated that the type of substitution (transversion/transition), its context and
its position in @ DNA fragment affect mobilities of heteroduplexes. Mutations at the
termini of a fragment generate a greater retardation than those located in the centre.
Thus, the HMA allows for screening of heterogenous fragments in a sequence
dependent manner and- in contrast o RFLP analysis- can reflect the type and
number of all mutations in the electrophoretic migration patterns of the
heteroduplexes.

HMA analysis of South African measles strains:

HMA was performed on 78 samples, 47 of which were confirmed by sequence
analysis. The strains analysed showed 2 distinct heteroduplex migration patterns.
Group | (1 or A) isolates did ot form heteroduplexes but migrated as homodupiex
bands only, when annealed to Schwarz, indicating the close similarity of these
viruses to vaccine strains. Wild-type MV from South Africa fell into 2 HMA groups.
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D5 (group i) viruses showed a single heteroduplex band, whereas group !l (7)
rnigrated with the more typical double band. Although some scattered mutations
were detected when comparing individual strains within a genetic group, they
generally displayed identical heteroduplex mobilities, demonstrating that these
changes did not influence the mobility of heteroduplex fragments. The formation of
distinct migration patterns is rather affected by the majority of specific mutations that
are common to all meinbers of a certain lineage. However, the nt replacement C-T
at position 420 in 3 isclates from Natal caused a shift of the upper heteroduplex
band, as was shown in Fig. 3.18. This mutation was adjacent to another C-T
replacement that was present in all of Sc¢ uth African group | (7) viruses. The double
mutation in the Natal strains could cause a considerable increase in the size of the
bulge at this position and this could certainly affect the retardation of the
heteroduplexes. However, the lower band of the 2 heteroduplexes remained
unchanged and only the upper band was slightly shifted resulting iri @ wider spacing.
This proves that even single point mutations can be detected by HMA if they affect
the composition and size of buiges or kinks. Apart from the Natal isolates, no
difference in mobility of heteroduplex bands could be detected between individual
isolates of the 2 South African wt groups and thus a standard curve could not be
constructed in order to calculate genetic divergence by measuring different
heteroduplex mobilities, as it has been described previously for HIV (Delwart, E.L.
et al., 1994; Strunnikova, N. et al., 1995). The HMA, applied to MV, could clearly
distinguish between viruses grouping in different lineages but failed to discriminate
between viruses of one genetic group. Although the sequences variation within
group Il (D5) and Il (I or 7) could reach up to 2.5%, this did not cause a detectable
shift in mobility, when wt fragments were annealed to the Schwairz N géne fragment.
The reasons for this are several. Firstly, absolute sequence variation between
measies viruses is relatively low, compared to other RNA-viruses or HIV (Delwart,
E.L. etal., 1995) and averages at most 8.0% in the carboxyl-terminus of the N gene.
Geographically restricted MVs from 1 country or region, which group together in a
distinct lineage, vary to an even lesser extent, with an average of 1-2% divergence
in their sequences and thus separation of heteroduplex fragments cannot be as
effective as in HIV, that can differ up to 35% (Buonagurg, L. et al., 1985). Secondly,
deletions and inserticns in the N gene are extremely rare and were not detected in
any of the South African isolates. These types of point mutations create gaps,
leading to the formation of more kinks, which subsequently affect migration patterns
far more than simple substitutions. HMA analysis was also performed on the entire
coding region of the N gene (data not shown) which did not provide sufficient
resolution of heteroduplex fragments. This was probably due to the fact that parts
of the N gene, especially the amino-terminus are very conserved and do not display
a sufficient number of mutations- relative to the total size of the fragment (1683 nt)-
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16 allow for strain differentiation.

HMA analysis of MV strains representing 8 genetic groups:

The feasibility of HMA analysis for differentiation of MV belonging to 8 different
genetic groups was investigated. Results indicated that the HMA is a highiy suitable
technique for reproducible and rapid differentiation between all viruses tested. Even
viruses grouping in different subgroups within a given genotype could be
distinguished in most cases (group 3). Thus, the HMA allows for effective screening
and rapid assignment of unknown isolates to the various genotypes. Furthermore,
pre-screening of multiple specimens from 1 country or from an outbreak using the
HMA can identify simifar strains and out-grouping isolates and thus can help reduce
the amount of sequencing analysis needed for further investigations.
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CHAPTER 3.4 ANTIGENIC PROPERTIES OF SOUTH AFRICAN
MEASLES VIRUS HEMAGGLUTININ PROTEINS

3.4.1 Introductiion

The MV H protein is a type Il transmembrane glycoprotein and its antigenic
properties have been shown to vary between strains from different genetic groups
(Hu, A. stal, 1994; Tamin, A. et al., 1894). Variations affecting efficiency and salt-
dependency of hemagglutination, loss of binding to specific mAb, the molecular
weight of H proteins, and the ability to downreguiate CD46 have all been described
(Saito, H. et al., 1992; Shirodaria, P.V. et al., 1976; Sakata, H. et al., 1993; Rota,
J.S. etal., 1992; Hummel, KB. and Bellini, W.J., 19985; Giraudon, P. and Wild, T.F.,
1985; Bartz, R. et al., 1897). However, a study on wt strains from Africa isolated
between 1983 and 1984 failed to show any antigenic variation of the M protein
compared to the vaccine strains (Giraudon, P. et al., 1988). Spacific mAb against the
MV H protein do not exhibit any cross-reactivity with other members of Paramyxo-
or Morbilliviruses (Sheshberadaran, H. and Norrby, E., 1986) reflecting the
specificity of the various viruses for different hosts and thus for different receptors.
Anti-H mAb have been used in epitope mapping studies to locate the funstional
domains in H and some of these studies have demonstrated that conserved as well
as variable epitopes exist in wt MV strains (Obeid, O.E. et al., 1993; Tamin, A. et al,,
1994; Hu, A. et al., 1993). The construction of chimeras has been employed by
others to investigate and characterise the stability of cross-reactive epitopes in H
(Hummel, K.B. and Bellini, W.J., 1995; Bankamp, B., personal communication). To
date, the questiori remains whether these antigenic differences together with the
potential loss of neutralising epitopes (escape mutants?) might, in the future, render
the current vacciries ineffective.

MV H proteins from various wt and vaccine strains have previously been analysed
with regard to their molecular weight and the differences in antigenic epitopes
(Tamin, A. et al., 1994; Bankamp, B., personal communication; Hummel, K.B. and
Bellini, W.J., 1995; Rota, J.S. et al., 1992). In this study, the electrophoretic mobility
% the H proteins of 10 South African MV strains was investigated by Western Biot
1%/B) (2.7.2) and RIPA analysis (2.7.1). Furthermore, H proteins from 6 South
African isolates were immunoprecipitated with 6 different mAb to determine whether
antigenic epitopes in H differed among SA MV strains.
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3.4.2 Western Bict analysis of MV H proteins

Six South African MV strains were analysed by WB (method discussed in section
2.7.2) and resuits are shown in Fig. 3.20. Total pretein axtracts were obtained from
MV-infected B95a cells. Electrophoresed and blstted H proteins were incubated with
the mAb B2 (kindly provided by Dr P.A. Rota, CDC). This antibody
immunoprecipitates a protein of ~80 kDa and reacts with all MV strains tested so far.
B2 is a positive control antibody that was expected to recognise all H proteins

. tested. Fig.3.20 shows that all isolates representing the 3 SA genetic groups were

recognised by mAb B2 with the expected molecular weight of the H proteins of 80
kDa.
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Fig. 3.20 Western Blot analysis of H proteins from 6 South African MV strains
and the Schwarz vaccine strain with the mAb B2. Uninfected B95a
celis served as a control in lane 1.
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"~ Another 6 wt isolates of group il (I or 7) were also analysed by WB (data not shown)
and revealed identical recognition: and migration patierns as the ones shown above.
WB analysis certainly represents a feasible method to determine the presence of
antigenic epitopes as well as the molecular weight of ceriain proteins. However, the
method that has generally been applied to analyse MV specific epitopes as well as
the sizes of different H proteins, is the RIP assay.

