STUDY OF THE SURFACE GLYCOPROTEINS OF RIFT
VALLEY FEVER VIRUS USING MONOCLONAL ANTIBODIES

~ 'Terry Gail Besselaar -

A thesis submitted to the Faculty of Medicine
University of the Witwaterstand, Johannesburg
for the De “ree of Doctor of Philosophy

Johannesburg, 1992



| DECLARATION

I declare that this thesis is my own unaided work. It is being submitted for the
degree of Doctor of P-hﬂomphy in the .ﬂniversity of the Witwatersrand,
Johannesburg, It has not been submitted before for any degree or examination in
any other University. '

' The necescary approval for all animal studies was obtained from the Animal
| Ethics Commitiee for the University of the Witwatersrand, Clearance certificates
~ are included in Appendix D, © |

) Sﬂ dag}pfﬂj Qdc_aﬁfc‘“- 19’92_'



ABSTRACT

The _stcuctural,-' functional and antigenic propei-ties of the enveiope gl;oopm{aems
of Rift Valley fever virus (RVFV) were analyzed using a panel of monoclonal
aﬁﬁbodi_es (MAbs). In order to -gain.- 4 better understanding bf the role of the
RVEV surface proﬁéins in-'infectioh- and pathogenesis, the mechzniisms of .:hﬁbody~ -
 mediated neutralization of the virus were examined, as well as the fiiction of the
| glycoprotems in viral ai;tachment and penetration. N

Of the twenty three MADbs which were generated fourteen wete directed agamst
the G1 and mne against the G2 prowin of RVFV. The topologmal telanonsmp _
of the antigenic determinants to each other on the viral gl yeoproteins was achieved
using compeutwe binding assays with enzyme-v_labelled MAbs.; For the RVFV Gl
N proﬁam, four antigenic domains which may be 'interlih_.ked were identified. The -
 domains GI %, T and IV were involved in viras nevtralization and
_ haexnaggluﬁnahon, whxle G1 M was associated w1th low: level C’ —dependent _
| -neutrahzatmn ' ' '

With regard to the G2 protem four antigenic domains which appear to be .

spatially distinct were 1dent1ﬁed 'Domain G2 I exhibited significant neutralizing

and haemagglutination activity, while G2 Ii was mvmved in haemagglutination
 and weak C'-dependent neutralization. The remsining G2 regions neutralized 10
a low level only in the présence of C. The majuﬁty of the epitdpes on both viral
glycoproteins were hlghly conformahonal indicating that the native protem
- structure is necessaty for the rcc@gmuon and expmssmn of the tunctiomA o
activities of these pd;rtlcular antlbodzes ' |



Protective defexminants were shown to occur on both G1 and G2, demonstratityy -
that both RVEV -envelope proteins are imporfant in viral pathogenesis. The
__.'neutralizatioh'studiesi, in turn, revealed that the inhibition of vuus attachment is -
not the principal means of antibody-mediated neutralization of RVEV. - Instead,

“such .ieutralization appears fo be the result of several dlfferent processes,
"mcludmg synerglstlc neutralization by combinations of different antibodies, |

prevention of virus ‘binding, virus internalization and the blocking of the vual life =

eycle at an mtracellular stage. ‘Further insight into RVFV infectivity was obtained
by showing that both glycoprotems are involved in virus entry into the host cell |
) Fmally, the present ﬁndmgs strorigly. support an endosomal route of entry and L
penetratmn for RVFV assocmted Wlth concomﬁ:mt aﬂosbenc changes | m the Gl |
'_protmn ' ' |

i
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1. GENERAL INTRODUCTION

11  General aspects of RVFV

| 1. 1.1 Epldelmology and traBSHHSSmn : :
_ Rift Valley fever is an important arthropod«bome disease of both hvestock and -
humans in much of sub-Saharan Africa (Shope et al, 1982). Infecthn causes
acute febrile iliness, abortions and death in 'c'ﬁt_tl'e and sheep, and a dengue like
iliness in man (Basterday, 1965; McIntosh et l, 1973; Peters and Meegan, 1984).

- The eticlogic agent, Rift Valley fever virus (RVFY), was first isotated in 1930
from the blood of a newborn lamb during an epizootic of fatal hepatic Necrosis
~ and abortion in sheep in Kenya (Daubney ef af, 1931). It has subsequently
become evident that this zoonosis had existed in this area since at least 1912
(Davies, 1975) and that it is widespread in Africa (Hoogstral ¢t al, 1979;

Madkour, 1978 Meegan, 1981) with extenswe epizootics descnbed in counfries

such as South Africa (Van Velden et al 1977). Zimbabwe (Swanepoel e al,
- 1979), Sudan (Davies, 1990) ant_:l Mauritania (Jouan et al, 1989)

In South Africa, RVF infection was first identified in 1951 (Gear et al, 1951).
In this outbreak it is estimated that 20 000 people were infected and at least
100 000 sheep and cattle died. The disease reappeared in South Africa in
epizootic form in 1953 (Gear et al, 1955) and again in 1955-1956 (Weiss; 1957).
In 1974/1'9'.75 a severe epizootic of RVF swept through the sheep and cattle-
fanmng districts of the Orange Frec State and the Cape Province, also affecting
livestock in Narmbla (Barnard and Botha, 1977) Many humans were infected
and for the first time in South Aftica human deaths due to RVE were recogmzed
(Van Velden et al, 197'?)

Until 1977, the disease was restricted to man and domestic animals in sub-Saharan
Africa (Shope er al, 1982). However, an explosive epidemic of RVF occurred



in Bgypt in 1977 and 1978, demonstrating the potential for this disease to escape
its normal endemic area, as Well as to spread to IiVEStock populations worldwide
(Hoogstraal e al, 1979; Meegan e dl, 1979). The Egyptian RV epizootic
resulted in \mdespread involvem'ent_of human popuiatidns, with 598 fatal human .
cases rcporfed (Meegan, 1979). More recently, _a large epizooticoqcurred in the _
~ Senegal river basin in 1987 and again_ th_eré- was extensive severe h:um'an_ disease -

and mortality (fonan ef al, 1989). :

In contrast to the epizootic situation, RVF infection in other parts of sub-Saharan _'

Africa is enzootic/endemic as indicated by the isolation of the virus from = -

mosquitoes, sporadic cases in animals and man, and'_;v;erological surveys. These
include Mali, Nigeria, Gabon, Uganda, the Congo, Chad (Basterday, 1965),
Zambia (Davies and Hightan, 1980; Davies et af, 1992), Angola (Kokernot ef al,
1965), Botswana (Tessier ef al, 1987) and Mozambique (Valadaiio, 1969). As
well as being present in Africa, RVFV has also been 1solated in Madagascar
(Mathiot et al, 1984) and a RVFV outoreak has recently been reportcd there
(Morvan et al, 1991a, b). '

Epizooti’c transmission of RVFV is primarily.by mosciuito‘- (S-hope, 1-985)' and
- epidemics are very often -_linked with unusually high rainfal} or warm seasons |
which favour mosquito density (Davies et al, 1985; Mclntosh ez al, 1980g),
Other modes of transmission are nevertheless not uncommor and mé.y be
‘subsequently important when virus toads are high (Hoogstraal e al, 1979).

 During epidemics in sub-Saharan Africa, RVEV has been isolated frequently from
several culicine mosquitoes (Gear ef al;, 1955; McIntosh, 1972; Mclntosh et al,
1980b), In South Africa the main epizootic vector among sheep and cattie on the
infand platean is Culex theileri where it probably causes some human infection
(McIntosh ez al, 1980b). Although- the vector responsible for the 1977-1978



Egypnan epizootic was not proved, epidemiologic and laboratory evidence have
implicated Culex pipiens (Meagan et al, 1980).

‘The jdentity of the possible arthropod vector as well as the vertebrate reservoir
‘which serve to maintain the virus in the absence of epizootics is still uncertain
(Peters and Le Duc, 1991). Attempts to implicate rodents, pnmates blrds, game

o animals and repnles as the predominant mamtenance reservoir host have been

largely unsuc_cessful (Davies, 1975; Davies and Addy, 1979; McIntosh and Tupp,
1981; Swanepoel, 1981; Swanepoel ef al, 1978),

An al_temative to vertebrate reservoir hosts could be the maintenance of the virus
by transovarial transmission in insect vectors (Alexander, 1957; Meegan e af,
1980) Ttus would explam the dormancy of the virus over several years when
rmnfa]l is low and the sudden outbreaks in livestock during years of excess
 rainfall and large mosqu1to populauons In Kenya, transovarial trangmission of
RVFV has been reported for Aedes meintoshi (Linthicum et al, 1985), but desplte
extensive siudies undertaken in South Aftica, the results have been mconclumve _
(Gargan et al, 1988; Jupp, pers comm)

1.1.2 RVFY pathogenes:s, diagnosis and control _
RVFV is pathogenic for sheep, cattle goats mice, rats and hamsters The
natural disease in domestic ruminants causes abortions and many deaths in
preguant and newborn animals (Davies, 1975; Scott ef al, 1956). RVF infection
may also affect buffalo, camels and antelopes (Easterday, 1965; Gear ¢t al, 1_955). _
In susceptible animals, the liver is the primary site of viral replication' and the
characteristic lesion is focal liver necrosis (Basterday et af, 1962; Erasmus and
Coetzer, 1981). :

The virus multiplies readily in both suckling and weaned mice- following
intracranial (i.c.), intraperitoneal (i.p.), or subcutaneous injection, causing death

%3



within four days (Peters and Meegan, 1981). While the virus is a predom_inam._ly

- hepatotrapic pathogen, it has a latent neurotropic attribute (Kitchen, 1950).

Unlike virulent RVFV isolates, neurotropic straing of RVFV. obtained by

~ numerous serial intracerebral passages in mice do not kill mice after ip.
inaculations, but will do so if inoculated i.c. (Smithbumn, 1949; Weinbren et al, .
1957).. | |

Man is susceptible to RVE virus infection via the bite of infected mosquitoes and
exposure to aerosols or infected tissues. Human infection is usumiy a self-
- limiting, acute febrile d1see.se but in some cases severe complications such as_
haemotrhagic fever, encephahus and retinal lesions ensue (Laugh]jn et al, 1979;
_Meegan et al, 1981; Van Velden ¢t al, 1977)

The virns can be readily isolated in suckling and adult mice, hamsters (Anderson
et al, 1989; Weiss, 1957) and Vero or Aedes p.s‘eudoscutellaris cells (Digoutte et
- al, 1989). Analtemative approach to virus isolation is the detection of circulating
viral antigen in serum by enZym&hnked immunoassay (ELISA) (Meegan et al,
- 1989) or immunoperoxidase demonslratmn of antigen in ﬁxed liver tlSSUE'. (Artborio |
and Hall, 1989),

Demonstration of RVFV specific IgM antibodies in acuté phase sera can be

performed using an IgM capture ELISA (Soliman &t al, 1988), indirect fluorescent
~antibody (IFA) assay (Swanepoel et al, _19’_16) or a solid-phase immunosorbent
technique (SPIT) (Soliman et al, 1988). If paired sera are available, serologic

diagnosis by haemagglutination-inhibition (HI), complement-fixation (CF) or
ﬁeutralization is also possible (Swanepoel et al, 1976). |

Control of RVF infection is necessary to limit spread of the disease and prevent
the possible dissemination of the virus outside Africa (Shope et al, 1982), One
approach is that of mosquito control by ulira low volume spraying of chemical -



B peSticides to reduce populations of adult mosquito‘es- (Meegan' '1979)' |
Nevertheless, such measures are of little pracucal use in widespread epleotlcs
(Shope, 1985). '

A more effective approach to preventing spread of RVF is that of immuniz'ation L
of domestic anunals (ASaaad et al, 11983; Rossi and Turell, 1988 Sh0pe et al,

'1982). Several vaccines agamst RVF for .retennary use are currently available.

A hvc attenuated vaccine for sheep and cattle was originaily developed by
Smithburn by neuroadaptation to mice (Smithburn, 1949). Some years later, a

five veterinary vaseine derived from the Smithburn neurotropic strain was
prepared in South Africa at the Onderstepoort Veterinary Research Laboratory
(Randzall et al, 1962). These vaccine strains ais sfficacious and inexpensive, and
have played a major role in limitihg_ epizootic disease in countries such as South'_ _
Africa and Kenyé.' (Shope et al, 1982). However, since ihese vaccines may cause

abortions and have shown changes in mouse virulence under certain circumstances

(Coetzer and Bamard 1977 bhimshany and Barzilai, 1983), they are pot
rec_(_)mrnended for use in Lmaffeched enzootic areas (Shope ez al;, 1982).

Ih_ addition to the live attenuated vaccines, inactivated tisSue culture vaceines
(Barnard, 1979) are produced in South Africa and Kenya. These are safe and
induce antibodies in sheep and caitle in a high percentage of recipients, but
requu:e frequent boosting (Bamard 1979)

Several forma]jn-inactivated monkey cell culture vaccines are also available for
 humans at high-risk (Meadors ef o, 1986; Niklasson, 1982; Randall et af, 1952;
1964). While these vaccinws aﬁpear to offer good protection, annﬁal_booster
injections are needed to maintain detectable antibody levels (Eddy et al, 1981;
Niklasson, 1982); Unfortunately, these vaccines are expensive to produce and
available in limited supply, so that widespread use in Africa is not feasible, An
“experimental RVF vaceine candidate has since been developed by passaging a



_  human isolate in tissue culture under the mﬂuence of the mutagen S—ﬂuomuragﬂ
(Caplan et ai, 1985) “'This mutant virus variant (MV P12) is curremly bemg '
* evaluated for use as 4 live attenuated vaccine (Hubbard et al, 1991; Morril et al,
1991; Saluzzo and Smith, 1990 Turell and Rossi, 1991)

: 12. Properties of RVFV
121 Classification, morphology and physmochemlcal propertm
RVFYV is a member of the genus Phlgbovirus of the family Bunyaviridae (Bishop
et al, 1980). The 45 members of the phlebotomus fover serogroup (Peters and
Le Duc, 1991) have similar morphological, physical and biochemical properties
 (Bishop et al, 1980; Eiliot, 1990; Murphy et af, 1973; Rice et af, 1980).

Morphox. _ cally, the viruses are lipid-enveloped spherical structures typically 90-
120 nm in diameter (Eliis e¢ al, 1988). Assdci-ated with the RVFV enveloﬁe are
two structural glycoprcteins;. G1 and G2 (Collett ez al, 1985), which are present
in équivale_nt: nﬁmbers on the virug surface (Robeson et &f, 1979). By.electron.
microscopy, these appear a3 a fringe of regularly arranged spikes measuring 10- -
18 nm in length (Hllis et af, 1988; Martin ef al, 1985), In addition to the two
external glycoproteins Gl and G2, there are two internal proteins, the N
(nucleocapsid) and L (tranScriptase component) proteins (Bishop and Shbpc,
1979). The virus bas a single-stranded RNA genome consisting of three segments
(Bishop et al, 1980; Collett ef ai, 1985). Each virus particle contains three
nucleocapsids corresponding to the three RNA segments, and contaiting the RNA,
the N protein, and the L protein in a supercoiled fashion (Obijeski er al, 1976).
The'cent:a]. nucleocapsid structure in turn incorporates the internal ends of the
estimated 350-375 glycoprotein spikes, as well as ribosomes {Ellis et al, 1988).

The physical and chemical prbperties -of RVFV are similar to the other members
of the phlebovirus genus (B.lShOp et al, 19805 Rice et al, 1980). A sedlmentatmn 3
coeffiment of 450 8, as well as an additional s]ower sedimenting 156 S mfecnous



particle has been reported for RVFV (Polson and Levitt, 1963). The buoyant
~ density of RVEV is 1, 21 g/ml in caesium chloride gradients (Rice et 4l, 1980)
The virus, hke other phlebovuuses, is destroycd gasily by heati- ; at 56°C is
mactWated by acidic pH and is also sensitive to lipid solveuts and dete,rgents
(czted in Calisher, 1991)

122 Molecular and antigenic characteristics |

The three RNA segments comprising the RVFV g_ent)mé are _designafed L
(2,7 x 10%0), M (1,38 x 10%), and S (0,6 x 10°d) (Collett et al, 1985; Rice et
al, 1980). The corresponding sediment coefficients of the RNA are ¢ 7-31 8 for
the L segment, 22-26 S for the M and 16-20 S.'for the S (Bishop ez a., 1980).