3.4.3 Analysis of South African H proteins by RIPA

Jhb2/89
thb1/89
Jhh1/86
NC1/395
Jhb3/94

Sch

b=

<4—— 80 kDa

B2

Fig. 3.21 mmunoprecipitation of MV H proteins with the mAb B2.
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RIPA analysis involves the precipitation of radio-labelled proteins in solution by
specific antibodies. Precipitated immuno-complexes are then separated by PAGE

_foliowed by the vizualisation of specific complexes by autoradiography. Here, this
method has been applied to visualise MV specific H proteins that were precipitated
Wwith a pane! of mAb. Fig. 3.21 and 3.22 show the RIPA results obtained with the
selected mAb, B2 and CV4 antibody on 6 SA MV strains.

All H proteins tested and shown in Fig. 3.21 appeared to have identical molecular
masses, except for Jhb3/24 . Although there was considerable non-specific binding
in this sample, the upper band in lane 7 is likely to be the H specific band, which
migrates slightly slower compared to other wt strains as well as the Schwarz vaccine
strains. A slightly increased molecular weight has also been shown to exist for
several Japanese wt strains when compared to the Edmonston vaccine strain which
generally has an apparent size of ~73 kDa (Saito, H. et al., 1992) as well as for 2 US
American wt isolates (Rota, J.S. et al., 1992). However, the results shown here
‘indicate that the Schwarz vaccine strain had an identical mulecular weight when
compared to the majority of South African wt strains. There is a possibility that the
lower moiecular weight (~73 kDa) of the Edmonston strain relative to other wt or
vaccine strains strains (~80 kDa) is a particular property of Edmonston only. To
establish whether the increase in weight could be explained by the use of an
additional glycosylation site, the H preteins of several SA MV strains, including
Jhb3/24 were treated with Endoglycosidase F/N-glycosiadse F prior to
electrophoresis (data not shown) as was described previously (Rota, J.S. et al.,
1992: Hu, A. et al., 1993). This enzyme mixture hydrolyses several types of N-
glycans. Due to the removal of the N-linked sugars, the molecular weights of ali
strains tested were shifted by approximately 4 to 5 kDa. However, Jhb3/94
continued to migrate slower compared to other South African strains. Very similar
results for Endo H or Endo F treatment have been reported (Rota, J.S. et al., 1992;
Hu, A. et al., 1993). This indicates that the differential mobility of Jhb2/94 in gel
electrophoresis was probably not caused by additional glycosylation.

Fig. 3.22 shows results obtained with the mAb CV4 which were similar to those
obtained with B2 except for NC1/95 which was not recognised by CV4 (lane 6). The
incubation with mAbs during RIPA analysis were performed on the same lysates for
all strains shown in Figs. 3.21 and 3.22. Thus, the failure of CV4 to bind the H
protein of +21/95 was unlikely to be due to insufficient amounts of protein. Another
7 wt strains were tested in RIPA with CV4 and NC1/95 remained the only isclate that
could not be precipitated by CV4 (data not shown). Again, Jhb3/94 in lane 7
appeared to have a slightly heavier H protein compared to other SA MVs. Except for
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Jhb3/94, all other South African H proteins revealed the expected molecular mass
of ~80 kDa. The genetic sequences (nt and aa) of the H gene of Jhb3/94 did not
display any unusual changes that could account for this difference in molecular
weight.
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Fig. 3.22 RIPA analysis of H proteins of SA wt strains with the mAb CV4.

Fig. 3.23 (below) iliustrates the precipitation results for 2 representative strains of
South African MV with 6 different antibodies. The H proteins of Jhb1/86 were
precipitated by antibodies 366, B2, V17, and CV4, but not by CV2, and CV5.
Jhb1/86 shows typical resuilts that were obtained for all other SA isolates anailysed
(Table 3.8). NC1/95 showed a similar profile except for the absence of the CW/4
epitope. The lack of CV4 binding has aiso been detected in 2 recent wt strains from
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Chiria {2u, W., CDC, personal communication). H gene nt sequences and predicted

_aa for NC1/95 and the 2 Chinese strains were therefore aligned (data not shown).
yo similarity or unusual mutations were found to be shared between these isolates

’ , and thus the CV4 epitope could not be mapped to an exact site within the H protein.
Jhb1/86 NC1/95
! 1 y
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Fig. 3.23 RIPA results for 2 South African wt strains precipitated with 6 different
antibodies.

Table 3.8 summarises the reactivity results for several South African MV strains with
a panel of mAb.
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Table 3.8  Reactivity of MV strains with a selection of mAb

MV strain 366 B2 V17 CV2 CVv4 CV5 apparent mol.
(Group) weight (KDa)
Sch (1orA) - + + + - + - ~80
Jhb25/96 (1 orA) + + + - + - ~80
Jhb1/86 (D5) + + + - + - ~80
Jhb1/89 {D5) + + + - + - ~80
NC1/85 (D5) + + + - - - ~80
Jhb3/94 (7 or I) + + + - + - ~85
Jhb2/95.(7 or I + + + - + . ~80
Jho33/86 (7orl) + + + - + - ~80
Natal1/96 (7 orl) + + + - + - ~80
Natal4/96 (7 orl) + + + - + - ~80

The mAb V17 has previously been mapped to react with aa 211-281 (Hummel, K.B. and Bellini, W.J.,
1995),

Tamin, A. et al. (1994), and Bankamp, B. (personal communication) have exarmined
the reactivity of several MV representing 4 distinct genetic lineages with the above
mentioned panel of monoclonal antibodies. 1t was demonstrated that B2 and 366
reacted with H proteins from all lineages tested and as shown here also reacted with
all South African strains analysed. The antibodies B2 and 366 therefore appear to
target an epitope that is highly conserved between viruses from different genetic
groups. CV4 recognised strains representing genetic groups 1 {A), 5 (C2), 3 (D4),
4 (D3), 6 (B), US American MV isolates made between 1977 and 1989, as well as
the South African wt strains of group 7 (1). However, the only isolate that could not
be precipitated by CV4 was the D5 strain NC1/95. The antibody V17 was interesting
since it bound to all SA MV strains but only precipitated vaccine strains of group 1
(A) in other studies (Tamin, A. et al., 1994; Bankamp, B., personal comraunicaticn).
CV2 and CV5 precipitated all SA strains tested but only recognised few of the
viruses that were analysed in the studies by Tamin, A. et al. (1994) and Bankamp,
B. (personal communicstion).
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3.4.4 Discussion

The H protein is the major MV antigen that induces neutralising antibodies. Genetic
changes that have occurred in the H gene over time are weli documented (Rima,
B.K etal., 1997; Rota, J.S. et al., 1992; Outlaw, M.C. et al., 1997). Currently, many
studies are focussing on the antigenic properties of the H protein to establish
whether the genetic drift in the gene is reflected in changing antigenicity of the
corresponding protein (Hu, A. et al., 1993 and 1994; Tamin, A. &t al., 1994,
Giraudon, P. and Wild, T.F., 1985). This study examined electrophoretic mobilities
of H proteins from South African MV strains as well as their antigenic properties
using a pansel of mAbs. Studies are in progress to relate the changes observed to
biological or phenotypic characteristics, such as neutralisation abilities and the
ability of different H proteins to agglutinate red blood cells.