* The viral envelope glycoproteins G1 and G2 are coded for bjr the M se_gméxit, the
 expression of which has been studied in detail (Collett et al, 1985; Kakach et dl,
1988; Suzich and Collett, 1988). It consists of 3884 nucleotides and has a single,
| major open rea.dmg frame i in the vm‘ ""mplementary-scnse RNA (Ccllctt et al, |
~ '1985; Takehara et al, 1989). The regions coding for the start of the mature G2
and G1 polypeptides are located at the codons cotresponding to positions 481 and
2092 respectively (Collett et al, 1985)., Tht s the alignment of the protmn coding
information with respect to the genontic M RNA is (3")-G2-G1-(5) (Collett ez ul,
1985; Ihara et al, 1985). The expression strategy employed by the RVEV M
segment is complei, nof only involving multipli_e translational initiatiori events, but
- distinet biosynthetic pathways for the two major viral glycoproteins G1 and G2
(Suzich et al, 1990). |

In addition to the structural glycoproteins G1 and G2, tﬁm other protaeins'aref '
“encoded by the M gene : a glycosylated 78K and a non-glycosylated 14K NSm
protein (Kakach et af, 1988). All four proteins can be detected in RVF virus-
infected cells (Kakach ef af, 1988; Wasmoen ef af, 1988). The 78K protein
probably'represents an uynprocessed polyprotein of NSm and G2 sequences,_while



the 14K protein contains pre-G2 sequences (Kaksth ef al, 1988; Suzich and
Collett, 1988) The mgmﬁcance of these nonstructural proteins is not known, but
they are apparently not required for synthems or processing uf mature G2 ox G1 .
~ (Kakach ef al, 1988; Suzich and Collest, 1988; Takehara ef al, 1990; Wasmoen' |

et al, 1988). All the M segment gene products have a. lngh cysteine. content,
suggesting that extensive dxsulphlde bndge formation may occur (Collett et al
' 1985; Thara ef al, 1985). | |

The S segment RNA encodes the viral nucleocapsid protein (I\,. '-::'26~2:8' Ky in the
vual complementary sense RNA, and a nonstructural protein, NSs (2031 K)in
. the vmon-sense RNA (Parker.er al, 1984). The lutterisa phosphorylated protem
which is synthesnzed early in mfectmn (Smithrer al, 1990). Whlla the function of
the NSs protein in virus rephcatlon is not yet known, studies have suggested that
 this protem carries protecuve determinants and that an altered NSs can result in
mgmﬁcant vn'us attenuatmn ’Dre1er et a! 1990) .

thtle mformatmn is available Iegardmg the L segment of RVEV. Ltis, however, _
" believed to contain information coding for the viral transcriptase or L protein and
o employ a negative-sense coding strategy (Suzich er al, 1990) as bas been
substanﬁated experimentally for some bunyavifuses (Endres et al, 1989), -

As has been shown for other members of the waaviﬁdaé farh;iljr (Bishop and
Shope, 1979), the segmented nature of the RVEV genome allows the rapid
generatlon of virus reassortments when multlple strains of RVFV infect the same

' cglt in virro or in vivo (Saluzzo and Smith, 1990; Turell et al, 1990). These

reassortant viruses presumably have the potcntlal to be transmitted in nature,
thereby possibly prov1dmg a mechanism for mcreased heterogenmty (Turell et al,
1990). ' :



1.23 . Merphogenesns _
The early events in the infection process of RVFV and ctber Bunyavmdae

. members are not well deﬁned (?chmaljohn and « "atterson, 1990) Several vzruses

in the Bmwawndae family appear to. fuse infected cells at low pH values
- (Arikawa et al, 1985; Gonzalcz-Scarano, 1985 Gonzalez-Scarano Pt al, 1984)'_. !
| suggesnng an enfry pathway involving endocytoms into aGJ.dIB intraceltular vesmles
h (I Iarsh 1984; Marsh and Helenius, 1980; 1989). While direct evidence for this
- pt ncess with RVEV has not yet been obtamed (Schmalgohn and Pattersen, 1990) , |
by electron microscopy RVF viral particles appear to enter cells in phagocytxc' |
" vacuoles (Bllis et al, 1988), which is consistent with the endacytic mode of entry
(Marsh and Helenius, 1980). The mildly acidic pH in. the endosomal
compartment {Tycko. and Maxﬁeld 1982) then tnggers viruscell membrane
| - fusion, resultmg in the release of the nucleacapsid info the cytoplam and the
' nntzatmn of ‘he replication process (Lenard and Mﬂler, 1982; Lentz, 1990;
“Marsh, 1984; Marsh and Helenius, 1989; Matlin ef al, 1981; White et al, 1983).

The ﬁrst sign of replication of RVEV within an 'infected host cell  is the
appeatance in the mlcleus of a fibrillar rod containing vn'al antigen (Elhs et al,
1988; Swanepoel and’ Blackburn, 1977). Viral components aggregate next in the .
cytoplasm to form cores which bud into vacuoles to assemble mature particles
(Ellis et al, 1988). - The site of virus maturation and intracellular transport of
RVFV membrane proteins varies as a function of both the cell type and strain of
vuus (Anderson and Smith, 1987). RVFV replication in. hepamcytes,' for
| example, is associated with maturation at cellular surface membranes in additien
to the smooth internal membranes of the Golgi and endOplasnuc reticulum
chserved in other cell types (Andersen and Smith, 1987).

| Virus Ielease_ is believed'fo be both by rupture of cells and fusion of particle-
containing vacuoles with the plasma membrane and subsequent egestion (Murphy



c;omplete in about 13 hours (Ellis et al, 1988). _ ; _.

1.3 Envelope glycoproteins G1 and G2

1.3.1 Functional role and antigenic properties

Knu; "edge of the strue*ural functional and anhgemc propemes of the viral
envelope proteins is an _es_sentlal_ requuemen_‘. for the understanding of virus
infoction at both the molecular level and the host immune response to infection
(Keegan and Collett, 1986; Parsonson and McPhee, 1985). |

Studiés on the function of the G1 and G2 structural proteins of sevefal nie'mberé' -
| of the Bunyavmdae family have shown that they play a cntlcal role in “viral
| mfectlon and gathogcnems and elicit neutralmng and haemaggluhnahon~1nh1b1t10n
antibodies (Ankawa et al, 1989 Dantas ef gl,. 1986; ngsfnrd and Hill, 1981;
| 1983; Pifat et al,-_1988). One or both surface _glycop_rotem_sprkes appear to be
involved in virus attachment and po‘ésibly penetration and subséquént" virus

. rephcatlon ina suscepuble host cell (Gonzalez-Scarano et al, 1982 Ludw;g etal,
. 1989; 1991) '

1.3.2 Analysis of viral epltopes by monocional antfbodies‘

The antigenic reactivity of viruses represents their capacity to undergo spec1fic |

binding with antibodies and cellular receptors, and resides in restricted parts of

 the viral surface (Crumpton, 1974; Milton and Van Regenmortel, 1979; Van
Regenmortel and Neurath, 1985; Westhof et al, 1984) These antigenic

| determinants or epitopes possess a three-dimensional structure complementary to

that of the binding site of the antibody molecule, The binding site in turn is

. composed of a series of hypervariable loops forming 4 cleft at the distal end of

the Fab 'reg'ioﬁs of the immunoglobulin molecule (reviewed in Capra and Kehoe,

1975; Hasemann and Capra, 1989), Recent X-ray crystallographic studies have
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revealed that the antibody binding site is able to accommodate protein epilopes

consisting of about 15-22 amino acid tesidues (reviewed in Laver er al, 1990).

. Ahﬁge.nia sites: have been broadly divided into two categories ic "'sequential"- or
“conformational" d.ependmg on whether their specificities rcly on the amino acid .

' sequence only, or on the conformauon of the whole protein (Atassi, 1980 _
Crompton, 1974; Sela, 1969). A more recently held concept is that all
determinants recognized by antibodies are conformatmnal in that antlbodles wﬂl _
._bmd with measurablc affimty only to thoss molecules presenting in the nght '

| ~ conformation (rev:lewed in Laver e¢ al, 1990) Conformational determinants may -

be continucas or discontinuous (Atassi and Smlth 1978). In the former, all the _ |

resxdues in contact with the antlbody are contamed within a smgle segment of the

ammo acid sequence of the antigen. Discontinuous sm:s, on the other hand, are

- cﬁmposed of distantly located amino acid sequences which are brought together . = -

: __b y foldmg of the polypeptide chain (Atassi and Smith, 1978). Both non-covalent
interactions as well covalent bonds, such s disulphide bndges, play: nnportant-

roles in’ maintaining protein conformation- (c1ted in Berzofsky and Brrkower, =

1989 Crumpton 1974)

' Since.the accessibility of any individual anﬁgenic determinant on the antigenic B
| molei:ule is necessary for its interaction with either antibodies or specific cell |
receptors (Arnon, 1985), zﬁahy epitopes. can be localized tuthdse pérts of the
- protein that are on the outer surface of the folded molecule (Atassi, 1978; Nowak
and Wengler, 1987; Westhof e al, 1984). The antigenic epitopes of viral
~ envelope proteins, for instance, are often associated with hydrophilic protein
- domains, particularly regions of the folded polypeptide chain that jut out, such as
loops, carboxy termini, and turns between helices (Atassi, 1978; Eisenberg_ et al,
 1985; Nowak and Wengler, 1987; Pellet ef al, 1985; Westhof ef al, 1984).
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The Tlocalization of ebitopes in the sequence of the viral proteins hasbeen
_ momp]ished experimentally by using a number of methods (reviewed in
- Berzofsky and Berkower, 1989; Carter and ter Meulen, 1984; Heinz, 1986;
.Horsfa]l et al 1991). Contmuous antigenic sites have been identified and mapped
by bmdmg of antibodies to cleavage fragments and short synthetic peptides from
 the protein sequence (Ball er al, 1992; Fisenberg ef al, 1985). To map
o discontinuoﬁs. ﬁOpographic sites, more complex approaches have been ﬁecessary
(Burnens er al, 1987; Geysen et al, 1987a; Horsfall et al, 1991; Jemmerson and |
Patéfsoh,: 1986). These include the mapping of epitopes by the selec;:ibn of virus
variants (Carter and ter Meulen, 1984; Pellet et al, 1985), by chemical
modification of free and antibody-bound protein antigen (Burnens ef al, 1987) and
by proteolysis of antigen-antibody complexes (Jemmerson and Patérson, 1986).
An alternative has beer. o i;se _the ‘mi_motcpe’ strategy (Géjrs‘en et ul, 1987a).

~ In addition to the expenmental approaches, contmuous antlgemc deter-1inants
have also besn predlcted by computer analysis usmg programmes that pr0v1de

information on the hydrophilicity, surface probability, ﬂe.mbﬂity and antigenicity
index of the amino-acid sequence in the viral polypéptidé ¢hain (Becker; 1990,
1992). ‘The putative antigenic domains have then been compared with the
expenmenta]ly reported domains for the envelope glycaproteins of several vuuses
(Becker, 1990 1992) Crystallographlc studies of the three- dimensional structure
of proteins have permitted the complete structure of epitopes to be defined

- (reviewed by Laver ez al, 1990). ' |

Fine analysis of the antigenic structures of viral proteins (Heinz, 1986; Roehrig
et al, 1982) has been made possible by the development of hybridoma technology
by Kéhler and Milstein (1975; 19,6}, ‘These somatic hybridization techniques
allow the produc_tion ‘of cell lines that continuously synthesize monocionai
~ antibodies (MAbs) of uniform specifity. The use of such chemically
homogeneous antibodies which react with constant avidity to single antigenic
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deternunants thus permits exqmslte analysm of ep1tope/ant1body mteractions
(Carter and fer Meulen, 1984).

By means of MAbS, speclﬁc vital epitopes involved in biologieel functions such’ |
- as neutralization and haemagglutination can be identified, and the topological

relationship of the epitopes G each other on the sur"ice of the molecule can be |

- examined (Heinz, 1986; Stone and Nowinski, 1980 Yewdell and Geil*ard 1981}
Analyms ~f the spatial arrangement of the anttgemc sites can be achieved by a
_competitive binding assay (CBA) using an ELISA or rad101mmunoassay G&’emz
1986; Stone and Nowinski, 1980), although selection of virus variants ¢ar also -
be used (Carter and ter Meilen, 1984, Pellet et al, 1985).

Since MAbs are Caﬁable of detecting differences of one amino acid, it is possible '
to identify structural alteration in the target molecule (Carter and ter Meulen, -
1984) and perform a precise aalysis of intervirus relationships at both the
structural and biological levels (Massey and Schochetman, 1985; Roehrig et al,
1983) Defined MAbs aiso have the potent:lal for the assessment and production

~ control of modem vaceing manufactunng (Heinz, 1986). '

- MAbs have been used to identify physu:al and functmnal antigenic domains within

~ the envelope glycoprotems of several members of the Bunyavzrfd - family
(Arikawa et af, 1989; Dantas er al, 1986; Gonzalez-Scatano et al, 1982;
Kingsford er al, 1983; Najjar et al, 1985) including the phlebovirus Punta Toro
(Pifat et al 1983). |

The structural topography of the surface glycoproteins of several of these viruses
has been examined using MAbs in competitive binding a'ssays. Epitope mapping
studies on La Cresse virug (LACV) have for example revealed the presence of
eight antigenic regions on the G1 glycoprotein (Kingsford et al, 1983). In the -
study by Arikawa et al (1989}, nine distinct, partially-overlapping antigenic sites,
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two on Gt and seven on G2, were demonstrated for Hantaan virus, Monoclonal BT

~ antibodies reactive with the Punta Toro G1 protein were shown fo bind to ep1topes'
~ in two distinct topological sites (Pifat e al, 1988).

Functional antigenic domains involved in virus' neutralization end

“haemagglutination have furthermore been identified on the envelope glycoproteins

of these viruses. MADbs have revealed that virus neutralization sites were located

‘on the G1 proteiﬁ of La Crosse virue (GOnzalez-S_carano etal, 1982; Grady efal,
' 1983; Kingsford et al, 1983), G1 and G2 proteins of Hantaan virus (Arikawa ef
al, 1989; Dantas et gl, 1986) and Punta Toro virus (Pifat ez al, 1988). With the -
' exceptlon of Hantaan virus (Arikawa et dl, 1989), most of the glycoprotein
epl,topes with neutralizing activity were also found to be involved in viral -
haemaggluunanon. Some of these antibodies were moreover shown to be capable
of passive protection from lethal virus infection (Pifat ef af, 1988; Schmaljohn et
al, 1990), | -

1.3.3 * RVFV monoclonal antibodies

RVFV MAbs prepared against the Bgyptian ZHS01 RVF igolate {cited in Battles
and Dalrymple, 1988) and the Entebbe strain (Meegan ef al, 1983) have been
useful in defining a limited wamber of the glycoprotein antigenic determinants
- (Keegan and Collett, 1986) and identifying several epitopes involved in virus
neutralization (Collett et al, 1987; Schmaljohn et al, 1989). In the study by
Keegan and “ollett (1986), three neﬁtra]jzmg sites on G2 of the ZH501 strain '
were identified and the corresponding gene coding assignments were defined,
Antibodies directed against the G2 protein have furthermore been shown to be
capable of passive protecuon in mouse studies (Clted in Batfles and Dalrymple,

1088)

RVFV Mabs produced against the glycoproteins and the'nucle'ocapsi:d' protein
have also been used to examine possible antigenic Variat_ion.amongst straing
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isolated from Egypt Central Afnca and ﬂadagascar (Meegan et al 1983,
* Morvan, pers comm; Saluzzo et al, 1989 a; b). These have shown that Zinga
© virus is a strain of RVEV (Meegan er al, 1983) and are able to distinguish
between virus strains collected in Bgypt and sub-Saharan Africa (Saluzzo ez al,
1989a; b). MADbs have also been generated against the RVFV NSs protein in
order to assess the function and antigenic structure of this nonstructural protein
~ (Smith ez al, 1990). The findings have revealed that the NSs protein appears to
be highly conserved antigenically among RVFV strains isolated from various
regions m Africa, -

MAbs have furthermore prowded the opportunity to examine the potenttal of -
segment reassortment to serve as a mechanism for generatmg genetic diversity |
among RVF virnses. In a recent study the origin of the § and M RNA segments
of reassortinient viruses was determined using MAbs capablé of differentiating the
nucleocapsid protein (S segtent marker) or the G1 (M marker) of the parental
RVFV_strains (Turell et al, 1990). The antigenic analysis of reassortment viruses
generated from the attenuated RVEV MV P12 candidate vaccine strain and a wild
strain isolated in Sénegal has also been pertormed using these MAbs (Saluzzo :nd
Smith, 1990). Several G1 and G2-specific MAbs have also been used to study
the c_andidat_e MV P12 vaccine strain by examining the properties of baculovirus-
- expressed RVFY glj}coproteins synthesized in insect cells (Takehara et al, 1990).

1.4 Scope of this study
The RVFV envelope glycoproteins G1 and G2 play 2 critical role in viral -
infection and pathogenesis. The structural, functional and antigenic properties of
the surface glycoproteins, however, have not been fully characterized. There is
 little published data, for example, ort the actual antxgcmc determinants responsible
for eliciting RVFV neutralizing, haenmgglutmatmn-mhlbnmn and protective
antibodies, particularly for the G1 protem '
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- In order to gain a better understanding of the tole of the RVF viral surface

proteins in infection and neutralization, the objectives of the present study will be - |

to analyse the ahtigenic structure and function of these proteins using. monocional -

~ antibodies.

1)
2)

_3)

4

5)

- The reSea:ch propbsals are thus to;

- Generate a panel of MAbs to the RVFV Gl and G2 glycoprotems and use
them to 1dent1fy functional epitopes on the vn‘al proteins.

Analyse the structure of the glycoprctems by mappmg the anugemc sites
-and exammmg the conformatlon of the epitopes. '

Correlate the epitope specificities with functional activities. . |

Analyse th_e‘: mechanisms of antibody-mediated neutralization of the virus.

- Examine the role of the glycoprotem epztope.s in virus attachment and
.. penetration mto the host cell.
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2. MONOCLONAL ANTIBODY . PRODUCTION
AND CHARAFTERIZATION :

2.1  Introduction - -
- Fine analysis of the antigenic determinants of viral proteins (Roehrig et al, 1982)
'is possible using hybridoma technology (Kohler and Milstem, 1975; 1976) which
-+ allows the production of cell lines that conunueu*“y synthésze an,tlbodws of
- "'umform specificity. By means of these somatic celi hybridization techmques,.
nnmunocompebent lymphocytes are rendered ‘immortal’ by fusion with myeloma
cells. The latter are plasmacytoma cell lines which bave for example been
ﬁ selected to Jack the enzyme hypoxanthine guanosing s g, sl transferase.
.~ Such mutants cannot grow in medium contairiing: T - s $up§1eménted
with hypoxanthitie and thymidine (HAT medium® (i . .deld, 1964) because they
are u'l_iable to utilize the salvage pathway, Hybrids between the myeloma cells and
spleen cells can be select~" from the parental components 28 the only cells t_hﬁt
 actively multiply in HAT selective medium, The antitodies produced by the
- resulting cell hybrid (hybridoma) clones are by definition morocional antibodies
(MAbs) and are, in effect, homogeneous immunological reagents of defined
specificity, avidity, high specific activity and selected isotype (Nowinski et af,
'1983). These MAbS react with constant avidity to single antigenic determinants,
- thereby permitting exquisite analysis of viral épitope/antibody interactions and
'-antlgemc structure in the target molecule (Carter and ter Meulen, 1984; I-Iemz
1986), -

_ Tn recent years RVEV MAbs have been prepared against the Entebbe and the
Eg- ptian ZHSOL strains (Meegan er al, 1983; Smith, cited in Batiles and
Dalrymple, 1988), These have been useful in defining a limited number of the
euveibpe glycoprotein antigenic determinants '{Collett et al, 1987; Keegan and |
Collett, 1986; Schméljohn et al, 1989), However, unlike Punta Toro virus, a
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re.l.a'ted phlebovirus; a comprehens_ive study usmg MAbs to analyse the antigenic
determinants of the RVFV surface glycoproteins has not been undertaken to date.