Increased molecular weight due fo additional giycosylation?

One wt isolate from group 7 (1), Jhb3/24 showed a slower mobility in PAGE due to
a slight increase in molecular weight. It has bean shown previously that MV H
proteins display variable molecular sizes in PAGE (Shibahara, K. et al., 1994; Rota,
J.S. etal., 1992: Saito, H. et al., 1992; Tamin, A. et al., 1994). It was demonstrated
that the Edmonston vaccine strain had a slightly lower molecular mass than several
wt isolates from the USA. South African wt strains, with the exception of Jhb3/94,
appeared to have identical apparent sizes relative to the Schwarz vaccine strain.
South African MV isolates will be compared to the Edmonston strain in the near
future to establish whether the relative lower mass is a pecularity of the Edmonston
wi strain only. '

Differential use of the potential glycosylation sites in the MV H protein could have
been responsible for this phenomenon. However, Endo F treatment indicated that
additional glycosylation in this isolate did not affect the mobility of H. Furthermore,
no unusual nt or aa substitutions were detected in this strain when compared to
other SA MVs. The reasons for this increased weight are not known at present.
Heterogeneity of H protein glycosylation has been observed (Rota, J.S. et al., 1992;
Saito, H. et al., 1992) and is believed to be determined by the primary aa sequence
of H and is probably not dependent on host cell factors (Hu, A. et al., 1994). RIPA
or WB analysis are useful approaches to select viruses that show differences in their
apparent molecular sizes or interesting mAb binding characteristics for further
studies. The advantage of the WB over RIPA lies in the fact that no radioactivity is
involved making it less hazardous and it has been used before to study antigenic
properties of MV H proteins (Saito, H. et al., 1992).
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Specific epitopes on the H protein:

Several antibody binding sites and neutralisation epitopes on the MV H protein have
been mapped. There appear to be 3 or 4 partially overlapping binding groups that
include several specific mAb antigenic sites (Sheshberadaran, H et al.,1983;
Giraudon, P. and Wild, T.F., 1985; Hu, A. et al., 1994; Tamin, A. et al., 1994). The
mapping of point mutations in neutralisation escape mutants as weil as the
identification of helper T cell epitopes have added useful information to the
knowledge of distinct antigenic sites of the H protein (Obeid, O.E., et al., 1993; Hu,
A. etal,, 1993). In this preliminary study, MV H proteins from South Africa have been
analysed with 6 different mAb to determine whether differential binding
characteristics could be related to the previously known aa changes. A study by
Bankamp, B. (personal communication) showed that monoclonal antibodies CV2 and
CVs5 reacted with only 2 and 3, of the 9 isolates analysed respectively. CV2 binding
was also analysed by Tamin, A. et al. (1994), who showed that US American wt
isolates from 1989 were recognised by this antibody, but not isolates that were
obtained in 1977 or 1883. The CV2 and CV5 antibodies did not bind to any of the
SA H proteins, irrespective of the year of isolation. Interestingly, NC1/95 was not
recognised by CV4, a mAb that otherwise reacted with all MV strains tested so far
{except for the 2 Chinese strains mentioned above). The binding site for CV4 has
not yet been mapped, but the loss of this antigenic site in NC1/95 must be due to an
aa replacement between residue 132 and 524. Alignment of predicted aa revealed
that NC1/95 carried 5 unigue aa substitutions in this region, none of which was
detected in other group D5 viruses, including the 2 Zambian isolates (as discussed
in chapter 3.2). Four of these 5 mutations were located between residues 354 and
524 Therefore the binding site for CV4 is likely to be located between the
aforementioned residues. This has been confirmed by binding studies on chimeras
between different MV strains, that placed the CV4 binding site within the carboxyl-
terminal 56% of the H protein. Bankamp, B. (personal communication) and Tamin,
A. et al. (1994) also showed that V17 only recognised H proteins from vaccine
viruses of group 1 (A). Here, V17 reacted with all South African MV strains
representing 3 distinct genetic groups. It is unlikely that the aa substitution at
position 800 (V-E) detected in SA strains of all 3 groups but in none of the other
genetic groups (see chapter 3.2) confers V17 binding since this change was not
present in the Edmonston wt and Moraten vaccine strain both of which could be
precipitated with V17 (Bankamp, B, personal communication). Apart from this
change, no specific aa substitution could be found that was common to all SA wt
viruses and the group 1 (A) strains. It is therefore more plausible to assume that the
V17 antigenic site was newly created in South African MV strains by multiple
mutations in the epitope region.
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Neutralising epitopes:

The target sequence for N-linked glycosylation has been shown to have a N-X-S or
T motif but not all of these motifs are used in vitro (Hu, A. et al., 1994). Jhb1/89 and
Natai1/96 shared 2 remarkable characteristics. Both strains carried a serine (8) to
proline (P) substitution at aa 189 and this change has been shown to abrogate
glycosylation of the 2™ potential site in H that originally displays the glycosylation
motif N-C-8. Strains with this mutation have been demonstrated to represent
neutralisation escape mutants and proved to have a slower mobiiity in @ PAGE than
strains without this substitution (Hu, A. et al., 1994). However, altered mobilities
were not detected for the 2 SA strains that exhibited this changs, indicating that this
is unlikely to be sole criteria for different mobilities. An aa change at position 189
may also result in the possible loss of a linear B cell epitope that has been mapped
to residues 188-199 (Makela, M.J. et al., 1989). However, it is not known whether
the carbohydrates at the 2™ glycosylation site are directly involved in the formation
of this antigenic site (Hu, A. et al., 1993). Furthermare, the 2 isoiates Natal1/36 and
Jhb1/89 did not display the 416 mutation. Strains that carry this mutation at residue
416 carry a potential additional glycosylation site and have been shown to bind
erythrocytes less efficiently than non-mutated isolates (Saito, H. et al., 1992). The
electrophoretic mobilities of H proteins from these isolates were identical o the ones
shown in the results section above. Whether these strains have aitered
neutralisation abilities or altered abilities to bind to erythrocytes will be examined in
the near future.