Accol:dingiy, it ié intended to study the RVFV envelope glycoproteins by
 generating a panel of MAbs against the South African 1830 strain of RVEV and
~ identifying functional epitopes. . The latter wﬂl be determined on the basis of
reactivity of the MAbs in hacmagglutination-inhibition, neutralization and
c’:ompléms:nt fixation tests. The possibility that certain of the RVFV epitopes are
more conserved than. athers will be examined by determining the cross-reactivity
of the MADbs with another member of the phlebovirus genus. The antibodies will
also be tested for their ability to protect otherwise lethally infected mice,

2.2  Materials and Methods

2.2.1  Virus-
2.2.1.1 Preparation of stock virus
‘Stocks of RVFV for use in the various serological assays and for the preparauon
of purified virus were grown in Vero cells, Monolayers of the cells in 150 cm®
flasks (Cel-Cult, Sterilin Ltd., U.K.) were inoculated with 2 ml of the South
African prototype RVF strain AN 1830 (fissue culture passage 2, mouse passage

6) and incubated at 37°C for 1 h to allow adsorption to take place. The inoculum

was then removed, and replaced with Earle’s minimtm essential mediur_n
(BMEM) containing 2% foetal calf serum (FCS) and 0,3% gentamicin. 'The
flasks were reincubated at 37°C and the supernatant harvested when the cells
showed advanced cytopathic effect (CPE). The medium was clarified by
'cenn'-ifﬁgation at 3000 rpm for 8 min in a Becknian J2-21 centrifuge at 4°C. The
resulting supernatant was amped out and stored at -70°C. o '

The titre of each batch of stock virus was subsequently detenmned by titration in
ﬂat—bottomed 96 well microtitre plates (A/S Nunc, Roskilde, Denmark) Serial

tenfold dilutions of the virus were prepared in Le1bov1tz—15 medium
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supplemented with 5% FCS and 0 3% gentamlcm Volumes of 0 1 ml virus were
added to the wells of the microtitre plates in quadruplicate. An addmonal 0,1ml
- Leibovitz medium was added to each well,_ followed by 3 x 10* Vero_ cells per
well in 0,025 ml medium. The plates were incubated in & humidified container
at 37°C and on the sixth day examined for CPB. The viral titre was calculated
 using the Kéirber method as described by Hawkes (1979).

2.2.1.2 Vurification of RVFV and glycoprotein isolation
| RVFV was propagated in Vero cell monolayers as described above and harvuted_
2-3 days post-mfectmn at maximum CPE. The supernatant fluids were clarified
at 7000 g for 30 min at 4°C in a Bechan 12-21 centrifuge. The cIanﬂed _
Supematant was prec1p1tated with polyethylene glycol 6000 (PEG) by the addition
of 7,5% (w/v) PEG and 2,5% (w/v) NaCl and held at 4°C overnight. Following -
‘cenirifugation at 10 00C g for 1 b at 4°C the resulting pellets were resuspended
in TNE buffer. (0, OIM Tris; 0,1M NaC; 0, 001M EDTA pH 7,2). These were
clarified at 5000 rpm for 15 min at4°C and the cleared supernatants layered over
a d13cont1nuous CsCl gradmnt consisfing. of 2 ml of 35% (w/w) CsCl and 3 ml .
of 20% (w/w) CsCl in TNE buffer. The tubes were spun at 15° C for l6hat
35 000 mpm (155 000 g) in a Beckman L8-60M ultracentrifuge using a SW40 Ti |
. rotor. The visible viral band was ha_rvested and djalysed extensively against TNE
 buffer at 4°C. The protein concentration of the purified virus was determined
spéctrophdtomehic‘:a]ly at 280 nm,

The method used to extract the RVRV glycoproteins was based on that of Pifat
et al (1988). Firstly, RVEV was grown and PEG-precipitated as above. Purified
glycoprotein preparations were obtained by disruption of the virus supernatants
with an equal volume of 2% (v/v) Nonidet P40 in TNE for 20 min at room
temperature (1t). The lysate was layered over a discontinuous CsCl gradient and
centrifuged as described above. The supernatant fractions containing G1 and G2

were harvested and dialysed agamst TNE at 4°C The extracted glycoprotem
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L prepaxauen was then concentrated by ultraﬁllranon usmg 1mmer51b1e CX-10
- _ultraﬁltrauon ‘units (Mllhpore Corp., Bedford, U.S. A) and the protein
- coneentratmn determined spectrophotometncally, ' '

_2 2. z l’roductlon of monoclonal ant:bod:es

o z.zz1 Cells

-_-_.a) .. .MXI eloma cells -

B The FO-clone of SPZ/O (Fazekas de St. Groth and Scne1degger, 1980) was .

_ _obtained from ATCC (U.S.A.). “‘The ceils were grown in. staudard medium
c:onslsung of RPMI-1640 with 15 % foetal calf serum, 0,001M sodium pyruvate, _.

0, 0375% sodium bicarbonate, 0, 05% of 0 1M 2—mercaptoethanol 0,01%-

_' -.amphotencm B and ‘antibiotics. For the selective medium, 50 x hypoxanthme_ |
| aminopterin thymidine (HAT) and hypoxantmne thymidine (HT) concentrates

. (l‘low Laboratories, Trvine, U.K.) were added to give a final concentrauon of 1%.
R Care wis taken to maintain the myeloma cultures in an exponenﬂal growth- phase

50 as to optitmize the amount of fusion competent cells, Agthe FO myeloma lme S

_ ‘has a doublmg rate of 8, 7h (Fazekas de St. Groth and Schexdegger, 1980), thls
 entailed subculturing the cells almost daily.

'. b) - Immune spleen cells ; . |
Balb/c mice were immunized by mtrapentonea.l (i.p.) inoculation of 0, 5 ml of a
10 suspension of beta-propriolactone Inactwated_ RVF 1830 mouse brain antigen.
Three days later the inoculation was repeated using inectivated virus, and on days
13 snd 18 the rmce were boosted 1.p, -with live virus. After a forther ten days,
the mlce were given 0,05 ml of purified glycoprotein preparauon (17 mg/mi) plus
0,2 ml i.p. for two successive days. Spleens were removed three days later for
fusion. '
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¢)  Peritoneal macrophages . :
Adult mice were killed and the abdominal skin removed asepucally. Five ml of |
a 11, 6% sterile sucrose solution was mjected pmtoneally, the abdomen gently
‘massaged and the fluid withdrawn.  The cells were collected in 15 ml
_polypropylene tubes (Falcon, Becton Dickinson and Co., Oxnard, U.S.A.), spun
~down at 1000 rpm in a Beckman TI-6 benchtop centnfuge and resuspended in
HAT media to yield 6 x 10Y/ml macrophages. "

.2.2.2 Ce]l fusion .
'The method for produchon and maintenance of monoclonal antibodles was baaed
'~ on that of Fazekas de St Groth and Scheidegger (1980).

A, Onthe day before fusion:
i) Myeloma cells .
| Myeloma cultures were subcultured to ensure that the cells were in a 10gar1thm1c N |

* growth phase for fusmn the following day.

i) P paratwn of mlg;ggultures -

0,15 mi freshly prepared HAT-medium was added to the wells of six mxcrotltre'
tissue culture plates (AIS Nune, Roskilde, Denmark). Macrophages were
prepared as described above and 0,05 ml drops were distributed in the microtitre
~ ‘wells. The plates were incubated in a humidified container at 37°C.

B.  On the day of fusion
1) ‘Preparation of parental cells for fosion

) Myeloma cells
Myeloma cells were harvested and pelleted in 50 ml Centnfuge tubes at 1000 pm

for 7 min. The resulling pellets were pooled, topped up to 50 ml with saline
(Dulbecco buffer with 0,28% glucose pH 7,2) and an aliquot mixed with Trypan
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blue and counted to determine that the viability was greater than 90%. The
remgining cells were spun down again and resuspended in saline at a
concentration of 107 cells/ml. | '

b} Spleen cells

The spleens from two hypenmmune mice were removed under stcrﬂe CDndlthﬂS o
and carefully washed i in saline. Using forceps, the spleen cells were gently teased
into 10 ml saline and transferred to a 15 ml centrifuge tube. The cells were
dispersed' by pipetting and the 'rem&ning clumps and pieces of connective tisste .
alIoWed to'_sedirrwnt for 10 mm The supernatant was transferred to a 50 mi
centrifuge tube, topped up with saline and spun for 7 mm at 1000 rpm. The ce]l

_ pellet was taken up in saline, counted in Turck’s solutlon and adjustﬁd to a

concentration of 10° ce]ls/ml

if)  Fuosion | o
* Five ml myeloma cell suspension was combined with 3 ml spleen cell suspension |
in a 50 ml centrifuge tube and saline added to a final volume of 50 ml. The
suspension was centrifuged at 1000 rpm for 7 min, the supernat'ant'carafully |
tipped off and the pellet loosened by flicking the bottom of the tube, One ml
polyethylene glycol fusing solution (PEG-4000; Merck Chemicals, Hohe;ibmnn, o
~ Germany) was added over 1 min under constant agitation of the tube. The tube _
- was then immersed for I minina 37°C water bath, keeping the conterits swirling -
all the time. The fusion was stopped by slowly adding 20 il saline, 1 ml over
the first 30 sec, 3 ml over the next 30 sec and the rest over the second minute.
The mixture was topped up with saline, allowed to stand 5 min and then spun as
before. The saline supernatant was replaced with standard medium and the ._
solution centrifuged again. The cell pellet was recovered and resuspended in 30
ml HAT-medium by gentle pipetting. 0,05 ml drops were distributed in the wells
of the microtitre plates prepared the previous day, and the plates returned to the
humidified container at 37°C.
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On the siri day after fusion, approximately 50% of the supem'atan_t'ﬂuid from
each well was -reniof\fed and replaced with fresh IIAT-me&ium. Peeding ‘of the
cultures was subsequently carried out every sccond day, The plates were
mspected daily from the sixth day and growing colonies were transferred to new
96 well plates containing freshly prepared macrophages before they were screened
for the presence of RVFV antibodies. This was done to exc}_.ude detecting any
antibodies in the supern'atants which may have been excreted by the spleen .
ly_mphoeytes pﬁor to their death ghortly after plating out. The hybridoma colonies.

were scored as follows: >50 cells = 1-+; 50 to 500 cells = 2+; 500 to 1000

=3+; > 1000 = 4+. An allquot of the supematant fluid of wells oommmng
3+ and 4-+ sized colonies was removed for screening for antibody secreuon by _
ELISA and indirect 1mmunoﬂum:escent antibody assay '

2-.2.2.3 Detection of positive clones
&) ELISA

Tn order to screen for hybridomas excreting antibodies specifically directed against

the RVFV glycoproteins, an ELISA using extracted glycoprotein (2.2.1.2) as the _
capture antigen was develaped The optimal concentration of viral glycoprotem -

for use as the solid phase anhgen was first estabhshed This was achieved by
preparing a starting dilution of 1: 50 of the antigen in carbonate-bicarbonate buffer
* pH 9,6 (Appendix A). Serial two-fold dilutions of the viral antigen were then
prepared in polystyrene microtitre ELISA'plates (Nunc - Imrmmo (1 A/S,' Nﬁnt‘;,
Roskilde, Denmark). Following overnight incubation at 4°C, the plates were
washed three times with phosphate buffered saline (PBS) containing 0,01%

‘Tween-20 using an automated microplate washer (Bio-Tek Instruments, Flow

Laboratories, Trvine, U.K.) The wells were then blocked with 0,2 ml of 4%
" bovine serum albumin (BSA) in PBS for 30 min at room temperature. After
washing as before, 0,1 ml volumes of RVEV hyperimmune ascitic fluid diluted
' 1:1007 in BLISA diluent (PBS with 5% foetal calf serum) were added to the wells -
in dupticate. Controls included RVEV hyperimimune ascitic fluid in wells without
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anhgen, antigen coated we]ls without anubody, and anttgen coated wells w1th the
| hybndama supematant from a MAb prepared against West Nile virus (Besselaar

- and Blackburn, 1988). Fo]lowmg incubation for 1 h at 37°C, the plates Were_
. washed again and incubated with a 1:1000 ditution of peroxidase conjugated anti-
' mduse hntﬂunoglobu]jns (Zy_nied Laboratories Inc., San Francisco, C-,’A‘,'U.S.A.)' |
in ELISA diluent for a further hour at 37°C. ABTS substrate (Klrkegaard and

- Perry Laboratories, Gaithersburg, U.S.A.) was added after washing and optical
~ densities (0 D.) were measured at 405 nm with a Titertek multiscan. appa:atus
- (Flow Laboratones, Irvme, U.K)).

‘The supematants of the hybndoma cultures were screenecl usmg plates which had
" been coated Wlth the predetermined optimal dilution of glycoprotmn extract
(8,5 pglwell) and blocked with BSA as above. The hybridoma supernatants svere

added to the wells in duplicate (0,1 ml/ well) and incubated for 1 h at 37°C. The |

plates were washed three times, and incubated with peroxidase con_]ugated anti-
mouse 1mmunog10hu11_ns for 1 h, fo]lpwad by ABTS substrate as described above.

.b)_ Indirggi: imihu ngﬂudrcgg. ence anﬁbody a.ssay.. (IFA) |

Colonies positive by ELISA for oxcretion of antibodies directed against the RVEV
- glycoproteins were then tested by IkA as a confirmatory assay using 8-well
multitest slides (Rlow Laboratories) with RVEV infected cells. ‘The slides were
prepared earlier as follows: - Vero cells were infected with RVE 1830 fissue
culture passage two or three (TC2 or 3) at an ii}put multiplicity of 0,1 - 1 and
harvested when early signs of cytopathic effect (C}?E) vident, The'del'ls
were adjusted fo 1,5 x 10%ml and mixed in & 1:3 ratio with uninfected cells. The
cell suspensions were spotted onto the shides, air dried, then fixed with acetone
“and stored at -70°C until use. Immunoﬂﬁo_rascence tests were carried out by'
incubating slides with neat hybridoma culture fluids for 2 h at 37°C. The slides
were then washed in PBS and treated with affinity purified anti-mouse
immunoglobulin conjugated with fluorescein isothiocyaniate (Zymed Laboratories),
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 Affer a further 30 min incubation at 37°C, the slides were washed, mounted with
glycerol and viewed with a Nikon HEX-II Optiphot ultra-violet microscope,

2.2.2.4 Cloniag und expansion _.

Hybridoma colonies excreting antibodies specific for the RVFV glycoprote.ins :

‘were cloned by limiting dilution by preparing 107, 10?, and 10 dllutlons of the
- cellsin HAT—soloctWe medium. Drops (0,05 mi) of the resulting cell suspensions |
were then distributed in a number of wells in a 24 well tissue culture plate
(Costar, Cambridge, MA, U.S.A.) each contzining 1 ml medium and 2 x 10°
maciophages. The medium was replaced every third day until the secondary

colonies were large enough to be retested by BELISA. Those cofonies producing |

RVF antibodies were transferred to six well tissue culture plates and later to 15

‘ml tissue culture flasks (25 ein®, Costar). The modmm was changed to HT-
selective med.lum at this stage as tho aminopterin was no longer necessary since
the only survwmg oeﬂs were the myeloma—lymphoc,yue hybndomas ‘The cells
were expandcd by passaging thein firstly into 75 cm® and later into 150 om®
flasks and used to prepare both frozen stocks of hybndoma clones and
monoclonal antzbody-nch ascitic fluid. '

Frozen stocks were prcparod as follows: the hybndoma cells were ha:vested spun
“down and adjusted o a concentration of 10/ml in standard modla contauung 10%
dlmethylsulphomde The cell suspensions were aliquoted in 1 ml volumes and -
 frozen dows siowly by cooling first at 4°C for 1 h, then storing at =77 'C
overmght before transfernng them to liquid mtrogen N,).

2. 2.2 5 Productxon of ascitic fluid _
Balb/c mice were injected ip. w1th 0,5 mi Pnstane (2,5,10, 14- -
tetramethylpentadecane; Sigma Chcmicais, St Louis, Mo, U.8.A.) as this is
essential for ascites formation (Brodeur ef al, 1984). Two weeks after priming,
the mice were injected i.p. with 10° hybridoma cells which corresponded to the
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optimum number of hybrid cells for ascitic fluid produc",tion' as -detcrrﬁined
previously (Besselaar and Blackburn, 1988). Ten to fourteen days later, the
ascitic ﬂmd was aseptically collected and clarified at 3000 spm for 15 min. The
 fluid was storad at4°C overmght then spun at 7000 g for 30 minin a Beckman
- J2-21 centrifuge and the supernatant aliquoted and frozen at -70°C, -

The mltlal batch of fluid was produced using cloned hybrid cells which had im’t_
| yet been frozen down. For subsequent batches, hybridoma stocks stored in qumﬂ
N, were thawed quickly, resuspended in standard RPMI mediam supplemented
with 5% macrophage extract and grown in 25 cnf flasks. The macrophage
| -extract was produced by cultlmng peritonea: macrophages in standard media with-
5% FCS in a 150 crn3 flask and harvesting the supernatant fluid after seven days.
This was then passed through stenle 22 pin Mliex GS filter unit (Mllhpore
Corp., Bedford, U.S.A.) and stored. at -70°C as-a stock of growth enhancing -
" medium, The hybndoma celis were passaged once or twice until sufﬁ sient viable

cells for inoculation into mice were reached. ' |

223 Characterization of MAbs
2.2.3.1 Tsotyping of monoclonal antibodies : | _
The a0n0Ab-ID EIA kit (Zymed) was used for isotype determination of the
menoclonal antibodies. ELISA plates (Nunc Immuno II) were coated with goat
anti-mouse antibody (10xg/ml) in coating buffer {pH 9,6) at 4°C ovemight. The
wells were washed with PBS-Tween and blocked with 0,2 ml/well of PBS
containing 0,5% bovine serum albumin at 37°C for 1 h, After washing the
plates, 0,05 ml of hybridoma culture supernatants were added to each of 6 wells
‘and incubated at 37°C for 1 h, 'The wells were again washed and 0,05 ml of
subclass-specific rabbit anti-mouse Iimmunoglobulins or notmal rabbit serum wére
added to each of the 6 wells. After incubation at 37°C for 1 h, the plates were
- washed thoroughly and 0,05 ml/well of alkaline phosphatase-labeiled anti-rabbit
immunoglobulins was added. The plates were incubated'_at 37°C for 1 h, washsd
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a8 before and 0,1 m! of p—nitfopheriyl phosphate substrate solution dispénsed'iﬁ .
~ the wells, The colour reaction was monitored for 2 h and positive results were
- read quanhuvely at 405 nm.