The study of MV antigenic epitopes on the H protein has identified several regions
that were recognised by specific mAb (Méakels,M.J. et al., 1989; Tamin, A. et al,,
1984; Hu, A. et al., 1993). Whether these epitopes relate to functional domains is
not yet known and the role that these antigenic variations may play in the general
epidemiology of the virus stiil needs to be established. Variations concerning several
antigenic properties, such as hemagglutination efficiency, the presence of T and B
cell epitopes, glycosylation characteristics and others have been described above.
The biolagical relevance for most of these variations that is observed between Mv
strains from different genetic groups has not been established yet. However, it can
not be excluded at this point in time, that the accumulation of aa changes in key
immunogenic epitopes may give rise to escape mutants that might render the current
vaccines ineffective. Therefore, continued attempts to identify such epitopes and the
knowledge of their variability between different MV isolates might prove essential in
future.
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CHAPTER 3.5 DIFFERENTIAL DOWNREGULATION OF THE
CELLULAR RECEPTOR CD46 BY MEASLES
VIRUS VACCINE AND WILD-TYPE STRAINS

3.5.1 Introduction

CD46, or MCP (membrane cofactor protein) is a member of the RCA (regulators of
complement activation) protein family and has been established to act as a receptor
for MV (Ddrig, R, E. et al,, 1993; Naniche, D. et al., 1993). CD46 functions to recruit
and bind activated C3b and C4b complement proteins, thus permitting their
proteolytic cleavage by a plasma serine protease (Liszewski, M.K. et al., 1891), and
thereby inhibiting complement-mediated lysis of the cell. Certain MV strains have
recently been shown to induce the downreguiation of CD46 (Lecouturier, V. et al.,
1997; Schneider-Schaulies, J. et al., 1995; Schnorr, J.-J., et al., 1995). This
phenomenon could have profound consequences in vive, possibly leading to an
increased susceptibility of cells to complement-mediated lysis and thus inhibiting the
spread of the virus (Schnorr, J-J. et al., 1995). On the other hand, a MV strain that
does not downregulate CD46 may have a selective advantage within the host by
gaining time to complete a full replication cycle thus increasing its infectivity
(Schneider-Schaulies, J. et al., 1995). This has also been observed for HIV which,
by incorporation of either CD46, CD55, or CD59 can be protected from complement-
mediated destruction (Saiffudin, M. et al., 1997). Several MV wt strains, especially
those that were isolated on B95a cells, appear to be unable to modulate CDA46,
whereas all vaccine strains tested so far caused profound downregulation of the
receptor on Vero cells (Hirano, A. et. al., 1996; Naniche, D. et al., 1993b; Schneider-
Schaulies, J. et al., 1995; Yanagi, Y. et al., 1994). 8o far, 9 vaccine and vaccine-like
viruses of genetic group 1 (A) have been shown to more or less effectively
downregulate CD46 from the surface of infected cells. Several wt strains
representing 5 genetic groups have also been analysed in view of their potential to
modulate CD46. To date, it seems that only Vero grown MV or viruses isolated in
other monkey-derived cell lines appear to have the potential to downregulate CD4¢i
(Schneider-Schaulies, J. et al., 1995a and 1995b; Bartz, R. et al., 1996). In this
context, a recent study by Tanaka, K. et al. (1998) showed that the Edmonston strain
did not downregulate CD46 on B95a cells. This is evidence that the cell typs used
for isolation, as well as prolonged adaption of viruses to non-human cells does
influence a CD46 downregulating phenotype, as opposed to the origin of the
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specimen (throat swab verus PBMC) or the strain of virus (Buckland, R. and Wild,
T.F., 1897, Schneider-Schaulies, J. et al., 1995 and 1995a; Tanaka, K. et al., 1998).
-In view of these results, several authors have recently suggested that a molecule
other than CD46 must act as a receptor or co-receptor for MV wt strains on
rnarmoset B cells (Tanaka, K. et al.,, 1998; Hsuy, E.C. et al., 1998; Buckland, R. and
Wild, T.F., 1997).
Lecouturier, V. et al. (1997) and Bartz, R. et. al. (1 997) have recently shown that 2
aa substitutions within the H protein at positions 451 and 481 can induce a
downregulating phenotype in strains that have previously not been able to modulate
CD46 (as was discussed in chapter 3.2). However, it has not been clearly
established whether these 2 changes, if present in a certain wt, always relate to the
ability to downregulate CD48, irrespective of the ceil type that is used for isolation.

The ability to modulate CD46 was tested in several South African MV strains, the
maajority of which were isolated from urine or throat swab samples using the B95a
cell line (Table 2.1). Vaccine strains that grew in Vero cells were also analysed and
results compared to those obtained for the same strains on B95a cells. A total of ©
South African MV strains isolated on B95a cells, were adapted to Vero cells in order
to determine whether the nature of the cell type influences the CD46 downregulating
phenotype. So far, only 1 wt strain has been successfully adapted to Vero cells.
Four MV isolates were still being processed at the time of writing and 5 isolates
were considered negative after 14 passages in Vero cells as no CPE was evident
and samples remained negative by measles specific IFA. To further establish
whether CD46 functions as the sole receptor for wt and vaccine strains on Vero or
B95a cells, an infection inhibition assay was performed and results are shown in
section 3.5.4. Studies are still in progress analysing different cell culture systems
(apart from Vero and B95a) in order to determine whether MV has the potential to
modulate CD46 in primary cells, such as monocytes and dendritic ceils.

3.5.2 CD46 downregulation by MV isolated on lymphoblastoid cells

For this study, several South African wt MV strains as well as 3 vaccine strains were
grown in B95a cells. A plaque reduction assay (PRA) was used to determine the titre
of viruses (2.9). B95a cells proved to be relatively fragile under the agarose overlay
that is used in this assay. Cells survived for no lenger than 2-3 days under the
overlay and for some viruses this was too short a period of time for detectable
plaques to develop. Different media and agarose overlay compositions have been
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tested and the medium as described in 2.9 proved to be most suitable for use with
B95a cells. However, titres could vary by a factor of up to 30 between identically
repeated experiments using the same virus. Therefore, standard serial dilutions of
the virus were also used for infection of monolayers and subseguent FACS analysis,
which was generally performed in ftriplicate for each virus tested. Potential
downregulation of CD46 was investigated under different experimental conditions.
As mentioned above, varying concenirations of infecting virus were used.
Furthermore, resuits for different incubation periods of viruses were obtained. The
amount of H protein that was expressed on virus-infected cells was determined in
order to confirm active replication of the virus in the 2 cell lines used. For this
purpose, cells were incubated with the anti-H mAb B2, (described in chapter 3.4),
and then incubated with the appropriate FITC-labelled secondary antibody. Specific
fluorescence was subsequently measured by flow cytometry. For all experiments
shown below, non-specific fluorescence was determined by staining a fraction of the
cells with IgG1 control antibody, as outlined in sectioii 2.8. The mean fluorescence
of 1lgG1 was subtracted from values obtained for CD46 fluorescence staining. These
adjusted values for CD46 expressed on MV-infected cells were then compared to
the uninfected control cells stained in the same way.

Representative results for a selection of SA wt MV strains are shown below. None
of the viruses that were initially isolated on B95a cells showed any tendency to
downregulate the CD46 receptor. Fig. 3.24 shows results obtained for the B85a
grown vaccine strains Schwarz and Edmonston. The Moraten vaccine strain also did
not show the ability to downregulate CD46 on B95a cells (data not shown).

Figs. 3.25, 3.26 and 3.27 illustrate that neither South African vaccine-like viruses of
group 1 (A) norwt viruses of groups D5 and | (7) could downregulate CD46 from the
surface of B95a cells, irrespective of the infecting viral titre or varying incubation
periods.used .
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Fig. 3.24 Fluorescence histogram showing CD46 expression on uninfected
B95a cells and cells infected with the Edmonston and the Schwarz

vaccine sfrains.
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Fig. 3.25 CD46 expression on uninfected B95a cells and cells infected with
either Jhb25/96 or Jhb2/88 of group 1 (A).
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Fig. 3.26 CD46 expression on uninfected B95a cells and cells infected with
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Fig. 3.27 CD46 expression on uninfected B95a cells anid celis infected with
representative strains of group | (7), Natal9/96 and Jhb5/97.
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As shown in the representative figures above, none of the viruses analysed showed
any potential to downregulate CD46 from the surface of the marmoset B cells, B95z,
under any conditions. Furthermore, the Edmonston wt strain nor the vaccine strains
Schwarz and Moraten were able to modulate expression of CD46 on the surface of
B95a cells. it was also investigated if higher concentrations of infecting virus could
induce a downregulation. Four serial 10-fold dilutions were therefore made on
several viral stocks and used to infect B85a monolayers as well as different
multiplicities of infection (moi) ranging from 0.01 to 3 were used. Even an input of
virus at 2 moi of 3 that was incubated for up to 48 h pi resulting in a CPE of 90-100%
did not modulate CD46 (data not shown). Thus, a downregulating phenotype is likely
to be an intrinsic property of the virus and is unlikely to be altered by different
experimental conditions.

The expression of H protein on MV-infected Vero or BS5a cells was measured to
confirm whether viruses were actively replicating in cells expressing CD46 and this
was further used as a means to standardise the amount of replicating virus. The
expression of H was slightly lower on Vero cells when compared to infected B95a
cells. However, the amount of H protein staining was very similar when equal
concentrations of different virus strains were used to infect either B95a or Vero cells
(data not shown).

3.5.3 CD46 downregulation by MV isolated on monkey kidney cells

Several South African MV strains, ihitially isolated on B95a cells, were adapted to
grow in Vero cells. Of the 9 strains selected (representing the 3 SA genetic groups)
only 1 vaccine-like virus, Jhb25/98, showed CPE at passage number 6 so far. At the
time of writing, 4 strains were still in tissue culture at passage number 14 without
having developed CPE at any stage. Jhb1/86, a group D5 virus, was isolated on
Vero cells in 1986. Some of the iritial virus stock was still available and could
therefore be grown in Vero cells. Unfortunately no further stocks of MV originally
isolated on Vero cells were available (see Table 2.1). Therefere, only Jnb25/96,
Jhb1/86 and the Schwarz and Edmonston vaccine strains could be tested for their
ability to downregulate CD45 on Vero cells. Fig. 3.28 shows results for the 2 vacaine
strains. Neither Jhb25/96 nor Jhb1/86 shnwed any effect on the expression of CD46
on Vero cells when stained with anti-CD46-FITC mAb, clone 122-2.
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Fig. 3.28 Fluorescence histogram showing CD46 expression on uninfected Vero
cells and cells infected with the Edmonston and Schwarz vaccine

strains.

Although not clearly visible in Fig. 3.28, there was indeed a downwards shift in
CD46 exprassion on vaccine virus infected Vero cells. The mean fluorescence
intensity (mfi) was reduced by 18 and 21% when infecting Vero cells with Schwarz
or Edmonston, respactively when compared to the uninfected centrol. In other similar

© experiments, Edm downregulated CD46 by up to 27%; the 18% downregulation by

thie Schwarz vaccine strain shown here was the maximum that was detected {data
not shown), However, percentages for CD46 downreguilation of below or around
20% could probably be considered irrelevant in vivo as the vast majority of
complement protein appears to remain on the cell surface.

In summary, the results hers indicate that vaccine strains have the ability to
modulate CD46 to some extent from the surface of Vero cells only. None of the
vascine and vaccine-like strains tested here had the capability to modulate CD46 on
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the lymphotropic B cell line, B95a. Furthermore, none of the South African wt strains,
irrespective of the genetic group they belong to, showed any effect on the
expression of CD46 cells on either Vero or B95a cells.

Table 3.9 summarises results on the potential modulation of CD46 on Vero and
B95a cells for all MV strains tested to date.

Table 3.9  Summary of CD46 downregulation results for all strains tested.

Vero B95a
MV CD46 downreg. CD46 downreg.

(%) (%)
S - (+/- 9) -
Edm 14  (+13) -
Jhb1/886 - (+12) -
Mor Nd -
Jhb2/89 Nd -
Jhb38/35 Nd -
Jrb25/96 - -
Jhb2/94 Nd -
Rdpt1/94 Nd -
Jhb4/97 Nd -
Jhb5/97 Nd -
Natal1/96 Nd -
Natal4/96 Nd -
Natal9/06 Nd -

Nd: not done
Numbers in brackets indicate the maximum exient of CD46 downregulation which was obtained in
other experiments performed underidentical conditions.

Jhb1/86, as shown in Table 3.9 and Fig. 3.26, generally did not modulate CD46 on
Vero cells. However, in a sirgle experiment a downregulation of 12% was detected
on Vero cslls when infected with Jhb1/86. This result could not be reproduced in 3
similar experiments. This shows that experimental repeats of FACSscan results are
important to establish what the true effect on CD46 modulation of a certain virus is.
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3.5.4 Infection inhibition of B95a cells

To determine whether infection of B85a cells could be inhibited by blacking the
CD46 receptor with an anti-CD46 mAb (clone J4/48), cells were pre-incubated with
the mAb and then infected with various MV sfrains as described in 2.10. Schneider-
Schaulies, J. et al. (1995 and 1995a) have recently shown that infection of Hel.a or
the human lymphotropic BJAB cell lines with a variety of MV wt and vaccine strains,
could be inhibited by pre-incubation of these cells with an anti~CD46 mAb. However,
results shown here indicate that infection with MV could not be inhibited using the
marmoset lymphotropic B cell line B95a. The mAb used here {clone J4/48) does not
recognise the monkey homolog of CD46 that is present on Vero cells (Schneider-
Schaulies, J. et al., 1995). This was confirmed by infection inhibition assays on Vero
cells using several SA wt MV strains and the vaccine strains Schwarz and
Edmonston. infection with none of the isolates tested could be inhibited using clone
J4/48 (data not shown). Studies are currently in progress to investigate the inhibition
of infectior of Vero cells using anti-CD46 mAb that can recognise and bind the CD46
homolog present on mankey cells.

In this study different strains of wt and vaccine-like MV were incubated in paralle!
with and without anti-CD46 mAb. CPE appeared in maost strains at the same time
and with the same magnitude when comparing pre-treated and untreated samples
(data not shown). As an indicator for MV replication in pre-treated cells, the
expression of H was measured and compared to untreated cells.

Fig. 3.29 shows the expression of H on B85z cells infected with Jhb3/94. According
to these data, the replication of this wt strain seemed to be unaffected by the prior
saturation of the CD46 receptor with mAb, indicating that an alternative receptor is
present on B95a cells that can support MV entry and infection of these cells. The
expression of H protein on the surface of untreated cells and cells pre-treated with
anti-CD46 mAb was further measured for another 5 SA wt strains as well as for the
Schwarz and Edmonston strains. Replication of any of these viruses in B95a cells
was not impaired by blocking of CD46 prior to infection. The CPE observed in both
antibody pre-treated and untreated MV-infected cells were identical, irrespective of
whether vaccine orwt MV were used. These results have been reproduced at least
twice for all isolates tested, indicating that MV, or at least the strains analysed here,
can use an alterative receptor on marmoset B calls if CD46 is not available. Cells
were pre-incubated with 10 pg of anti-CD46 mAb per well in a standard 6-well plate
and this amount should theoretically be sufficient to bind and block all CD46
receptor sites in 3 x 10°target cells. The question remains as to what the alternative
mode and molecule for entry of MV is in specific cell types.
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Fig. 3.29 Expression of H protein on untreated B35a cells and celis pre-treated
with anti-CD46 mAb, infected with Jhb3/94 of group | (7). H-specific
fluorescence of non-infected B95a control ceils was not detected.