2,232 Ra'dioi;ﬂmune precipitation assay (RIPA)

a)  Preparation of radiolabelizd introcellular virus induced proteins |
- Specificity of the monoclonal antibodies was determinied by R_IPA using detergent
extracts of i:_lfected cells, Vero cells in 75 cmi® tissue culture flasks were infected |
at 2 multiplicity of infection of 1-10 and incubated in serum-free Eagle’s

minimum essential medium with Earle’s salts (EMEM). At 3 h post-infection the
medium in each flask was replaced with 8 ml methionine-deficient BMEM (Flow

Laboratories) for 1 h, followed by the addition of L-[**S] methionine (201Ci/ml,

sp.act. 1000 Ci. mmol; Amersham Int., U.K.) for 120 h post-infection at 37°C.
Mock infected cultures were labelled in the same way. After discarding the |
* supernatant, the cells were scraped off_‘ using a digposable cell scraper (Custax,_
MA, U.5.A)), resuspended in cold PBS and transferred to centrifuge tubes. The
' cells were washed three times by spinning at 1000 rpm for 8 min and the final
cell peliet used for immunoprecipitation,

The labelled vell pellets were resuspended in NET/BSA buffer (0,15M MaCl,
0,005M EDTA, 0,05M Tris-HC] pH 7.,4; 5% Nonidet P40; 1 mg/ml BSA) at a

concentration of 1 x 10° cells/ml. Following incubation on ice for 30 min, nuclei
were removed by centnfuganon at 3000 rpm for 15 min. The supernatants were
made 0,1% (w/v) with réspect to SDS, disrupted with a probe sonicator and
clarified by centrifugation at 15000 rpm (18000 g) for 30 min.

Immunoprecipitation was performed by adding 50 ul of the required monoclonal
immune ascitic fluid to a 1 ml aliquot of the clarified radiolabeiled supernatants.

The virus-antibody mixtures were incubated for 4-6  1t.
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Proteini A-Sepharose CL-4B beads (Pharmacia, Uppsala, Sweden) were

' re:-:uspended in NET-BSA buffer and added to each mixture at 10 mg/mi for 2 h

at rt, followed by 4 C overnight, The immune complex was collected by

B centrifugation and Washed five tunes with NET-BSA buffer. The bead pellet was
solubilized by treatment with dissociation buffer (Appendix B) and heated at
100°C for 5 min. The beads were pelleted at 1000 rpm for 10 min, the sample
'buffer recovered and stored at -70°C until analysis by PAGE,

d) .Pglyacgglamidg gé_l electro horesis
The immunoprecipitated viral proteins were #nalysed on linear 12%
polyacrylamide gels essentially by the method of Smith and Brown (1977). PAGE
 was performed in 1,5 mm thick slab gels using & 4% stacking gel and a 12%
resolving gel in the Tis-glycine buffer system of aemmli (1970) (Appendix B).
In both the stacking and resolving- gels, diallyltartardiamide (DATD, Sigma
 Chemicals, St. Louis, Mo, U.S.A.) was used as a cross-linker instead of
‘bisacrylamide to achieve better resolution of the G1 and G2 proteins. Protein
- molecular weight deferminations were made by running “C-methylated protein
moleculat weight standards (Amersham, U.K.) on the same gel, The marker
proteins were: myosin, 200 kilodaltons (K); phosphorylase b, 100 and 92,5 K;
BSA, 69 K; ovalbumin, 46 K; carbonic anhydrase, 30 K and Iysozyme, 14,3 K.
The gels were electrophoresed at 16 mA for 16 h at 4°C treated with Amplify
(Ametsham, U.K.) for 30 min and the separated roteins visualized by
autoradiography (Appendix B}. "

2.2.3.3 Serological tests

)  BLISA fifres

The titres of the MAbs in the ELISA were determined by preparing serial log;,
dilutions of the ascitic fluids and testmg these for reactivity against purified
glycoprotein antigen as described in 2.2.2.3 (). ‘The reactivity of the MAbs
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" against purified whole virus was ar.lso exammed using purified virus (2 2.1.2) at .
a predetermmed optimal d:lutmn as the solid phase antlgen

b)  Indirect immunoﬂugregggnce antibody (IA) titres | B
Indirect fluorescent antibody titres were assessed by titrating the MAb ascitic
fluids in serial two-fold steps on multitest slides against RVFV infected Vero cells
as described in section 2 2 2.3 (b)

) N _I;Ige_mgg-glutinatioﬁ-inhibig‘on test

The haemagglutination-inhibition (HI) test used was a micro-adaption (Swanepoel
e al, 1986) of the technique of Clarke and Casals (1958). For the
haémagglutination titration, sucrose-acetone extracted RVEV antigen was
‘reconstifuted at a 1:10 dilution in borate buffered saline (BBS), pH 9,0. Serial
two-fold dilutions were made in 0,025 ml volumes of BBS containing 0,4%
" bovine albumin (BABS diluent) in microtitre plates (Linbro Division, Flow
‘Laboratories Inc., Hamden, Conn., U.S.A.). Goose erythrocyte suspensions.
containing 10% cells were diluted 1:30 in phosphate adjusting diluents to yield the
. predetermined optimal pH for the antigen and 0,05 ml volumes were added to
each well. The plates were read after 30 min to determine the antigen dilution
| containing 4 units of haemagglutinin (HA) per 0,025 ml volume.

For the HI test, serial two-fold dilutions of extracted monoclonal immune ascitic
fluids were prepared in 0,025 ml volumes of BABS dituent from 1:10. Equal
volumes of antigen containing four HA units were added to each well. After
overnight incubation at 4°C, 0,05 ml volumes of goose erythrocyts suspensions
were added to all wells to yield the final optimal pH for the antigen. In addition
to ceil and antigen controls, ascitic fluid sontrois were included fo ensure that the
test speclmens were free of nonSpeclflc agglutinins, Haemaggluunatlon-mhlbmon
titres were recorded as the hlghest dilutions of monoclonal ascmc fluids which
caused complete inhibition of haemagglutination.
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d)  Complement fixation test _ :

The complement fixation (CF) method followed was adapted from Bradstreet and
Taylor (1962), using 0,025 ml volumes in microtitre plates (Linbro Diviéion,
 Flow Labé;ratories).' Rabbit haemolytic serum (Wellcome Reagents Litd.,
Beckenham, U.K.) and guinea pig complement were standardized for use in the
test By checkerboard titration, The optimal dilution of RVEV antigen was
' determined by chessboard fitration against RVFV hyperimmune ascitic fluid

(HAF). _ _

The hybridoma-induced ascitic fluids were diluted 1:4 in veronal buffered saline
(VBS).dihien't, pH 7,2 and inactivated at 56°C for 30 min. Doubling dilutions of
-~ the monoclonal immune ascitic fluids were prepared in 0,025 ml volumes of VBS
in round-bottomed microtitre plates. Eqﬁa‘; volumes of complement and anfigen
were added and the tests left overnight at 4°C. The following day the plates wese
_incubated at 37°C for 30 min, then one volume of 2% sensitised sheep
erythrocytes was added to each well. The plates were incubated at 37°C for 30
min, Shaidhg after 15 min, . The complément fixation titre of each monaclonal _
 antibody was recorded as the highest dilution which produced complete fixation
of complement. Controls for all reagents and test specimens were included in.
each test. | ) '

&)  Cytopathic effect neutralization test (CPENT) |

The CPENT tests were based on the technique of Swanepoel ef al (1986) using

ﬂat-boﬁomed tissue culture mivrotitre plates (Sterilin), Two-fold dilutions of the

hybridoma-induced ascitic fluids were preparec in quadruplicate in the pl.ates with

Leibovitz-15 medium supplemented with 5% TCS. | Equal volumes of virus

containing 100 fissue culture infective dosess, (100 TCIDy,) as determined by

previous titration were added to each well and the plates incubated for i hat

37°C before seeding with 3 x 10* Vero cells per well. A concurrent titration of |
the virus was performed to establish that the test dose actually contained the
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calculated infective dose. The plates wete incubated in 2 humidiﬁed container at
37°C and examined after 4 days for ablhty of the monoclonal anttbodles to inhibit
cytc)patluc effect of the vmus Final readmgs were made on it sixih day andend-
~ points recorded as the mean reciprocal of the highest ilutions which prevented
| ~ cytopathic effect. Complement-enhanced neutralization was determined by the
addition of 5% guinea pig serum as a source of complement to the virus-antikedy
preparal 1s ptior to the 1 h incubation step. ' '

Assays were performed in duplicate on Vero cell monolayers in 24 well tissue
culture plates (Costar) essentially as described by Swanepoel et al (_1986)"; “The
wells were seeded with 2 x 10° Vero cells in Leibovitz medium with 5% FCS,

" incubated in a humidified container at 37°C and the monolayers used 24 h later,

_Sm‘ial.- four-fold dilutions of heat-inactivated -hybridoma ascitic fluids were

‘prepared in sterile tubes in the Leibovitz medium, An equal volume of virus
~ containing a calculated 80 plaque forming units (PFU) per 0,05 ml, was added to
each tube and the MAb-virus mixtures incubated for 2 h at 37°C. Medinm was
removed from the monolayers and 0,1 ml of each mixture added to each well and
allowed to adsorb for 1 h at rt. The cells were then overlaid with Hanks’-based
minimum essential amino acid medium (HMEM) containing agarose at a final

concentration of 0,5% and 2% FCS. The cultres were incubated at 37°C for
| two days, then stained with agarose overlay medium containing neutral red at a
1:5000 ditution. Plaques were counted after a furthér 24 h incubaticn and MAD
neutralizing titres were recorded as the reciprocals of the highest dilutions which
produced an 80% reduction in the number of plaques elative to the virus
controls. The effect of complement (C') on the MAb neutralization titres was
investigated by adding guinea-pig serum at a 1:40 final dlluhon to the MAb-vitus
r_mxtures prior to incubating and staining as above. - '
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2.2.3.4 MAb cross-reactivity
To assess whether the MAbs were cross-reactive with another member of the
phlebovirus genus, the hybridoma ascitic fluids were also tested by the indirect
- immunofluorescence and - HI assays against Gordil vhus.  For the
immunofluorescence tests, Vero cells infected with Gordil virus at mouse passage
11 and tissue culture passage 2 were used to prepare multitest slides as described
in 2.2.2.3b, The IFA assays were carried out with the RVF hybridoma ascitic
fluids at a 1:100 dilution in PBS. The HI tests were performed with susrose-
acetone extracted Gordil virus antxgen usmg the - method outlmed in section
2.2.3.3¢.

© 2.2.3.5 Passive protection studies .
The in vivo protective ability of the MAbs agamst RVFV was. assayed in four
- week old mice. The virus used in these experiments was stock tissue culture
virus (2.2.1.1) with a titre of 10//ml. In order to determine the LDy, (50%
mortality endpoint) for mice, serial ten-fold dilutions of the stock virus were
prepared in serum-free EMEM. Groups of four mice were invoulated
o intraperitoneally G.p.) with 0,2 ml volumes of éach-vims-dilution ranging from
'1_0*" to 10%. ‘The mice were monitored for three weeks and euthanased when
moribund, The LDy, was calculated using the Kérber method as describe’d'-by_
Hawkes (1979). ‘The plaque fotming units (PFU) were subsequently determined
for the virus dilution which corresponded to 10LD50 by plaque assay as described
earlier (2 2.3.3 1),

For the protection studies, monoclonal antibody ascitic fluids were diluted 1:2 in
EMEM and 0,2 ml volumes were inoculated i.p. into groups of five mice.
_Twenty-four hours later, mice were challenged i.p. with 10LDs, (360 PFU) of the |
stock RVF virus diluted in EMEM while controls received virus only, The mice
were observed for three weeks as outlined above. Statistical significance of the
difference in the time of death betwean the test and control BTOUpPS Was a'ssessed '
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by the Student’s t-test. The level of minimal significance was calculated using
both p <0,05 and p <0,01. '

23 Results .

2.3.1 Productlon of MADbs

Screenmg of the hybridomas was performed by ELISA using the viral

glycoprotein at a dilution of 1:200 for the capture antigent. This corresponded to

 the highest dilution which gave maximum absorbance (Table 1) and_'fepresentﬁd' -
a protein concentration of 8,5 ug/well. By the screening ELISA, 23/273 (8,4%)
hybﬁdom'a clones were found to be excreting antibodies specifically against the

| glycopmm antigens, Six of these exhibited weak reactlvxty, but were confirmed

- by means of the IFA test.

._While all 23 hybridomas were successfully cloned and frozen stocks prepared, the
‘viability of the hybtidomas varied considerably on resuscitation from liquid
~ pitrogen. Growth of the cells was. greatly promote_'ci by the addition of freshly
prepared macrophages 'or_S % macrophage extract. All 23 clones appeared to be
 stable as they remained positive for RVFV antibody excretion.

Table 1. Titration of RYFV g.lycoprotein- for usé as captilre antigé.ﬁ in ELISA

* Antigen dilution’ _ Optical density (405 am)
s | 2,000
100 L 2000
200 | 2.000
400 '- - 1.757
800 L1254
1600 s
~ No Ag - 0.054

! Dilutions expressed as reciprocals
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232 Charaéterization of MAbs o

2.3.2:1 Detennm&tmn of xmmunoglobuhn nsotype . _

The immunoglobulin subclasses of the 23 MAbs are shown in n Table 2. The
- majority of the antibodies were of the IgG1 subiclass.

~ Table 2. Immunoglobulin subclass of MAbs'

o MAD | ._ | | | Subclass

| 385, 5B1, 3D2, 3H1, 4B3, 5A1, : IgGl
OB4, 5A6, SC4, TF2, 8C2, TR1, . -

| 4D10, 8ES, 6E10, 5C12

SEl1, 843,589,862 | IgG2
se B G2
g0 | wm

'...3 2. 2 Detemunatlon of MAb specnt'icxty

‘The optimum period for radiolabelling the infected cells for the detectmn of the
virus-specific proteins by polyacrylamide gel electrophoresis (PAGE) was
investigated by labelling at various times post-infection (p.i.). Labelling for the
‘period 4-20 h p.i. was found to be the most suitable and was used in subsequent
immunoprecipitation experiments. '

By SDS-PAGE, polypeptides of the following molecular weights were detected
from infected cew ,ystates which had been immunoprecipitated with RVEV
. hyperimmune ascitic fluid : 65K, 56K, and 26K (Fig. 1 lane 2). Thé apparent
molecular weights of these bands correspond to the known weights for RVEV G1,
G2 and NC proteins respectively. The fact that similar polypeptides were not
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Fig.1. Immunoprecipitation of *S] methionine-labelled RVFV-specific proteins
by selected MAbs. Proteins were electrophoresed on a 12% SDS-polyacrylamide

gel. Lane 1, “C molecular weight markers (Amersham); lane 2, RVFV-infected.
cell lysate immunoprecipitated with RVFE polyclonal hyperimmune ascitic fluid;
lane 3, MAb 4B3; lane 4, MADb 3HI; lane 5, MAb 5E1; lane 6, MAb 3ES; lane
7, MAb 8G2. |
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~ detected in the uninfected cell controls (data not shown) indicates that these
protcms were indeed v1rus-speclﬁc

" The specificity of the MAbs is shown in Table 3. Fourteen of the MAbs ..
- precipitated the G1 protein while the temaining nine were specific for the G2
 protein. ‘Examples 2ie shown in Fig. 1 (anes 3-7). While the G2 polypeptide

. was easily visible when immunoprecipitated by the polyclonal hyperimmune - -

_ asomc fluid, the mtensuy of the G2 band when prac1p1tated by the MAbs was
very weak By increasing the concentration of the *S iabel from 10 to 50 xCi/m!"
and increasing _the exposure mne, the G2 band_ was detectable but still :weak.

Table 3.  Specificity of the - RVFV MAbs as determmed by the
- radipimmutie prec1p1tatwn assay

. MAb  Specificity
3ES, SE1, 3D2, 3HI1, 4B3, 5A1, | Gl
OB4, SE11, 8A3, SE, 5F2, 5A6, -
1E4, 8G10 |
0C4, 8G2, TF2; 8C2, 7F1, 4D10, | @

RE6, 6E10, 5C12 ' |

2.3.2.3 Serological reactivities

a)  Enzyme-inked immunosorbent assay (EIISA) titreg

Table 4 shows the results of the reactivity of the MAbs in the ELISA usmg either
purified whole RVFV or the extracted glycoprotmn preparauon as capture antigen.
The titre of most of the MAbs against the extracted glycoprotein anugen was one
fo two logs higher than against the whole virus,

b)  Indirect imm iofluorescence antibody ftres
TFA titres of hybtidoma ascitic fluids ranged from 1:1024 to 1:128 000 (Table 4).
For each individual MAb, the titres of different batches of ascitic fluids remained
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‘Table 4. Reactlvxty of the RVFV MAbs by indirect 1mmunoﬁu0rescence :
~and ELISA . _ _

MADb | Speciﬁci_ty_ PAtie' |  ELISA Y

Punﬁed virus Glycoprotmn

[3Es 61 | es000 | 18 | 10
st | et | 16000 ! w0 | @
2. | et 6000 | 100 | 100
st | o6t | %2000 | w00 | 10°
4B3 61 128000 [ . 10° 100
Cisat | 61 | 64000 BT 107
- om4 e | B0 | w0 ] 08
5B Gl 16000 | 10° | 10°
BA? Gl 32 000 v |
SB9 | . a1 64000 |  10¢ | 10°
s | a1 4096 | 10 | 10
546 | @t 1024 100 10t
1E4 - a 16000 { 10 | 100
810 | @1 64000 | 100 | 105
focts | @@ | mso0o| 10 | 106
8G2 | @G | 6000 | 00 | 105
7F2 G2 32000 [ 18 | 105
8C2 @ 32 000 10* T
7Pl | G2 | 64000 108 o108
| 4D10 @ 64000 |  10* T
8E6 G2 | 32000 | 10 100
 6B10 G2 | 406 | 10 e

scl2 | G2 | es000 | 10 | we o

! Titres expressed as dilution rcciprocals o
? Titres expressed as - logyo dilution reciprocals - -

37



relatively constant leferences in the mtensny of the ﬂuorescence induced by the
- various MAbs were evident i. €. while the majority exhibited strong ﬂuoresc:ence, .
o several displayed a weaker intensity of fluorescence (5C12 and 5A6).