3.5.5 Discussion

CD46 has been firmly established to act as a receptor for MV. The ability to
downregufate CD46 has been demonstrated for several vaccine and wt MV strains
and is caused by the direct interaction of MV H protein with CD46 (Lecouturier, V.
et al., 1997; Schneider-Schaulies, J., 1995 and 1995g; Naniche, D. et al., 1993).
Downregulation of CD46 from the cell surface may render the infected cell more
susceptible to complement mediated lysis, as was discussed in sections 1.3 and
3.1.5. Naniche, D. et al. (1983) have shown that the receptor is downregulated by
rapid internalisation of CD46 from the cell surface due to interaction of the cell with i
the MV H protein. In most studies described to date, Vero, Hela, Jurkat T, or BJAB j
cells have been used to demonstrate this phenomenon. Only recently, studies have j
begun to focus on B95a cells, the cell line most commonly used for MV isolation at

present. Evidence has accumulated that CD46 may not be the receptor or not the

sole receptor for MV on marmoset and human B celis (Tanaka, K. et al., 1998; Hsu,

E.C. et al., 1998; Buckland, R. and Wild, T.F., 1997, Murakami, Y. et al., 1998).
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This study was undertaken to determine whether South African MV strains
re~resenting the 3 genetic groups currently circulating in the country have the
potential to modulate CD46 expression on the surface of B25a or Vero cells. in
addition, the downregulating ability of 3 vaccine strains was tested. All assays were
preformed under various experimental conditions to establish whether the
concentration of infecting virus or the length of incubation would have any effect on
the subsequent measurement of CD46 expression. An infection inhibition assay was
used to investigate whether propagation of MV wt and vaccine strains could be
abrogated by saturating the receptor CD46 with a mAb prior to infection.

Modulation of CD46 by SA wt MV and MV vaccine strains:

The capacity to downregulate CD46 has been demonstrated for several MV wt
strains (Bartz, R. et al., 1997; Lecouturier, V. et al., 1997; Schneider-Schaulies, et
al.,, 1995 and 1995a; Hirano, A. et al., 1996). None of these studies investigated
potential CD46 dowrregulation by &\ or: B95a celis. At the time of writing however,
2 studies were published that, for the first time, analysed the influence of MV strains
on the expression of CD46 on B95a celis (Tanaka, K. et al., 1998; Hsu, E.C. et al.,
1998). Both studies showed that MV wt and vaccine strains had little or no effect on
CD46 expression on B95a cells. In concordance with these findings, it was
established that none of the SA MV strains analysed here showed any tendency to
downregulate CD46 from the surface of transformed marmoset B cells. Furthermore,
different experimental conditions, such as higher concentrations of infecting virus or
prolonged incubation periods did not appear to induce CD46 downreguiation or
influence the expression of CD46 at any stage.

Hsu, E.C. et al. (1998) showed that even vaccine strains did not efficiently
downregulate CD46 from B95a cells. The 3 vaccine strains, Moraten, Schwarz, and
Edmonston that were tested here did not madify the expression of CD46 on the
surface of B95a cells. However, it is noteworthy that a study by Schnorr, J-J. et al.
(1995) stated that the Edmonston strain could indeed downregulate CD46 from
BJAB cells, another EBV-transformed B cell line, and from freshly isolated PBMCs
(peripheral blood mononuclear celis). Lymphotropic wt strains that were initially
isolated on BJAB or B95a cells appear to lack the ability to downregulate CD46 on
B95a or BJAB celis (Schneider-Schaulies, J. et al., 1995 and 1995a; Tanaka, K. et
al., 1998). Thus, it seems plausible to state that lymphotropic MV wt strains do not
interact with CD46 on those cel! lines. In this context, it has been proposed that wt
MV strains may use a receptor other than CD46 on marmoset B cells (Buckland, R.
and Wild, T.F., 1997; Tanaka, K. et al., 1998; Hsu, E.C. et al., 1998) and this seems
likely in view of the resulis obtained here.




3.5 Downregulation of CD46 140

The vaccine strains Schwarz and Edmonston as well as 2 South African wt strains
were analysed for their ability to downregulate CD46 on the African green monkey
cell line, Vero. Vero together with the similar cell line CV-1 have been used
extensively for MV isolation before the introduction of the more sensitive B95a cells,
Jhb1/86 is a wt sfrain of group D5 that had initially been isolated on Vero cells and
original stocks were still available for this experiment. Jhb25/96 had to be adapted
to grow in Vero cells over 6 passages. None of the otiver SA wt strains couild be
adapted to grow in Vero cells to date. It has been reported before, that the adaption
of B95a-isolated MV to monkey-derived cell lines is difficult and requires prolonged
passage in tissue culture (Shibahara, K. et al., 1994). The 2 SA wt strains did not
reveal any potential to modulate CD46 on the surface of Vero cells, although
Jhb25/96 (group 1(A)) carried the 481Y residue. This provides further evidence that
this particular residue does not aiways confer a downregulating phenotype to MV.
in this context, Shibahara, K. et al. (1994) reported that MV strains isolated from
B95a cells that previously did not hemadsorb AGM-RBC, gained the capacity to do
so after 20 passages in Vero cells. It was further shown that 1 of the strains
analysed had acquired the 481Y residue instead of the initial 481N residue.
Lecouturier, V. et al. (1997) speculated that during multiple passages in Vero aor CV-
1 cells, a selection for MV with affinity for CD46 occurs that is mainly driven by the
aa replacement at position 481. However, in another study the ability to
downregutate CD46 could not be induced by adaptation of lymphotropic isolates to
Vero cells (30 passages) (Shibahhara, K. et al., 1994).