The bmlogmal activities of the MAbs in various serological tests are. shown in |
* Table 5. Nine of the Gl-specﬁc MAbs and four of the G2-reactive MAbs.
%msplayed haemaggluﬁnaﬁon—nﬂubmon (HI) acttvxty, thh ntres rangmg from weak
1(1:20) fo very strong & 81920). |

In _the complement—ﬁxaﬁon test, only four Gl- and G2-specific MAbs were -
- reactive. MAb 8A3 exhibited the highest activity, with a fitre of 1:1024.
@ MA&M |
Two MAbs (3E5 and 9C4) were able to neutralize RVFV in the CPENT (Table '

" 5), Many of the others, however, appeared to delay the appearance of CPE and

were therefore tested by the more sensitive PRNT (Table 6), These assays |

. revealed that nine of the anti-G1 MAbs neutralized the virus in vitro in the =

absence of C’, with MAb 3ES exhibiting the highest neutralization titre. When
C’ was _added-, the majbrity of these antibodies neutralized to higher titres;
furthermore the remaining five non-neutralizing MAbs ' showed low level”
neutralizing activity. '

With regard to the G2-specific MAbs, three were able to newtralize the virus in
witro withont C'.  Of these, MAb 9C4 was strongly nentralizing whereas MAb
7F2 and 8G2 were much weaker, In the presence of C’ tﬁe remaining anti-G2
- MAbs, with the exception of MAD SC12, were able to neutralize at a low level.
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Table 5. Haemaggluunanon-mhmmon neut.ra_hzmg uﬂd complemw: fixation

activities of the RVFV MAbs . _
“MAb | Sweifiity | BT | CPENT CF -
385 a6t | 2360t | 409 .
Sl ol - - -
3D2 Gl 10 240 - -
| | 61 81 920 - -
m | oL 40 960 - -
5A1 Gl 81 920 - -
o4~ G1 10 240 - .
- SEll Gl - - .
8A3 Gl - - 1024
i sEo 6l 5120 - )
) a - - .
" 5A6 Gl - - -
1B Gl | 5120 - 512
8G10 Gl 10 240 - -
9C4 G2 40 960 1024 .
8G2 G2 160 8
TR2 G2 40 , .
8C2 @2 - - -
TF1 G2 20 - -
 4D10 G2 - - -
8E6 a2 . )
6E10 @2 - ; ]
5CI2 G2 - - i

1 Titres expressed as dilut'on reciprocals
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‘Table 6. Neutrahzmg actmty of the RVEV MAbs by the plaque reduction

neutrahzatmn toit (PRNT)
‘MAD Specificity |  PRNT | PRNT +C'
© 3ES Gl 32 768" 262 144
SEL Gl - 512
3D2 Gl 32 256
3El Gl | 1024 16 384
483 -Gt . 4 096 8192
5A1 &l [ 104 4 096
9E4 Gl 128 2 048
SE1l Gl : 128
8A3 a1 - 256
SE9 Gl 1024 2048
SF2 Gl : 512
5A6 61 . 512
C1BA Gt 4096 524 288
8G10 Gl 4 096. 16 384
- 9c4 G2 8192 65 536
8G2 G2 32 124
T2 G2 256 256
82 G2 - 128
TR1 G2 - 128
4D10 G2 - 32
8E6 a2 - 128
6EI0 a2 . 32
SC12 G2 - -

! Titres expressed as chlutmn remprocal‘s
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2.3,.2.4 MAb cross-regctivity :

The results of the reactivity of the MAbs with Gordil virus by indirect
immunoftuorescence are shown in Table 7. Three of the MAbs directed against -
the Gl protein ie 483, 5Al and 9E4 reacted strongly, while the remammg

- antlbodles dmplayecl weak or 1o reactmty

- Vith regard to the HI test-using'GordiI vil_'us antigen, only the three G_i_—specific '
MAbs which fluoresced stro'ngly against Gordil virus by IFA  exhibited
haemagglutmatlon-mhibmon activity (Table 8). For each of these antlbodles the
HI tiires against Gordﬂ virus were lower than those for RVFV

- 2.3.2.5 Passive protection

From the initial virus titration in mice it was estabhshed that a dﬂutmn of 10
of this particular batch of RVFY yielded the 50% mortality dose (LDsy). The
10LDyp (10 used in the subsequent protection studies in tuj:n.cori'espondéd to
360 PFU,

* Due to constraints imposed by the University’s Animal Ethics Committee, it was ~

not possible to test the in-vivo protective ability of all the MAbs, Instead, those
MAbs which exhibited the highest in-vitro neyiralizing activity were examined,
as well as several ncn-neutra]mng antibodies.

The Gl-reactive MAb .3E5, which exhibited the highest in-vitro neutralization
activity, provided complete protection from lethal RVE infection (Table 9).
Another G1-specific MAb which possessed a relatively high in-vitro neutralizing
titre, (MAb 3H1), protected 60% of the animals,

In the case of the MADbs specific for the G2 protein, MAb 9C4, a strong in-vitro
neutralizing antmody, provided complete protection from infection while MAb -

7F1 protected 60% of the mice.
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Two other MAbs, 8A3 and 8$G2, specific for Gl and G2- respectively,
sxgmﬁcantly prolonged the raean survival time of the mfected animals at the 99%

confidence level. The remaining antibodies tested were not able to mgmﬁcantly
delay death even at the 95 % oonﬁ‘dence level.
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Table 7, R'eat.:tivity' of MAbs with Gordil_virus by indirect immunoﬂﬁdrescence_ '

‘MAb | RVFVANIS0 | Godil vius
B o -
5E1 |
D2
3HL
4B3
5A1
9F4
5E11
8A3
. 5ED
5A6
C1E4
8G10
o4
8G2
TR
82
7E1
4D10
| 8E6
6E10
5c12

ot

H

+ + +

s

H-

K+ H B W

H + + + + 4+ + + + + +H + 4+ + + + + + + + +
]

& = weak immunofluorescence
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Table 8. Haemagglutination-iohibition activity of the RVFV MAbs with Gordil

 MAb |  Specifiity | RVFV1830 | Gordil virus
3E5' oL - 2se0 | . —
3D2 6l | 10240 |
3H1L & | s | -
3 Gt 40960 | 1280
5a1 | @t | 81920 | 5120
OB4 Gl 10240 1280
B4 | @l s |-
8e0 | 61 o2 | -
ot | @ | a0 | -
82 | o2 160 o
m | e T :
7F1 e 4w -

M



"Table 9. Protection of mice from infection with RVFV!.by pasSive administration

of MAbs
MAb |  Specifiity | No.of survivors/ | Meanday | p°
_ o _ No. tested |  of death? |
' No MAb B L o | 3.2 |
- I Gl si5 4l <oot|
se1 | o o ws | 28 | >005)
oc4 | o 5/5 . < 0.01
{m a2 o5 | 44 | >005
No MAb. os | 28 | |
} 1e4 Gl 15 | 46 |>005]
l3m ¢t | a5 | 88 |<oo01]
| 7R G2 5 84 [ <001
No MAb | - o5 2,02 |
4B3 @l 05 4.2 > 0.05
8A3 @@ | 74 | <001
g2 | e | w5 | 78 | <o00]

! Virus 10LDs, (360 PFU)
? Mice euthanased When-moi_'ibund

* p values for the difference in death time between each test group and the
control group assessed by Students t-test

¢ All animals survived > 21 days
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‘2,4  Discussion _ o
The successful generation of hybridomas excreting specific monoclonal antibodies_
depends on many factors, each of which plays a critical role at the various stages
of production (Fazékas de St. Groth and Scﬁeidegger, 1980; Galfré and Mﬂsateiﬁ, -;
1981; Lane, 1985; Oxford, 1082; Reading, 1982; Sinkovics and Dreesman, 1983;
Westerwoudt, 1985). The main factors influencing the production of the RVEV
MAbs will .ﬁ'rstly ‘be discﬁssed; and thereafter the characterization of the

- antibodies with respect to their antigen sp .cificity and biological activities.

The first step for efficient producticn of MAb-secreting hybridomas generally
requires that the donor animal be well immunized against the antigen of in‘erest
(Lane, 1985). Both virus-infected mouse brain and purified virus as antigen have
been used to elicit hybridomas specific for members of the Bu}zyavir'idae family
(Arikawa et al, 1989; Gonzalez-Scarano et al, 1982; Pifat ef al, 1988). Since in
the presént study it was necessary ¢ . tain a large number of MAbs directed _
against the glycoproteins relativeto . ghly immunogenic nucleocapsid protein,
a punﬁed glycoprotem preparahon was the immunogen of choice. Extraction of
the glycoproteins from the RVE virion was performed using mild nonionic
 detergent lysis since antlgens prepared this way should not expose the epitopes |
buried w1thm the secondary or tertlary structures of the protein (Roehng et al,
198'2.)

One reason for the snccess of the actual immunization protocol followed for
generating the RVFV hybridomas probably lay in schedulmg two final booster
doses four and three days before explantation of the spleens, thus improving on
the single booster which reportedly increases the amount of hybridomas that
secrete antibndy against the immunizing virus (Prabhakar et al, 1084 Sander and

Dietzgen, 1984), Anothar factor of paramount importance is choice of the parent = -

‘myeloma cell line for hybridization with the immune B lymphocytes since the
stability of the resvlting hyl.rids i in part determined by the myeloma cell type
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(Reading, 1982). The Fo myeloma cells, a fast-growing mutant clone of the

- 8P 2/0 tine (Fazekas de St. Groth and Schéidegger, 1980) were dhasefn for the

prod'uction of the RVEV Iiybi'idomas aé they have been shown to 'generate hybrids

~ which are more stable than those from the X63 Ag 8.653 line (Besselaar and
Blackburn, 1988). S

One of the factors which is extremely crucial at the stage of cell fugion is the

exposure period of the cells to the fusing agént polyethylene. glycol (Fazekas de ”
St. Groth and Scheidegger, 1980; Lane ef al, 1936). A shorter fusion ﬁeﬂod than
the 90 seconds advocated by Fazekas de St. Groth and Scheidegger (1980) was
used here since exposure times longer than one minute appeared to have a
detrimental effect upon the fusion efficiency,- possibly due to an mcreased
 sensitivity of the newly formed hybnds to the cytotoxm effects of this chemical

(Lane, 1985)

‘Another critical step in the. procedure for generating MAbs is the screening of
hybridoma cultures for those hybrids secreting the desired antibodies. Since
séreeniilg represents the stage cf hybridoma production which is extremely labour
 intensive, an assay that is both rapid and sensitive is required so that an
immediate decision can be made as to whether of not to clone the hybridoma
(Goding, 1980), The choice of assay can moreover greatly affect_" the selection of
antibodies with different specificities (Prabhakar et al, 1984), Screening of the
RVFV antibody secreting clones by ELISA. utilizing extracted glycoprotein as
antigen not oh]y pernﬁitted the detection of MAbs specific for the envelope

- proteins, but was rapid to perform. The confirmatory sereening test by indirect -

immunofluorescence, on the other hand, was particularly valuable for those MAbs
which reacted weakly in the ELISA.

In order to avoid contamination of the antibody-secreting hybridomas with clenes
producing no globulin, it is advisable not to aim for a high muitiplicity of hybrids
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in the fusion cups (Fazekas de St. Groth and Scheidegger, 1980). Since the
precursor parental cells forming hybrids are independently dis'tributed _throughdut
the wells, the number of hybrids per well follow the Poisson distribution, thereby
allowing the lowest number of parental cells required to form hybrids to be
calculated (Cianfriglia er al, 1986). As the number of hybndomas formed
depends on the nmnber of spieen cells and not on the number of myeloma cells,
the muitiplicity of spleen cells used for fusion is critical (Westerwoudt, 1985;
1986). It is thus sound sirategy to follow a method such as that of Fazekas de
St.Groth and Scheidegger (1980) where the spleen cell input (2,5 x 10%/well) has

 been caloulated to ensure that positive cultures arise predominantly from single |

hybrids, This __e]inﬁnates the need for stringent cloning. In most instances,
clohing. 6nc, by limiting dilution was found to be ‘adequate for the RVEV
_hyhﬁdomas, thereby having the added advantage of saving_ time, material and the .
risk of contamination associated with increased cell manipulation.

During the stage of é)_cpansion ‘of the RVF .hybrid clones, one of the prbbléms o
experienced was that of fungal and yeast contatnination of the cultures. Although
contamination of this kind is difficult to confine due to the rﬁpid spread of .spores-, |
 the inclusion of 0,8 mcg/ml Amphotericin B (Fungizone, Squibb, Princeton,'NJ

- U.S.A)) in the culture medium helped to contmn it W1thout exertmg any toxlc
effects on the cells. ' ' '

Another difficulty encountered at this stage was that of poor cell growth of somé _
hybrid clones. As has been reported by others (Razekas de St. Groth and |
Scheidegger, 1980; Galfré and Milstein, 1981; Prabhakar ef al, 1984; Sanders and

Dietzgen, 1984; Sugasawara et al, 1985) the presence of either a peritongal

macrophage feeder layer or macrophage conditioned medium greatly promoted
hybridoma cell growth. This was particularly evident for a few clones where, in
the absence of macrophages, a very low percentage of the original antibody-
secreting cells were recovered updn resuscitation from liquid nitrogen. This
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enharcing effect of the macrophages has been suggested to be due in part to the
produc tmn of tmonokines which are growth supportmg for the hybndnmas_
(Reading, 1982' Westerwoudt, 1986) '

_With regard to the characterization of the MAbs, knoWledge of antibody isotype
is nnportant for the i mterpretanon of various 1mmunologxcal assays such as binding
to protem A or complement, and for antibody competition (Ey et al, 1978

- Kronvall and Williams, 1969; Yewdell and Gerhard 1981) Since, for example,
i1munoglobulins of IgGl subclass bind poorly to protein A (Ey et al 1978;
Kronvall and Williams, 1969) it was necessary to arm" the protein A with anti-
mouse immunoglobulin in the RIPA to ensure that it wo.uld react with the RVFV )
MAbs of this isol:ype-. - | | o

A major problem experienced during determination of the specificity of the MAbs
by the RIPA was that of poor Inpelling of the RVEV G2 protein. This
phenomenon has been reported by others for various Bunyaviridae (Bishop and
 Shope, 1979; Gonzalez-Scarano ef al, 1982). The weak reaction with G2 may
have been due to low affinity of the antibodies (Yolken, 1982), although it is
- unlikely that all nine anti-G2 MAbs would possess similar poor antig‘f_:ﬁ~binding
 activity. A mors probable explanation s that the poor reactivity could be due to
lack of stable antigen binding under the conditions of the assay (Fernie ef dl,
1982). MAbs are often sensitive to minor conformation changes (Carter and ter
Meulen, 1984; Lussenhop et al, 1988; Niesters et al, 1987) and coﬁsaquently may
be advci-sely affected in the RIPA where the detergents neCeSSary to prevent non-
specific contamination of the precipitate have some destabilizing effect on protein
structure (Yewdell and Gerhard, 1981).

The possibility that certain of the epitopes defined by these MAbs were more
conserved than others was examined by determining the cross-reactivity of the -

antibydies with Gordil virus, The latter was chosen as it représents an African

49



phiebovirus (Tesh et al, 1976) which exhibits an antigenic relationship with
" RVFYV as established by various serological tests with RVF convalescent sera and
reference antisera (S'hope et al, 1980; 1981; Swancpoel et aI, .1986; Tesh et al,
© 1982). The strong reactivity of three of the G1-specific MAbs with Gordil vitus
~ indicates that the autigenic 'detenninants defined by these antibodies are ot
 specific for RVFV, but may be hxghly conserved in some other members of the
phlebovirus genus '

- Examination of the serological reactivities of the RVEV MAbs revealed that some -
* MAbs directed against both G1 and G2 were capable of neutralizing virus in the
absence of C'.. This suggests that their epitope specificities are localized to sites

- which contribute to the role of the glycoproteins in virus infectivity, Of interest

‘was the fact that all the neutralizing sites identified by these anﬁboc!ies also
demonstrated haemagglutination zctivity (HA)., While several neutralizing
epitopes have been identified in ¢vier studies on RVEV (Collett er al, 1987;
Schmaljohn ¢ al, 1989) no data regarding the HA of these antigenic sites has -
been published. The findings here are similar to those reported to the phiebovirus
~ Punta Toro, where all except one of the neutralizing MAbs also had |
haemaggluunauon—mmbmon activity (Pifat et al, 1988). The cloce correlation of
neutralizing and HA responses stro.agly suggests that the RVFV Gl and G2
domains which bind to erythrocytes also bind to receptors on vlrus—suscepuble
cells in culture.

In addition to C’-enhanced virus neutralization exhibited by these in vitro
neutralizing antibodies, the majority of the non-neutralizing RVEV MAbs were
also able to neutralize virus in the presence of C'. C'-enhanced and C'-dependent
virus neutralization by MAbs is a well-documented phenomenon (Holland et al,
1983; Kimuro-Kuroda and Yashui, 1983; McCullough, 1986; Russell et al, 1983).
Both RVEV IgG and IgM subclass MADbs exhibited increased neutralization when
C' was added. In the case of IgG antibodies, C' may function together with,
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immune IgG to lyze (Oldstone, 1974; Oroszlan and Gilden, 1970), aggregate
{Oldstone et al;, 1974) or ooat viruses (Linscott and Levinson, 1969), resulting in
destruction or inactivation, IgM also binds C under certain conditions (E‘éinstejn
et al, 1986). The addition of C' plus anti-viral IgM to the nairoviras Dugbe, for
example, increased neutralization 16-fold (Armsh‘ong et al 1990). Itis posmble
that those MAbs which are dependent on C’ for neutrahzatlon cannot along induce
sufficient _confonnauonal changes in the virus to effect neutralization
© (McCulloughi, 1986). | o |

‘The passive immunization studies clearly demonstrate that antibodies to individual
 epitopes on both the RVFYV Gl and G2 proteins can prowde prolectlon to
otherwise lethally. mfec.ted mice, mmcatmg that both envelope protcms play an |
important role in virus infectivity and pathogenesis. This finding is of pa_rtlcular '
 interest since previousiy only anti-G2 or a mixture of anti-G1 and G2 antibodies
 bad been shown to be protective in vivo (Battles and Dalrymple, 1988),

Of the four MAbs capable of protecting mice from lethal RVFV infection o
Varying- dégrees, three were also able to neutralize in viro. The remaining
antibody (7F1) was, however, non-neutralizing in Vigro. A similar finding has
been shown for several other viruses (Boere et al, 1985; Schmaljohn et al, 1982).
A number of possible explanations for in-vivo protection by non-ne’utfalizing'
* MAbs are apparent, including complement-dependent lysis or antibody-dependent,
ce11~mediated lysis of virus infected cells (Boere et al, 1985;' Lefra..cois, 1984;
‘Schmaljohn et al, 1982). Since MAb 7F1 was of the IgG1 subclass, the
underlying mechanism for this phenomenon is unlikely to be C’-dependent
~ cytolysis (Spiegelberg, 1974). Similaﬂy, enhanced uptake of virus in non-
| permissive macrophages is not probéble, as this is most likely to be mediated by
IgG2a subclass antibodies (Boere et al, 1985), The 7F1 antibody may instead
protect by inhibition of virus maturation (Boere et al, 1985) or antlbody—dependent
cell mediated cytotoxicity (Stanley et al, 1986).
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In addition to the four MADbs that were able to protect at least 60% of the infected
-animals, two other.anﬁb'ad'ies significantly prolonged the mean sufvival time of
the mice. The G1-specific MAb 843 was ion-neutralizing in vitro whils the anti-
G2 MAb 8G2 exhibited-very low level heutra]isiing activity in the absence; of C'.
Since the in vitro neutralizing activity pf both antibodies was potentiated by‘ ct,
- _tlie widerlying mechanist for the prolonged survival time could b C’-dejaendént

 cytolysis mediated by the non-neutralizing antibodies as suggested by Schmaljohn
et al (1982} . Alternatively, as both antibodies are of the IgG2a isofype, the

_ | partial protection ini'ght. be due to the clearance of virus-antibody comiplexes in

_ nonpermissive .;nacrapha,ges as ‘suggested for Sémliki Forest virus (Bcere et al,

198¢5). '

The results of the characterization of the RVEV MAbs with respect to their

.antig.eni'c specificity and their bioiogica_l act’ -ities thus indicate that they are
 involved in various biological functions. This in turn suggests that they are
* directed against different antiz-nic determinants on the G1 aixi G2 proteins. In
order -to assess- this, and to assign the 'protecti've, ﬂeuira‘izing and
" haemagglutination functions to antigenic regions on the glycoproteins, it is
 necessary to exarnine the fopological relationship of the epitopes to each other.
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3. EPITOPE MAPPING OF RVFV G1.AND G2

314 Introduction

~ The topologlcal relatlonsmP of antigenic determinants to each other on the surface
" of the virus protein molecule can be conveniently examined by utilizing MAbs in -
a competitive binding assay (CBA) (Heinz, 1986; Stone and Nowinski, 1980;
~ “ewdell and Gerhard, 1981). Competitive binding is frequently performed by
 BLISA or radioiminuno_assa;y, where one MAD is labclled with an appropriate
marker, and unlabelled antibodies are assessed for their capacity to inhibit the

o éunpetition of the labelled antibody with antigen (Carfei"-imi ter _Me'_lilen, 1984).'

' The definition of epitopes by CBA is based on the assumption that a MAb binding -
- toa Speclﬁc site hinders the attachment of another 'mtlhody to- the same or
prox1mal site (Stone and Nowmsh 1980). - .

CBA’s with MAbs have been used to map the antigenic determinants of the
envelope: glyéoproteirrs of several members of the Bunyaviridae family (Arikawa
et gl, 1989; Dantas et al,1986; Gunzalez-Scarano ef al, 11982; ngsfard et al,
1983; Na_]_]ar et al 1985) including the phlebovmls Punta Toro (Pifat et aif 1988).
Epitope mappmg studies on La Crosse virus (LACV) have, for example revealed
the presence of eight ar. tgenic. reglons on the G1 glycoprote:m (Kingsford et al,
1983) In the study by Ankawa et al (1989), nine dlstmct partxa]ly~0ver1app1ng
antlgemc sxtes two on G1 and seven on G2, were demonstratcd for Hantaan
virus.. Monoclonal anfibodies reactive with the Punta Toro Gl profein were
shown to bind to epitopes in two distinet topological sites (Pifat er 2, 1988).

In contrast, a topographical analysis of the surface glycoproteins of RVFV has not

been undertaken to date. This may partly be due to the difficulty in generating

RVFV MAbs to the glycoproteins zelative to :t_h_e highly immunogenic |
acleocapsid (Pifat et al, 1988). |
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The present objectives therefore are to use the RVFV MAbs prepared against the
‘South African AN 1830 strain to map the antigenic sites on G1 and G2. The

epitope mapping will be carried out using competitive binding ELISAs with MAbs

conjugated with an enzyme label. The biological functions of the MAbs will then
' be assigned to the corresponding mapped domains. o ' |

32 Materials and Methods

3.2.1 Parification of virus for CBA _ _
| -a) RVFV was PEG):&mthed and punﬁed using CsCl gradzents as dcscnbed
in section 2.2.1.2. '

b) Purification of RVFV 'usin'g potassium tartrate-giycerol gradients (Robeson et |
al, 1979) was also performed in an attempt to obtain a h1gher yield of intact virus
pa.tl:lcles The potassium tartrate-glycerol gradients were prepared by successively
layering 1,5 ml volumes of solutions A to G (Appendix C) in Beckman Ultra- _
Clear centrifuge tubes. Two ml PEG-precipitated RVFV (2.2.1. 2) was then
loaded over the combmauon equl.libnum-»wscos_lty gradients of glyceml and
potassium tartrate. The tubes were spun at 35 000 rpm (155 000 g) for 90 min
at4°C in a SW 40 Ti rotor using a Beckman L8-60M ultracentrifuge. The visible
Virus band in each tube. was harvested by collecting 0, 5 ml fractions usmg a19 _
gauge needle. The fractions were testecl for pmtem by measunng the absorbance
at 280 nm,

Positive fractions were pooled and dlalyzed overnight against TSE buffef_ 0,01
M tris-hydrochloride buffer, pH 7,6, containing 0,15 M NaCl ar.d 0,003 M
EDTA, pH 7,4). 'The final protein concentration was determined
spectrophotometrically as above. | |
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3.2 2 Purlficatlon of MAbs

Prior to punficatlon the monoclonal anubody rich ascitic fluids were treated with
| Lipoclean (Behrmg, Hoechst, Germar_l_y) fo remove any_hp1d-contauun_g material,
The ascific fluids were mixed with the 'I.ipode'a_n reageni at a ratio of 1,5:1,
vortexed and clarified by spinning at 2500 1pm for 15 min in a Beckman TJ-6
benchtop centnfuge The top phase ‘was carefully removed for antibody

IgG MAbs were punﬁed from the c-lanﬁed ascitic ﬂmd by protem A-linked
gy agarose (Afﬁ—gel MAPS; Bio-Rad I.aboratones, Rlchmond CA, USA)
chroma_tography. Fractions of_ 1 _ml were collected and tested for protein using
the Bio-Rad Protein assay” (Bio-Rad Laboratories). Positive fractions were pocled
~ and concentrated by ultrafiltration using CX-10 ultrafiltration units (Millipore),
The antibodies were then dialyzed against 0,1 M phosphate buffer, pH 7',4 with

0,075 M NaCl and the resulting protmn concentratlons determined -
 spectrophotometrically at 280 nm., : |

MADbs of the TgM subclass were isélatéd by gel filtration on Ultragel AcA 34 o
| (Spectruin Medical Industries, Los Angeles, CA, USA) using 2 50 x +,5 cm
column. The gel was equilibrated with 0,5 M NaCl buffered with 0,02 M
sodium phosphate buffer, pH 7,3. Clarified ascitic fluids (! ml per run) were
applied to the column and eluted with the same phosphatebuffer'as”abbve.- | |
Fradﬁons of 3 ml were collected and the protein contents checked using the Bio- |
Rad Protein agsay kit. The fractions in the first peak were pooled, concentrated
by ultrafiltration and the protein concentrations determined at 280 nm.

3.2.3 Determmation of MAb avidities
The abilities of MAbs o bind to solid-phase viral antigen were evaluated by |
indirect ELISA_ using both purified virus and glyeoprotein preparations ELISA |
microtitre plates were coated overnight at 4°C with an optimal dilution of
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gradient-purified RVF vitions or glchPrOtein extract determined as in Section
2.2.2.34. Non-specific binding was blocked by addition of 0,2 ml/well of 4%
BSA for 1 h at 37°C. Logyg dilutions of purified MAbs adjusted to a starting
concentration of 0,1 mg/ml were prepared and 0,1 ml volumes added to the wells

' and incubated for 2 h at 3’!°C The bound anhbody was determined with anfi-
| mouse peromdase con]ugate as described for the screening ELISA (2 2.2.3a). To

provide an approximate compaﬂson of MAb-bmdmg properties, relative binding -
| avidity was defined as the amount of antlbody (ug MAb protem) requlred to yleld
an absorbance of 0,5 at 405 nm (Boere et al, 1984).

3.24 Peroxndase comugatlon of MAbs
Antibodies were initiaily coupled to horseradish peroxldase (HRPO) (Slgma
Chcmlcals St Loms, Mo, USA) by the miethod of Wilson and Nakane (1978).

) _ Immunoglobulm fractions were 1solated from ascitic fluids by ammonium sulphatel o

precipitation and dialyzed overnt_ght against 0,01 M sod_lm_n carbonate buffer (pH
9,5). 'HRPO (10 mg) was dissolved in 2,5 ml distilled water and activated with
0,5 ml freshly prepared 0,1 M sodium periodate for 20 min at 1t. The solution
was then dialyzed against 0,01 M sodium acetate buffer (oH 4,4). "The pH of the
solution was then raised 0 9,5 with 0,2 M sodium carbonate buffer (pH 9,5) and
4 mg immunoglobulin was incubated with the activated HRPO for 2 h at 1t, After
" the addition of 0,25 m! freshly prepared sodium borohydride solution (4 mg/ml),
the mixture was left for 2 h at 4°C, then dialyzed against FBS overnight at 4°C.

A modified peroxidase conjugatioﬁ method in which ascorbic acid is used instead
of sodium borohydride as the reducing agent (Henning and Nielson, 1987) was |
‘also assessed. ‘The labelling procedure was identical to that above, with the
exception that ;25 ml of ascorbic acid (4 mg/ml) was added to the HRPO-
antibody mixture instead of the sodium borohydride. The mixture was leftat 4°C
for 24 h to stabilize and then sterilized by filtration thmugh a 0,22 pm filter
(Millipore Corp, Bedford USA).
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To remove uncohpled IgG and Eree ethme', peroxidase conjugates.w;ar@_ _puﬁﬁed '
| by gel filtration by the method of Nakane and Kawam {1974). Half the amount
of the HRPO-conjugates (2 mg protein) was chromatographed on a 85 x 1,5 cm
column of Sephadmc G-100 equilibrated in PBS. Fractions of 20 drops were
collected and. their absorbances at 280 and 403 nm determined. The em'ymatlc _
o activity of the fractions were tested by E_LI_SA (3.2.7_) fo detect the. presence of
active | conjugates. - Positive fractions were pooled and " congentrated by
) ultraﬁltrauon The purified conjugates were then compared to the other half of
the'ﬁon-puﬁﬁed conjug'ate for antigenic activity by ELISA (3.2.7). |

| 9.2.5 Bmtm label]mg uf MAbs
Labelhng of the MAbs with biotin was assessed usmg two methods

a) Amersham hibtinylation" kit (Amersham Int.;' U.K.): MAb ifnniunc)globulin

fractions (precipitated Iby aIannium" sulphate) were dialyzed ovémight 'ﬁg*ainst"

| 0,05 M borate buffer (pH 8,5). The protein conceitration of each sample was

adjusted to 2 mg/ml and 40 pl bmtm was added for 1 h at rt with shaking.  The

' labelled preparation’ was then fractionated thirough the Sephadex GZS.column
supplicd and fractions of 0,5 ml were collected.

" b) Biotinylation using the 'succinimidb ester: Labelling of the MAbs with a biotin |
ester {bioﬁn~XX-NHS)_which has an extra spacer arm interposed between the
reactive ester and the biotin molecule was also exarmined. Punﬁed as well as
ammonium suiph‘ate precipitated RVFY MAb immunoglobulihsiv&re adjusted to -
2 mg/ml in 0,05 M borate buffer (pH 8,5). The biotin-XX-NHS (Calbiocheri,
Behring, Hoechst, Germany) was prepared by dissolving 1 mg in 1 ml of
dimethylsulphoxide (DMSO). Fifty pg and 250 ug quantities of the biotin ester -
were then added to duplicate 2 mg MAb immunoglobulin samples, These were
reacted for 4 h with shaking at rt followed by the addition of 20 ! of 1,0M
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_ammomum chlonde pe1 250 ng bu)tm to block unreacted Biotin- ester The
labelled prepa.fatlons were then fracnonated thmugh Sephadex G25 as descnbed -

.2.6 Coningatmn ot‘ MAbs via their carbohydrate moietics _
Conjuganon of antibodles via then- ca:bohydrate m01et1es using the hydrazmle

- derivatives of paromdase and bmtm was evaluated using RVEV hyperimmune |
o ascmc fluid (HAF) and several representatwe MAbs. The RVEV anilbodles were

. oxidized by mixing 2 mg of ammonium sulphate preclp1tated 1mn1unog10huhn
_ dﬂutedmOSmlofO 1Msod1umacetate(p1-155) w1thOSm1001Msod1um
o penodate for 20 min at rt The mlxtures were then dlalyzed agamst O iM

o sodlum acetate (pH 5,5)

'-a) Peromdase—hydramde - e T e > ;

o Crystalline horseradish peroxidase (5 mg) (HRPO, Slgma) was dlssolv.ad in 1 ml_-

ofOISMsodlum chloride. Tothlswas addedOInﬂofa,ObMaqueous_

_ -solu_non of adipic acid dihydrazide (AADH, Sigma) adjusted to pH 5,0 with B

1 N HCl, and 0,5 ml of a 0,1 M aquéous solution of l-cthyl-3-(3-

. dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma). The reaction
‘was allowed to proceed for 6'h at rt at which time the solution was dialyzed-
against 0,15M sodium chloride and then against 0,1 M sodium acetate, pH 5,5.

After dialysis, the HRPO-hydrazide was mixed with oxidized RVEV

immunoglobulin at a protein ratio of 1:1 and allowed to react overnight at zt.

b Bloun-hydraznde : S -
'Solid biotin-hydrazide (Sigma) was added to 2 mg/ml of oxidized RVEY
immunoglobulin to yield & final concentration of 0,01 M. This was zencted: for '
2h at st with gentle shaking, followed by extensive dialysis against PBS.
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3. 2 7. Beterminatmn of the reactmty of the comngated MAbs

a) To determme the efﬁmency of the labellmg method, the enzymatic actmty of
‘the con]ugated MAbs was tested' by ELISA ‘The peroxidase conjugated |
preparatlons were dﬂuted 1:50 in BLISA coating buffer (pH 9,6) and serial two-'
- foid dilutions pr- pared in ELISA plates. Following overnight. incubation at 4°C,
- the Wells were washed and blocked with 4% BSA for 30 min at 37°C. &fter_
| _' washmg again, ABTS substrate was added and the ahsorhance read at 405 nm.
| Thf, react:mty of the b10tm_ conjugated MAbs was dehermmed in the same man_ner,_
- except that peroxidase streptavidin (Amefsham) at a dilution of 1: 1000 was added

. after the blocking step. Following an. incubation period of 1 h at 37°C, the wells E

: were washed and the enzymatic activity detected with ABTS substrate. .

b) The antigenic reactivity of fhe labelled MAbs was examined by adding secial
~two-fold dilutions of the conjugated antibodies to- BLISA plates coated with
_' extracteu glycoprotein and whole virus antigen (3 2 3). Afta: 1 h incubation at
37 "C the wells were washed and ABTS substrate added to the peroxldase' |
_comugatbd ‘MAbs. For the biotin Iabelled MAbs, peroxidase. streptawdm was

o added 1nstead and the ELISA carried out as descnbed above.

328 Competltwe bindmg assays
Compeutwe binding BLISAs were performed usmg ELISA plates which had been
coated with an optimal concentration of extracted RVEV glyvoprotein (80 pg/mi)
~ and blocked with BSA as described in Section 2,2.2.3. Prior to carrying out the
actual conipe!_iﬁve assays, the amount of each labelled MAb needed to give an
 optical density (O/D.) of 0,5 to 1,0 in the absence of a second unlabelled antibody
(Lussenhop et al, 1988) was determined by tltratmg the conjugated antibodies,
A startmg dilution of 1:25 was prepared in ELISA diluent for each enzyme-
| labelled antibody, and _0,1 mi volumes added in duplicate to the coated and

59



blocked ELISA plate wells. Serial two—fold diluticns were ptepared in the plates
- and incubated at 37°C for 1 h. The plates were washed, ABTS subst.rate added .
and the absorbance values at 405 nm were read '

Fof the cbmpeﬁtive binding aséays, uniabelled .p.urified MAbs were adjusted to
0,1 mg/ml in ELISA diluent and 0,1 ml volumes added in duplicate to the coated
plates.  After incubation for 3 hat37°C, the plates were washed and pcromdase— _
labelted MAbs were added in duphcate 0,1 mlfwell) for a further hour at 37°C.
After washmg as before, the colour was developed by addmg ABTS substrate and
the O.D. at 405 nm determined. Con:tr.ols inchuded antigen-coated wells without
any competing unlabelled MAbs, as well as homologous uniabelled anﬁbod'y. for
' F'ach resp’edtive conj_uga_tcd'MAb; :

Percent inhibition or enhanoement due to the competmg anubcdy was calculated _
from average corrected absorbance readmgs using the formula descnbed by
Lussenhop et al (1988): -

(% O.D. 405 with competing antibody) - (% O. D .405 Without compehng antlbody)]
X 100/(% 0.D.s Wlthout competmg antlbody)

Co'mpetit'ion was rated strong if it was more than 75% and partial or intermédiate
if it was more than 25% (Arikawa et af, 1989). An increase in binding o more
than 20% was considered 31gmﬁcant enhancement.