It has been reported that MV vaccine strains efficiently downregulate CD46 from the
* surface of Vero calls by up to 80% (Schneider-Schaulies, J. et al., 1995 and 1895a).
The 2 vaccine strains analysed here, Edmonston and Schwarz showed little ability
to downregulate CD46 from Vero cell surfaces with a maximum of 27% reduction in
CD46 expression in some experiments. On average downregulation did not exceed
20% under the conditions used here and the question remains whether this would
be of any significance in vivo since most of the CD46 molecules remain on the cell
surface. The clone of anti-CD46 mAb (122-2) that was used here clearly recognised
the monkey homolog of CD46, but staining may be less efficient compared to signals
obtained with other clones that specifically bind to the monkey-CD46 only.
Potentially, the passage history and passage number of a cell line used for CD46
studies may be of importance. Future studies will include analysis of different
passage numbers and histories for the B95a and Vero cell lines as well as different
clones of anti-CD46 mAb will be used to measure modulation of CD46. The potential
downregulation of CD46 from primary cells, such as dendritic cells and monocytes
as well as cell lines other than Vero and B95a will also be investigated.
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The 2 aa at positions 451 and 481 have been suuggested to be responsible for
CD46 downregulation, Hel.a celf fusion and AGM-RBC adsorption (Lecouwrier, V.
etal.,, 1997, Bartz, R. et al,, 1997, and as discussed in chapter 3,2). The SA wt MV
strains tested here for their ability to downregulate CD48, carried an asparagine (N)
at position 481 which would theoretically render them unable to downregulate CD46.
In contrast, SA MV strains of group 1 (A) displayed the tyrosine residue at this
position allowing for possible modulation of the receptor. However, none of the SA
group 1 (A) isolates revealed the ability to downregulate CD46 from the cell surface,
indicating that residue 481 can confer a downregulating phenotype but does not
necessarily do this for all MV strains. Thus, factors other than the aa replacements
at positions 451 and 481 are likely to play a role in the ability of certain MV strains
to downregulate CD46 from PBMCs, monkey kidney cells (Vero, CV-1) and certain
other cell lines such as Hela and Jurkat T.

infection inhibition of B85a cells:

If CD46 is the sole receptor for binding of MV to BS5a and/or Vero calls, it shouid
theoretically be possible to inhibit infection by saturation of the receptor with an anti-
CD46 antibody prior to infection. Schneider-Schaulies, J. et al. (1995a)
demonstrated that infection with 17 different wt and vaccine strains could be
inhibited on Hel.a and BJAB cells by blocking the binding sites with a mAb against
CD46. Results shown here, however, indicate that infection with MV could not be
abrogated by saturating the receptor on B95a cells. This suggests that the strains
tested used an alternative receptor, other than CD46, on marmoset B celis to bind
tc the cell. A very similar finding has recently been reported by Hsu, E.C. et al.
(1898) and Tanaka, K. et al. (1998), showing that infection of B95a cells with either
MV wt or vaccine strains could not be inhibited by making CD46 unavailable for virus
binding. There is a possibility that this phenomenon occurs exclusively in
transformed marmoset B cells. Cell lines such as Hela, BJAB, Vero and Jurkat
tested previously for infection inhibition could express CD46 as the sole receptor but
may not have the altemative receptor that is present on B95a cells (Krantic, S. et al.,
1995). Furthermore, different clones of anti-CD46 mAb are available and have been
used in various studies. These clones may recognise different SCR of the CD46
molecule or CD46 molecules that are exclusive o a certain species or ceil line
(Murakami, Y. et al., 1998). For example, the clone J4/48 that was used here, does
not recognise and bind to the monkey homolog of CD46. This was confirmed by
using this mAb in infection inhibition assays on Vero cells. Vaccine strains are
known io use the CD46 on Vero cells and entry should by abrogated by blocking the
binding site of the receptor (Schneider-Schaulies, J. et al., 1995; Buckiand, R. and
Wild, T.F., 1997). However, infection with vaccine strains could not be inhibited by
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the J4/48 mAD, indicating that this antibody was not able to bind to the monkey
hormolog of CD46 present on Vero cells (data not shown). These findings provide
evidence that B95a cells express the receptor(s) for both wt and vaccine strains

- whereas monkey celis carry the functional receptor for vaccine strains and only very

few wt isolates (Tanaka, K. et al., 1998). Further evidence for the existence of a
receptor other than CD486 that can be used by MV strains is that vaccine strains
have been passaged in chick embryo fibroblasts that do not express a CD46
homolog (Buckland, R. and Wild, T.F., 1997). It has also been proposed by the
same authors that 'wt MV strains gradually adapt to CD46 when grown in Vero celis
because these cells lack the wt receptor. In this context, it has been suggested that
CD46 downregulation in general couid represent an attenuation marker for MV
vaccine strains (Buckland, R. and Wild, T.F., 1997). There is a possibility that by
using B95a cells for virus isolation we may have selected for MV sirains with altered
H proteins that can bind the marmoset CD46 but no longer recognise the monkey
homuiog on Vero v s (Tanaka, K. et al., 1998).

MV do not appear to interact with 2D46 on B95a cells since downregulation does
not occur and infection with wt strains cannot be inhibited by blocking CD46 with
mAb. Interestingly, the 2 cell lines used most commonly for rapid isolation of MV,
B95a and BJAB, both represent EBV-transformed continuous human B lymphocytes
(Murakami, Y. et al., 1998). It will be important to establish whether EBV contributes
or up-regulates factors that confer binding of MV wt isolates to these cells,

In summary, lymphotropic MV wt isolates that have exclusively been passaged in
B953 or BJAB cells, do not seem to interact with CD46 and are likely to utilise a
receptor other than CD46 for entry into and fusion with the host cell. Thus, the
differential downregulation of CD46 that is seen when analysing wt and vaccine
strains in different cell lines appears to depend on the host cell rather than the virus
strain. It will be important to identify what the receptor or co-receptor for MV on B
cells is, and whether this recepter can be used aiternatively by MV strains if CD46
becomes unavailable. Furthermore, there is a need to clearly establish whether
vaccine and MV wt strains ditfer in their receptor usage and whether this could be
attributed to experimental conditions or intrinsic factors.
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4. CONCLUSIONS

Measles virus is a highly contagious disease and it is considered to be one of the
most efficient pathogens known. It is estimated that approximately 4C million cases
of measles and close to 1 million related deaths occur annually woridwide.
Developing countries account for the vast majority of these cases. In Africa, measles
continues to be a major health burden for infants, children and, as vaccine coverage
improves, for young adults. However, southern African nations are currently moving
toward a better controt of the disease and the eventual elimination of measles. Mass
vaccination campaigns have very recently been implemented in several southern
African countries to reduce the overall incidence of measles and efforts will continue
to focus on the improvement of routine vaccine coverage. A cornerstone in any
attempt to control the disease is, apart from serological surveillance, the molecular
epidemiological analysis of MV isolates. The knowledge of the genetic properties of
viruses circulating in a given region or country is necessary to assign MV to genetic
groups and to discriminate between indigenous viral strains and those circulating
elsewhere. Molecular epidemiological studies therefore represent an important
means to assess the success of MV control and elimination programs and the
identification of fransmission pathways of the virus.

To date, there is no consensus about the definition of MV genotypes or subgroups
and how to designate thern. Several investigators have used different nomenclatures
for MV genetic groups. The 2 most commonly used systems for MV nomenciature
(letters, Al versus numbers, 1-7) have both been applied here to describe MV
genetic groups. Currently efforts are underway to reach an agreement for the
definition and nomenclature of MV genetic groups and this will certainly contribute
to improving the analysis of molecular epidemiological data in future.

This was the first study to investigate molecular epidemiological as well as several
antigenic characteristics of MV circulating in a southern African country. To date,
little is known about the yenetic properties of MV that are indigenous to other African
countries. Information on a limited number of strains from West African countries,
such as Gabon, Cameroon, the Gambia and Zambia has recently become availabie.
However, with the majority of measles cases occurring in Africa, future studies will
have to include the analysis of MV from many more regions within the continent, in
order to determine how many genetic groups exist in Africa and whether those
groups are geographicaily restricted to certain areas or countries. In order to
accumulate information on the molecular epidemiology of the virus, efforts need to
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concentrate on the analysis of MV strains from as many as possible locations within
southern Africa and the rest of the continent. This information will play a critical role
in attempts to eliminate MV from Africa and other parts the world. In this study, MV
from South Africa were analysed at the level of gene sequences, antigenic
properties and interaction with a putative cell surface receptor. Conclusions tc e~-h
chapter are summarised below.