3.3 Results

3.3.1 MADb avidities | | |

The relative binding avidities of the MAbs, which serves to provide an

approximate comparison of MAb-binding properties, are shown in Table 10. The

- MAb avidities differed greatly for the purified virus and extracted glycoproiein |
| antigens, In general, the amount of MAb protein which was requlredto bind to

| the intact virus in order to give an ELISA absorbance value of 0,5 was about
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Table 10, MAD telative avidities

- " Relative Avidity! ug/ml)
MAb | Pudfiedviis |  Glycoprotein -
385 s L 15x10°
oB4 e 1x10°
sat- | S 1x10%
4B3 B I ¥ 1x10°
s |5 O 1xw0®
S 3p2 o C2x10%
 SES | - 0.8 o 1x10%
8a3 | 14 1 2x108
5Bl 1 ss0 01
st | 16 C 27x10°
sR2 . . 33 03
56 | >50 ol o4
se0 | 34 2
w {2 74

sca | 7 1 sx109
TR | 25 2% 10°
TFl | 2.9 o 6x10°
8G2 32 . 17 2 10°
82 04  25x10°
4D10 | 93 27 x 107
8ES | | 2x10°
6E10 | 2 | 0z
scl2 58 | 38

i Amount of antibody (jug/ml) required to yield an absorbance of 0,5 at 405 nm.
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three 1dgs greater than {hat for the glycoprotein antigen cg for MAb 3ES, 25
pg/ml was, needed to bind to the virat antigen compared to only 15 ng/ ml for the
~ glycoprotein preparahon The individual MAbs furthermore varjed in their ability

to bind to.solid phase antigen, with rélative avidities rangmg from 1 x 10% to
7.4 pgiml in_'the -case of ﬂle-glycoprotein preparation. a | |

3.3.2 MAb labellmg

Several different conjugauon pmccdures were Jmna]ly evaloated in order to
determine the optimum method for enzyme labelling of the RVFV MAbs.
Preliminary studies on peroxidase canju’gétion of the MAbs using the periodate
_ method of Wilson and Nakane (1978) and the modified procedure of I-Ienmng and
Nielson ( 1987) yielded conjugates of similar reactivity. The lattcr method was
_subseq\mntly used as it was less toxic and generated conjugates with greater.
stability on storage. Optimal couphng efficiencies were obtained using a ratio of
10 mg percrxxdase conjugated with 4 mg of protem

By this method, seventcen MAbs were successfully coupled to peroxidase, The
remaining six aniibodies exhibited enzymatic activity, indicating that labellmg
with peromdase had occurred. Fowever, the antigenic reactivity (ability to bind
antigén) of these conjugates was extremely weak. Purification of the peroxidase
labelled antibodles by gel ﬁltratmn to remove uncoupled IgG did not improve the
- actmty of the conjugates. ' '

With regard to biotin labelling, "oou‘plihg of the MAbs using the biotin N-
hydfoxysucc:inirnide ester (biotinlyation kit; Amersham) or the biotin-XX-NHS -
(Calbiochem, Behring, Hoechst) yielded conjugates of comparable reactivity.
While the enzymatic actvity of all the biotinylated antibodies was excellent, the
antigenic reactivity of the individual MAbs varied considerably. Several of the
biotinylated MADs, eg 3B5 and 7F1, exhibited a ma_rkediy reduced ability to bind
antigen compared to the same MAbs labelled with peroxidase. The six MAbs
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which displayed poor antigenic reactivity on tsoupling to peroxidase similarly did
not retain their binding capacity on biotiaylation.

Cidnjugatién of RVF.V antibodies via their lc'arbohydrate moieties using hydrazide
dérivaﬁves of peroxidase and biotin produced active conjugates asveﬂﬁed'by
besting the enzymattc acthty The antlgemc activity of the uon_]ugates however,

- was very low compared to the other methods whe.re labelling was performed via~
 the amino groups of the antibodies. |

333 Competitive bmdmg assays : |
The seventeen MAbs which retained their bmdmg capacity after coupling. to
ho:seradxsh peroxidase were used in reciprocal compennon_assays {Tables 11, 12,
13, 14). With regard to the Gl-specific antibodies, MAbs 3ES and 5E1 exhibited
- complete, symmetrical inhibition, indicating that they recognized identical or
 overlapping sites (Table 13). As the antibodies displayer different serological
* behaviour, the epitopes were considered to be nverlapping' rather than specific for
the same epitope. R | |

Partial symmetrical competition between various MAbs was also observed. Here
differences in the degree of blocking efficiency between 'ahﬁbody pairs was seen
despite having comparable avidities eg MAD _3H1._-00mpeted fully with MAv 3D2
and 3D?2 only partially competed with 3H1, MAb 4B3 exhibited partial reciproca'l. _
binding with MAbs 3H1 and 3D2, as well as MAbs 5A1 and 9E4. As such
pa.rtlal competition may be due to a low degree of structural ovexlép of -
determinants, the epitopes identified by these five antibodies were consic - ' to
~ be closely adjacent and were assigned to the same antigenic domain (G1 I).

A similar competition pattern wag observed for MAbs SE11 and 8A3 (G1 Ila and

Ib), while MAb 5E9, which did not show any reciprocal competition with the
other MAbs, was assigned to domain IV. Besides competition, enhancement was
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s observed. MAb 9B4 (Gl i) induced enhariced binding of MAPs 35 (G1 :
: Ia) and SEl1 (GI IIIa) but ot vice versa. (Flg 2)

The cbmpeﬁtion ae.says with the G2-specific MAbs showed that rione of the MAbs

o d13p1ayed complete, symmetrical compeuuon with any of the other antlbodws and

thus appearcd to recogmzc different epitopes (Table 14). MAb 7F2 had the | |
umque ablhty to compete fully or partmlly with all the other labelled G2 MAbs.

In tum 7F2 was partially blocked by only one MAb (8C2) which suggested that

these two antlbodles bound w0 closely adjacent epltopes in the same anhgemc
| _'reglon (G2Icand 1d). -

o .Asymmen;i_cal inhibition occurred between MAbs 9C4 and 8G2 ie 9C4 blocked

the binding of 8G2 by 100% but 8G2 did not compete with 9C4 at all. A similar
pattern of miﬁ-Wa.y _inhibi_tion.was_ seen for MAbs 7F2 and 8G2 where 7F2
blocked 8G2 by 95% but 8G2 only blocked 7F2 by 10%. Since this type of

- competition could be explained by the lower avidity of 8G2 relat:we o that of ocs

- and 7F2, the epitope recognized by 8G2 was assigned to the same domain as the
© 9C4 and 7TF2 determinants (G2 Ia, o, Ic). No two-way competition was observed
for MAbs 7F1, 4D10 and 8E6 whlch were thus placed in different domains. In

addition, reciprocal enhanced bmdmg was seeqt for MAbs 7F1 and 8(32 71 and -
4D10, 7F1 and 8G2, 4D10 and 8C2, 4D10 and 802, and 8C?2 and 8G2 (Fig. 3.

Data from CBAS performed with compefitor G-specific MADs against labelled
anti-G2 MAbs and vice versa revealed that none of the anti-G1 MAbs competed
with the G2-specific antibodies for binding to the G2 protein. In the reverse
situation, MAbs 8G2, 782 and 8C2 (mapping to G2 I) competed with the Gl—
specific MAbs for bmdmg to domain G1 II (Table 15)



Table 11. Pcrcentage inhibition of bmdmg of Iabe]led MAbs by unlabe]led antibodies determined by competiuve bmdmg assay
for RVEV G1-

© Antigenic Unlabelled o " HRPO Labelled MAD .
Doptain MAb | | SR . - o
| . 3BS SEl 3Dz 3Hl 4B3 SAi 9B4 SEIl  8A3  SE9

6tk 3B 100 S -9 0 17 -7 -1 -8 6 =3
b 5El 75 100 -9 0 4 13 -1 -4 12 -3
M2 ap2 - 41 46 10 56 4 1 5 26 3 -4
i 311 72 100 100 27 -13 -10 0 s  -13
Ic 4B3 58 4 s 49 10 9 9 ¢ -1  -14
‘d 5A1 65 3 2 -2 3 100 100 -2 11 @ -17
me  9B4 -9 26 -15 -8 25 54 100 -5 60  -14
Wwa  SEIL 45 30 -7 14 23 -15 1 10 36 -7
m 83 3% 17 -7 3 4 -6 -4 S5 100 -6
v SB . 9 4 -9 -16 1 -8 -6 5 15 100

- = enhanced antibody binding =
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Table 12, Pcrcentage inhibition of bmdmg of labelled MAbs by unIahe?md antlhodles determined by competitive bmdmg assa.y

for RVFV G2
Antigenic  Unlabelled _- .~ HRPO labelied MAb
domain MADb : : : ' IS

- o4 sz TR 82 TRl 4DI0 $E6

G2 Ik SC+  10 wo 2 19 %8  -18 3

b 8G2 30 10 15 .13 - S8t -1

¢ () 6 95 100 s 6 6 43

d 32 -5 -4 26 100 -5 . -8 - 8

o 781 24 -3% 15 -% 10 -2 10

it 4D10 -90 - 256 -3 -u6 . -6 100 14

v

886 3 0 1 -4 18 4100

- = enhanced antibody binding.
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Table 13. Competitive binding assay mapping of RVFV Gl glycoprotem epltopes based on patterns of anubody
binding mh.lhltmn .

Antigenic  Uniabelled - T HRPO labelled MAY!
domain MADb : 2 o '

3BS SEI 3D2 3HI  4B3 5A1  9B4  5BII  8A3

Gl Ia SE5 | ++  ++

Ib SEL | ++ -H-

b D2 + o+ | 4+ + o+ +

b 3H1 o+ ++ ++ +

16 4B3 + + + + | ++ ++ ++

1d 5A1 + + ++ 4+

Tle 9B4 0 + + + 4+ 0 +
ma  SBlL 4 + | e +
b 8A3 T+ ¥ ++
Iv 5By o+ |

! Bmdmg mhlbmou of labclled MAD by ualabelled antibodies as deﬁned by

++, >75% competition; +, 25 to 75% cnmpetmon :
0, one-way enhancement more than 20%
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Table 14. Competltlve binding assay mappmg of RVFV GZ glycoprotem epltopes based on pattcms of annbudy bmdmg' _

inhibition - _
Antigen_ic | Unlabelled HRPO 1abe11ed_ MAb‘_
domain MAD _ _ ' o _
B | 9C4 G2 TR 8C2 781 4DI0 8E6
@B 9cs 4 F+ | 0
b 8G2 ++ 3 'R "R
c 7R2 + +4+ ++ + + 4 +
d 8C2 | 0 + T+ R R
O 7F1 R R ++ R
m 4D10 0 R R R 4t |
v 86 o ++

' Bindig inhibition of Iabelled MAb by uplabelled antibodies as defined by: -

++ >75% _competition; +, 25 t0 75% compefition
0, on&way enhancement more thaw 20%; R, reclprocal enhancement more than 20%
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: Table 15. Percentage inhibition of binding of labelled Gl-specﬁ'lc ‘MAbs by unlabelled G2-speclﬁc anubodles determmed by

compennve binding assay -
Antigenic  Unlabelled . -~ - . HRPO MAb
domain MAb | | L .
| sD2. - 3HI . . 4B3  5A1 - 9E4

| _ | (Gilla)  (GlLIb) Giog = (GlOd — (Glle
G2 Il 9c4 2 2. 0 -7 6
@2 b 3G2 37 52 82 8 100
@R k = TR 70 o 3% 2 40

@ I 8C2 67 5 98 8 100
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Fig. 2. Dlagrammat:c represzentaﬁon of the antlbody mteracuons between the
epitopes on the RVFV G1 glycoprotein, Circles represent epitopes recogmzed by
each MAb. Overlapping circles indicate competition between MAbs. The
unfilled arrows show unidirectional enhanced antibody bmdmg
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@2l e2mM. G2IV

Fig. 3. Diagrammatic representation of the antibody interactions between the
epitopes on the RVFV G2 glycoprotein. Circles represent epitopes recognized by
each MAb. Overlapping circles indicate commpetition between MAbs. The
unfilled arrows show unidirectional enhanced antibody binding, The solid arrows
indicate bidirectional augmented antibody bmdmg '
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3.4  Discussion _ _ _
 The CBA utitizing MAbs is a powerﬁ;l techmque for the topographwal analysm

of antigens (Heinz, 1986; Roehrig et al, 1982; Stone and Nov uski, 1980).

‘While this type of study can be conveniently performed by ELi3A using enzyme
 labelled MAbs (Carter and ter Meulen, 1984), it is necessary to establish optimal

- conditions for the assay. Firstly, a uniform preparation of purified antigen

. suitable for use in the CBA is essential (Engvall, 1980), - It is also critically
Jmportant to determne the best method - for enzyme conjugation-of the MAbs'

- (Howard et al, 1985; o Shannessy and Quarles, 1985; O'Sullivan an_cl_Marks, _
©.1981). Additionally, the avidities or binding strengths of the antibod s for the
viral antigen have to be taken into consideration so as fiot to miéﬁlL:rpré:t the
- results of the CBAs (Stone and Nowinski, 1980), .

‘With regard to the preparation of antigen, purification of RVFY led o substantial

‘logses-of intact virus particles. The problem encountered hiere in maintaining the

- structural mtegnty of the virus parucles, hss been reported for various members |
~ ofthe Bunyawrsdae family (Obijeski ez al, 1976; Robeson et al, 1979). Ailthough
- this can reportedly be overcome Wsing potassmrn tartrate-g1yoerol gradmnts"
(Robeson et al, 1979), low ywlds of intact RVEV were gtill obtained: by this |
method., In contrast, high yle.lds of a. punﬁed glycoprotein prepa:auon were
produced by extraction of the surface glycoprobems from the RVF virion usmg .
_ lmld nonionic detergent lysis.

Preliminary studies usifg some of the higher avidity MAbs in parallel with
purified virus and glycoprotein as the solid phase antigen gave virtually identical
competition results. The latter was used in subsequent competitive binding asSays |
since the MAb avidities for the purified viral antigen were in general much
 wealker than for the glycoprotein extract. This weak reactivity in the ELISA may
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~ have been .due to disintegration of the virus or ":dafonnaﬁon" of anligeni.,'
g detennmants dunng the punﬁcatlon procedure (Bogre ¢t al, 1984' Robescm et dl,
'1979) ' '

While many procedures have been described for enzyme-antibody conjugation,
. their efficiencies differ greatly (Teanson ez al, 1988; O"Sulliyan and Marks, 1981).
A method widely used for exizyme-labelling of MADbs is the periodate-oxidation

. technique developed by Nakane and Kawaoi (1974); whe, -y horseradish
peromdase is coupled to. amino groups of the zmmunoglobulms Navertheless, .
~ sinee’ labelling with an enzyme such as peroxidase may cause loss of antigen-
bmdmg capacity due to the h1g,her molecular weight of the conjugate (Booisma
and Ka]sbeek 1975), it may be valuable to use a low molecular weight marker
~ such as biotin instead {Simking. et aI, 1989). However, these types of amino- -

 directed labelling procedures can also result in the destruction of antigen binding

activity (Howard et al, 1985; O’Shannessy et al, 1984). This can reportedly be -
overcome using a method based on coupling the enzymes to the t:arbohydrate-
" moieties of immunoglobulins (O’Shannessy and Quarles 1985), as the latter are
_' not involved in the antigen bmdmg site,

Of the various e_-ﬁz_yme coupling’ procedures investigated in the present study,
labelling using the HRPO-periodate method yielded MAb conjugates with the
highest antigenic reactivity. A ratio of HRPO to immunoglobulin of 2,5 1 was
found to be optimal, which is similar to the optimal ratio of 2,3:1 reported by -
- Nakane (1979). While unconjugated IgG may reduce assay sensitivity by
- competing with labelled antibody for binding to antigen (Porstrann et al, | 1981),
the activity of the RVFV MAD conjugates was not increased by purification, ‘A
similar finding has been reported by Jeanson et al (1988) who carried out a
- comprehensive comparison of conjugation procedures for the preparauou of MAb-
 enzyme con_]ugates '



In dontrast to the amino group Iabelling procedures in which active conjugates
were obtained for the majority of the MAbs, conjugation of the rntibodies via
- their carbohydrate mojeties. was oomplétely ‘unsuccessful. __Seﬁeral other studies

have reported that in the case of MADbs, this method of oonjixgaﬁon was inferior
to cenjiigation via amino groups (Gretch ef al, 1987; Jeanson ef ol 1988). This
m turn may possibly be due to the destruction of the sugar. moieties of the
ar tlbodles caused by the treatment conditions being top severe (Jeanson et al,
. 1088). ' '

- The féct that antigenically reactive conjugates could not b_e'prepéred for six of the
MAbs by any of the meflmd_s used suggests that the activity of these ant_ibodiés
was lowered or destroyed by these coupling procedures. This loss of reactivity
may have been due to the mddiﬁCation'of amino acid residues involved in the
" antigen binding site (Ghose et al, 1983). Alternatively, since these particular
~ MAbs alt hat bow a.vxdlty, enzyme labelhng may have further lowered their

affinity for the antigen, resulting in increased ant:body dmplacement from the R

-antigen sohid phase i in the ELISA.

With regard to the CBA itself, while this type of assay is undo‘ubtediy a powerful :
techrique for epitope mappmg (Heinz, 1986; Rochrig er al, 1982; Stone anc
Nowinski, 1980), interpretation of competitive binding data is not without some
 difficulties (Cepice et al, 1990; Henchal ez al, 1985; Shaw et al, 1986). The
 definition of epitopes by this type of blocking assay is based on the assumption -
-~ that a MAb binding to a specific site hinders the attachment of another antibody
- to the same or proximal .site (Stone and Nowins'k'i," 1980). However, the
pOSSibility that blacking may result from positionally vnrelated steric hindrance
- cannot be disregarded. Moreover Stone and Nowinski (1980) have shown that if
the CBA was performed with two antibodies of similar specificity, but of diffe:ent
 avidities, the competition reactions invariably favoured the binding of the antih:ody
with higher avidity. Taking this into consideration, the RVFV MAbs of low
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avidity were not used in the CBA. Avidity effects were also minimized by
preincubating the antigen for 3 h with an excess of competitor antibody before the
addition of the labeiled antibody. o |

Another difficulty in the inferpretation of CBA results lies in the fact that there
is ix‘b"' Smndard cut-off percentage for what is representative of significant

o compeuﬁan In this study competition was dpfined as ‘complete, partial or

negative if the unlabelled antibody prew;nted attachment of labefled antibody by
>T75%, s 25<13% or <25 % respectively (Ankawa et al 1989) When the
wmpeutor was used at 100 ug/ml "

Analys:s of the corrpetltwe binding data using thc above criteria revealed the

preserice of four antigenic domams on both the G1 and G2 prote.m.-. of RVFV.