Chapter 3.1 Analysis of MV N genes:

The carboxyl-terminal 456 nt of the N gene for 97 MV strains collected between
1978 and 1997 in South Airica and Namibia have been analysed. Three distinct
genelic groups were identified. The first group was represented ty 4 isolates made
between 1988 and 1998, which closely resembled vaccine and vaccine-like strains
of genotype A (1). A second small group included 6 SA strains that shared several
nt and aa substitutions with group D viruses (groups 2,3, and 4) and were therefore
considered to form the subgroup D5 within this major genotype. The vast majority
of SA MV strains were closely rejated to each other and formed group | (7).
According to N gene seguences, a Canadian isolate from 1989 proved to be the only
strain that clearly belonged to the same group as thie majority of SA wt viruses
(group i or 7).

Retrospective analysis of stored clinical samples of serum and CSF proved useful
for the generation of molecular epidemiclogical -.cia on viruses that circulated up to
20 years ago. For this purpose, RNA extraction and PCR amplification methods
were modified in order to yield sufficient product for subsequent sequence analysis.
Considering the amount of degradation that can occur in samples that have been
frozen for a long time and that have been thawed several times, the amplification
rate achieved here was satisfactory. This approach is particularly useful when only
serum samples (for serological testing) can be obtained from interesting locations.
This was the case for 2 sera from Windhoek (Namibia), one of which closely
resembled D4 (3) strains rather than any other southern African isolates (lineages
A, D5, 1) that have been studied so far. Analysis of serum and CSF samples from a
SSPE case in SA showed that this virus was almost identical to Chi1 (group D2 or
2), a strain that was isolated in the USA in 1889. Nne of the sera from 1978 was
related to group D5 viruses, whereas 3 other viruses from 1978 serum samples
grouped with the lineage | (7} strains. Thus, analysis of stored clinical samples
revealed that at various times viruses from other parts of the world, although
probably in very small numbers, circulated in southern Africa.

e it : ” : mmml



4. Conclusions 145

Chapter 3.2 Analysis of MV H genes:

The groupings of MV that were sstablished on the basis of carboxyl-terminal N gene
sequences corresponded weil to those obtained by H gene analysis. No significant
changes in groupings occurred and it was therefore concluded that either genomic
region (N or H) could be used for MV strain characterisation. Partial H gene
sequences of several strains from other African countries were available for a
phylegenetic comparison. Recent isolates (1994/95) from the Gambia were shown
to belong to group B (8) which includes other African strains from Kenya, Cameroon,
and Gabon. Interestingly, 2 Zambian isolates from 71952 were closely related to SA
group D5 viruses and this was the first time that isolates of this genetic group have
been made in a country other than South Africa. it will be important to establish
whether this group is more dominant in other parts of the continent. On the basis of
partial H gene sequences, it was further demonstrated that isolates from the
Coventry area (England) belonged to genotype A (1), indicating that wt strains of this
group are indeed s'ill in circulation not only in South Africa.

Chapter 3.3 Genetic screening of MV strains:

In cases were a large number of viruses need to be analysed in a short period of
time, such as in outbreak situations, screening techniques other than elaborate
sequence analysis are required. The HMA has been shown to be a reliable
technigue for rapid assignment of unknown isolates to 8 different genetic groups and
thus could become a useful technique in seitings where sequencing or other
sophisticated laboratory facilities are not available. Other methods, such as RFLP
and LSSP have also been evaluated for their potential to discriminate between MV
belonging to different genetic groups. LSSP proved to deliver unsatisfactory results,
whereas RFLP analysis performed on SA viruses was able to distinguish between
strains from 3 distinct genetic groups. However, RFLP only takes a limited number
of praviously selected changes into account. In contrast, the HVIA allows for
differentiation of viruses according to all mutations that occur within the analysed
fragments and thus would appear to be a better approach for MV strains
discrimination. The HMA is easy to perform, cost-effective and is now used routinely
to reliably differentiate between distinct MV in South Africa. The ability uf the HMA
to discriminate viruses from 8 genetic groups and 9 different countries indicates its
utility for global screening of MV isolates.

Chapter 3.4 Antigenic analysis of the MV H protein:

Hemagglutinin proteins from 10 SA MV strains representing 3 genetic groups were
analysed to compare their molecular weights and possible differences in antigenic
epitopes. The majority of SA wt strains had an identical molecular mass to Schwarz
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(~ 80 kDa) while 1 isolate of group | (7), Jhb3/94, had a greater apparent molecular
mass (~ Lo kDa). Using pre-treatment with Endo F/N it was shown that the
increase(l weight was uniikely to be due to additional glycosylation. To determine
whether aifferences in antigenic epitopes exist among SA MV strains, reactivity of
9 SA strains with a panel of 6 anti-H mAb was investigated by RiPA. Only one of the
6 epitopes (CV4) was found to be variable. CV4 precipitated H proteins from the
Schwarz vaccine strain and all SA wt strains, except for NG1/85, Alignment of nt and
aa for this strain with 2 Chinese wt isolates that also did not react with CV4 failed
to show similar mutations. Thus, the lack of this antigenic site in NC1/95 could not
yet be attributed to unique nt/aa changes within the H gene. In summary, despite the
differences in nt and aa sequences in the N and H genes, the antigenic properties
examined here of SA wt strains and the Schwarz vaccine strain were for the most
part identical. The presence of only minor antigenic differences betwesn various MV
wt isolates and the vaccine strains most fikely account for the undoubted success
of measles vaccines which protect against viruses from all genetic groups.

Chapter 3.5 Differential downregulation of CD46 by MV vaccine and wt
strains:

Recently, eviderice has accumulated that CD4€ may not be the receptor for MV on
the EBV-transformed marmoset B cell line, BO5a. An infection inhibition assay using
B95a celis was performed to investigate whether SA wt strains and vaccine strains
can indeed utilise other molecules for entry into the host cell. Blocking of CD46 with
a mAb prior to infection did not abrogate the ability of vaccine and SA wt strains to
infect these cells, indicating the presence of a receptor other than CD46 on B95a
cells. However, this alternative receptor or co-receptor has not yet been identified
and it remains to be established whether EBV plays a role in providing or up-
regulating factors that could subsequently serve as a receptor for MV. Interactions
of MV H proteins with CD46 on Vero and B95a cells were analysed on a FACS cell
sorter. Neither SA wt strains nor the 3 vaccine strains Moraten, Schwarz, and
Edmonston showed any potential to modulate or downregulate CD46 from the
surface of B95a cells and this observation was not altered under different
experimental conditions. Furthermore, 2 SA wt strains did not reveal the ability to
downregulate ©2D46 from Vero cells unlike 2 vaccine strains, Edmonston and
Schwarz, which caused a downregulation of CD46 by approximateiy 20% (from Vero
cells). These results suggest that under certain experimental conditions, CD46 on
Vero cells can indeed be modulated by MV vaccine strains which have been shown
to use this receptor on monkey kidney cells. it appears that usage of CD46 as a
receptor can vary between MV vaccine and wt strains but may also depend on the
origin of cells used for virus isolation and propagation.
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