* Inthe case of the G1 protein, if it is assumed that the partial competition observed
between the MAbs binding to G1 I with MAbs recognizing each of the other
domains is due to steric hindrance, the resuits can be interpreted to indicate that

“the four G1 regions arebverlapping or adjacent to each other, fomﬁng a si:igle
antigenic domain of interlinked epitapes. However, because of the possibility that
partial or asymmetrical competition is due to allosteric prevention of binding, the
domains might be located on various parts of the glycopretein and share a
ft_mCtional spatial_relationship by virtue of highe_r protein structure. |

With regard to the epitopes comprising domain G2 1, if the asymmetrical
cbmpeﬁtion observed between the MAbs defining sites G2 I, Ib and Ic is due to
_ "avxdxty differences, then these epitopes may be clustered and form part of a single
large antigenic region on the G2 Spﬂce The complete asymmetrical inhibition
which occurred between epltopes G2 Ib and Ia, and Ib and Ic, but not Ia and Ic
' could then be interpreted to. mdmate that Ia and I¢ are located en opposue sides
of Ib.
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' The G2 domains T1, TiT and IV, on the other hand, were defined by MAbs which.
displayed no reciprocal competition with any of the other antibodies. Based on

-~ the partial one-way competition exhibited by the MAb recogmzmg G2 Ic with all
the other G2-specific MADbS, it might be argued that all four areas are linked to

form a single antigenic domzin similar to the G1 protein. However, this -
asymmetrical competition is most likely due o aliosteric phenomena rather than
steric hindrance, since this particular antibody was shown to also partially inhibit
binding of some of the MADbs specific for G1. The observation that a Limited

" number of pairs. of G1 and G2-specific MAbs were capable of compe:ing for

binding is of interest, demonstrating that these antibodies can induce

- conformational changes in an entirely d.iffcr'cnt viral protein. To our kﬂowl_edge
there is nio published data regarding epi_tope. rﬂapping studies on the effect of
binding of Gi-specific MAbs on the G2 protein and vice versa for any other
| phleboviruses. Confbr’maﬁonal changes in the PE2 protein induced by the bmdmg
of a MAb specific for the envelope El protem have nevertheless been ShOWII for
Smdbls virus (Clegu et al, 1983) '

The unidirectional and bidirectional gnﬁancemem observed between varios
antibody pairs here has been reported for many other viruses (Boere ef al, 1984;
Burns et al, 1988; Cecilia et al, 1988; Hemz er al, 1984; Kingsford, 1984;
Lubeck and Gerhard, 1981). This phenomenon is thought to be due to_.a change
in the conformation of the antigen brought about by the bim:liﬁg of the first
antibody (Lubeck and Gerhard, 1981). Antibody interaction with critical buried
residues in one site, for example, may help to induce side-chain adjustments in
‘adjoining sites (Getzoff et al, 1987), making the binding of additional antibodies
.~ mote favourable (Heinz et al, 1984; Lubeck and Gerhard, 1982). Studies have
furthermore shown that MAbs which enhanced the binding of other antibodies in
the CBA -system can have a synergistic effect on the neutralizing aétivitjr of such |
antibodies (Anderson et al, 1988; Chanas et al, 1982; Dubuisson ef al, 1990;
Kingsford, 1984; Russell, 1986; Van Drunen Littel-van den Hurk et al, 1985;
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Volk et al, 1982). 'The increased antibody binding which occursed between
vatious RVFV MAb pairs in the CBAs here may thus have important biological
consequences in terms of neutralization of RVEV and will be further investigated.

By correlauﬂg the data of the comﬁetitive bind'ing_' and serological assays, it was

possible to assign functional properties to the mapped regions. ‘The epitope

recognized by MAb 3E5 (G1 Is) appears to define a biologically important area
- on the G1 protein since it had very potent neutralizing and significant HI activity

~ and was also associated with complete protection to otherwise lethally infected

mice. - The fact that the epitopes assigned to the G1 domains Tf and IV also.

. exh1b1ted virus neutralizing as well as haemagglutination activity, _mdmates that

these sites, ]Jke Gl Ia, are accessible to antibody on the intact virion, Thete -

 domains therefore are likels to be located in the hydrophilic portions on the euter
surface of the folded G1 polypeptide as shown for the neutralizing snoy on many.
other viral glycoprotems (Eisenberg et aI 1985; Nowak and chgler, 1987
Peliet et al 1985; Wﬂe y and Skehel, 1987)

Of interest is the finding that the three MAbs earlier shown to crosg-react with

Gordil virus all mapped to closely adjacent sites (G1 TIc, Xid and Ile), indicating

- that this particular region on the G1 protein is more h1ghly conserved than the
_epitopes defined by the other anubodnes

As in the case of the G1 protein, the epitope G2 1&_ defined by the G2-reactive
MADb 9C4 exhibited very high nentralization as well as haemagglutination activity.
Since this site was also invelved in protection of mice from virulent RVFV
infection, it must represent an immunolog.cally significant area on the G2 protein,
similar to the G1 determinant defined by MAb 3ES. In contrast to the Gl
glycoprotein, however, only one domain (G2 I) was associated with significznt

neutralizing activity. As the remaining G2 domains only displayed low level C'-



_de_pehdent neﬁffralizaﬁbn, these may be less accessible than G2 X for antibody

 These CBAs with peroxidase labelled RVEV MAbs have thus permitted the
‘topographical analysis of ten of the G1 epitopes and seven of the G2 antigenic
- sites. TFour heterogeneous antigenic region_s which may be interlinked were
identified on _thé G1 protein, while four distinct_ddmajns on the G2 were deﬁned
The collinearity of the epibopéé defined by the mapping studies, however, do not -
- necessarily imply sequence collinearity on the G1 and G2 virid protef .s. the

the relationships between the epitopes may be linear, the antigenic sites may share _

. spatial relationships by virtue of tertiary protein folding. - To clarify-this, further
characterization will be undertaken by ELISA studies using denatured viral
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4. STRUCTURAL ANALYSIS OF EPITOPES

4.1  Introduction _ _ _
Since antigenic deferminants in proteins are often complex co.formations
dependent on the tertiary folding of the protein chain (Crumpton, 1974; Getzoff
- et al, 1987, Geysen et al, 1987b; Sela, 1969), the linear arrangement of epitopes
| mapped by CBAs does not necessarily reflect sequence collinearity along the viral |
polypeptide chain (Coe and Meengeling, 1990). Both conformation-dependent as
well as conformatwn—mdependent antigenic sites have been identified on the
envelope proteins of various viruses (Cybinski et al, 1990; E.jot et al, 199(}_, Hall
et al, 1990; Heinz ef al, 1983; Niesters et al, 1987). '

Furthermore, conditions which destroy the tertiary structure of the protein usuaily
result in a large reduction in reactivity of antibodies to the native protein
(Crumpton, 1974; Sela, 1965). MAbs against the glycoproteins of various ..
virusés, for example, have revealed that certain neutralizing sites are found only
on the pative viral protein and not on the denatured protein (Brioen er al, 1982;
Cybinsid ef al, 1990; Eliot ef al, 1990; Heinz e al, 1983; Niesters ef al, 1987).
" Thus not only the position but also the conformation of the antigenic determinant
- may be 'important for antibady binding and the expression of functional activities.
at the epitope level (Berzofsky and Berkower, 1989; Carter and ter Meulen, 1J84;
Hall et al, 1990; Jackson and Nestorowicz, 1985; Pollock e al, 1984).

In order to further characterize the structural properties of the RVFV G1 and G2
epitopes, the reactivity of the MAbs with viral antigen that has been denatured
will be assessed to establish whether the antigenic determinants are linear or
conformation-dependent. This will be investigated by firstly examining the
sensitivity of MAb interactions to conformational changes generated by disruption

of noncovalent bonds of the viral protein, Further conformational changes will

then be generated by reducing disulphide bonds and determining the effect these
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changes have on the antibody interactions. By combining the CBA dafa with the
' yesults of the conformational stu(hes, a diagrammatic representation of the
 conformation and topography of the RVFV glycoprotem epitopes can be
constructed. The structural analysis wilt also help to clucidate the role of
conformation of the RVFV envelope proteins in antibody attachment and other
- functional activities. o ' | '

42  Materials and Methods
 4.2.1 MAD reactivity with heat denatured viral antigen
 The structural properties of each epitope were assessed by analysing the effect of
heat denaturation of the native viral pfotein on the antigenic reactivity of each
* MAb. The method used was based on that described by Bliot e al (1990).
Purified stock viral glycoproteins (17 mg/ml, section 2.2,1.2) were diluted 1:50
in PBS and denatured by heating for 3 min at 100°C with or without 2,5% B-
* mercaptosthanol (ME). The treated antigens and untreated glycoprotein (control
antigen) were diluted in carbonate-bicarbonate coating.buffer (pH 9-.6)3 . 2.2. 3)
-to yield a final dilution of 1:200 (85 ,:g/ml). Microtitre plates (Nunc Immuno I, -
. As/Nunc Roskilde, Denmark) were ceated in parallel with 0,1 mb/wew of the
treated and control antigens, After overnight incubation at 4°C, the wells were _
saturated with 4% BSA for 30 min at 37°C. Serial dilutions of MAbs in BLISA
~ diluent were added for 1 h at 37°C, folldwed by ant_i—mouse peroxidase conjugate _. :
and substrate as outlined earlier (2.2.2.3), o

4.2.2 MAD reactivity with reduced and alkylated viral antigen

Reduction of the disulphide bonds in the viral glycoproteins was performed by the
method of Kari ef al (1986). Purified stock extracted viral glycoproteins (17
mg/ml; section 2.2.1.2) were prepared for reduction by diluting 0,05 mlin 5 ml
TN buffer (0,02 M Tris-hydrochioride buffer, pH 7,8, con‘taining 2,5 mM NaCl
and 0,1% Nonidet P40) adjusted to pH 8,0, containing 8 M urea. Dithiomreitol
(DTT; Sigma Chemicals) was added to the viral antigen to a final concentration
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of 0, ,01M. 'The reaction was allnwed to proceed af 1t ovenught with constant_
stm:mg. _ A]kylatlon was performed by adding 9 mg of mdnacutmde -and
_ | allowing the reactlon to proceed at rt for an additional 2 h. Samples were then
dialyzed to remove excess reagents. The reduoed and alkylated viral protems
were then diluted .in carbonata-bmarbonate buffer (pH 9,6) to give a final
 concentration of 85 pg/ml. Unireated viral glycoproteins were used as control
: anugen at the same pmtem concentration as the treated antigen. ELISA plates

o Were coated with the reduced and alkylated viral antigen in pa:allel ‘with the

control anugen and the reactivity of each MAb w1th the vn'al protems was
examined by ELISA as described above

4.3  Results

4.3.1  Heat denatured antigen | |
With' the exception of MADb 1E4, none of the G1-specific MAbs bound to the heat -
- denatured antlgen as indicated by the extremely low O.D. readings (< 0.200)
obtained in the ELISA. With regard to the MAbs specific for the G2
~ glycoprotein, the reactivities of MAbs 8C2 and 7F1 (G2 Id and G2 II) were
unaffected by heat or mercaptoethanol treatment (Table 16). The remaining anti-
G2 MAbs did fot react with' antigen that had been denatured by heat,

4.3.2 Reduced and alkylated nntigen :

Of the three MAbs which recognized heat dcnatured viral glycoprotein (1E4 8C2,

TE1), the Gl-specific MAb 1E4 was unable io bind to antigen that had been
subjected to-conditions which disrupted the bolypeptide disulphide bonds (Ta‘bl_e
16). The reactivities of MAbs 8C2 and 7F1, on the other hand, were not affected
- by this treatment as evidenced by strong positive readings in the ELISA.
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Tahle 16. Reacumy of MADbs in ELISA with RVEV énngan which had been
- denatured by various treannents _ _

. ' _ Redu_ction/ ' Enhanced' '
MAb | Domain | Heat . | Heat/ME' | alkylation antibody
) N : , o binding
3B | Glla | & s B
set | ® | s s |
32| M| S S
i | m | S S
- 4B3 Oe | 8§ s
5A1 m | s s
9E4 | Ile 8 $ P
5E11 | ~ Ifa s 5 B
8A3 | mb | 8 S
- 5B9 ¢ IV | S 8
‘5F2 V17 '8 8
8G10| 7 ) $
1B | R R S
546 | 2 g S
9CA | G21Ia S S I
8G2 Ib S S E, I
P2 Ic S .S |
82 X R R R B, 1
7F1 | W R R R E, I
4p10| W S I B, I
8E6 v S §
6E10 ? | S s
5C12 7 1 8 S
! ME B-mercaptoethanol 28 = epitope sensitive to denaturation

* R = epitope resistant to denaturation ¢ B = exhibits enhanced binding
= induces enhanced anubody binding to othe1 sites _

th
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4.3.3 Dnagrammat:c repmentation of topography

By combining the data from the CBAs with the denaturation stud1es, it was'_ o

possible to construct a d1agrammat1c representation of the canforruatlon and
- topography of the G1 and G2 epitopes here (Figs 4 and 5). Fig. 4 clearly shows |
that the G1 dornams Ito IV are oompmed of epitopes whmh are homogeneous -

| regardmg their senmtmty to denamranon and thus all map to a conformation- - |

_dependent poman of the protem In contrast, the sife defined by MAb 1B4 is not
. destroyed by heat denaturation and therefore has been depmted as. lymg ina -
| different reglon of the glycoprotcm | '

"The majoﬂty 'of the G2 -antigenic' sites likewise map to a confonnaﬁbnally—
dependent area on the éﬁVeIQpe protein (Fig. 5). Epitopes G2 Id and G2 T, on

' the otfier hand, are completely resistant to denaturation and thus comprise a
_ _portioh of the G2 p_rote.in that is conformationally more stable. |
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Denaturation-sensltwe

Reduction=-
senslﬂve

[ N/HA '

Bpitopes associated W1th the followmg functions:
P = protection . _ = haemaggluhnauon _
N = neuiralization ' C" N = complement-dependent neutralizstion -

Fig. 4. Diagrammatic model of the proposed spatial arrangement, conformational
and biological properties of the epitopes on the RVEV G1 protein recognized by
the MAbs. Overlapping or closely adjacent epitopes are indicated by overlapping
lines in the figure, as defined by mutual inhibition of antibody binding.
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Denaturat:on-
sensitive

. 71 Reduction-
N/HA

resistan_t_ '

" C'N - " Dpenaturation-
C'N HA/C'N : ' sensitive

' Ep1topes associated with the following functions: :
= protection ~ "HA haemagglutmatlon _ _
_ N = nentralization C'N = complement-dependent neutrahzahon o

Fig. 5. Diagrammatic model of the proposed spatial arrangement, conformational
and biological properties of the epitopes on the RVFV G2 protein recognized by
the MAbs. Overlapping or closely adjacent epitopes are indicated by overlapping
lines in the figure, as defined by mutual inhibition of antibody binding.
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4.4 DlSCllSSlOll S
All the antigenic sites co:npnmng domains I 11, II and IV on the RVFV Gl
glycoprotmn appear to be strongly dependent on the native conformation of the
protein as shown by their sensitivity to heat denaturation. These epitopes thus
probably rcpresent dlscontmuous determinants which are formed as loops or clefts
in the folded natwe structure stabilized by hydrophobm interactions (Atassi, 1980;
| Crumpton, 1974). The fact that all the Gl domains I to IV are conformanon-
dependent supports the CBA data that these are situated 3 in close proximity to-each '_
other on the G1 protein. ‘The low level C'-dependent heutralizaﬁ(m exhibited by
epitopes Gi Ib, G Hia and GI HIb in turn suggests that these sites are less
"accessible for antibody binding than those comprising the epitopes involved in
haemagglutination and potent neutralization,  These particular antigehic '
' determinarits (ie G1 Ib, G1 IHa, G1 IIIb) may therefore be located. in areas or
- pockets of the G1 polypcptlde which are more folded than those compnsing the
more functlonally active ep1topes

The_Gl -specific epitope defined by MAb 1E4, on the ofher hand, lies in a region
- of the protein that resists heat and mercaptoethanol denaturation. The
involvement of diSulphide bridges in stabilizing the native conformation of this
antigenic site is suggested by the loss of antigenicity upon reduction and
.alkylaﬁtm. -While this epifope could not be mapped due to the weak avidity of
MAb 1E4 in the ELISA, it probably corresponds to n independently folding
region within the G1 compared to the domains I to IV, o

As in the case of the Gl protein, most of the G2 determinants including -the
- neutralizing epitopes G2 Ia, Ib and Ic, appear to be ﬂependént on the tertiary
protein structure. 'These antigenic sifes thus map to an area of the G2 prbtein
which is conformation-dependent, and most likely represent' discontinugus
determinants which are assembled from residues from several different portiohs
of the polypeptide chain., | | '
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 The G2 1d deternunant on the other hand, wluch is associated w1th C'- dependent
-'neutrahzatlon, is resistant to denaturauon prtope GZ , althoug‘z nan-'
overlapping  with G2 Id, mmﬂarly mmntamed its - antigenic. structure undcr
condmons which destroy d13u1ph1dc bonds. This could be interpreted to indicate
that thesa- epitopes represent conformation-independent, sequential antigenic mt,es_. |
_ “This is somewhat unexpé?:bed since the antibodies to these sites exhibited enhanced
binding when mixed with certain MAbs. Synergistic binding of this nature is
uspally mterpretedto be due to an allosteric rearrangement which permits easier
- access for the MAD to its conformational epitope (Heinz et al, 1984; Kingsford,
| 1984), A possible explanation for this phenomenon may be that although G2 1d
~and G2 I are linear sequential sites, thcy are partially hiddén in ﬂl_e native
| structure of the protein by loops or folds comprising other sites. The enhariced
.bindi'ng' wiﬁich occurs in the presence of other specific antibodies may be due to
 allosteric changes which are induced in areas of the viral polypeﬁtide close to the
L G2 Id and G2 i} ep1topes, wh1ch result in better exposure of these sites for
antlbody bmd.ng

Altéi'na’rive_ly,_ these .'é.nti_gehic ‘sites may in fact be.cbnfm'rﬁatiqnal, but owe then'
resistance to denaturation on the presence of the carbohydrate side cham which
serves to shieid these sites from the action of reducing agents. This has, for
 example, been shown for several epitopes on tick-borne encephalitis virus
(Guirakhoo ef al, 1989). Studies to determine whether the antigenic reaotivity of
these epitopes is abolished by deglycosylating the G2 protein might help to
‘elucidate this. In contrast to the G2 Id and G2 i detemlmants all the other
epitopes which were involved in enhanced antibody binding appear to be
 discontinuous sites which is consistent with the general interpretation of this

phenomenon.

With regard to the 0le of conformation of the RVEY envelope proteins in
antibody attachment, it is evident that the native protein structure is required for
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recogrittion and expression of fnctional activities of all the MADs in this study
wluch are involved i in neutralization and haemagglunnatlon-mhxbmou Of mterest

is that despite the fact that extensive disulphide formation has been predmted for o

the RVFV envelope proteins (Thata et _ql, 1985), enly one epitope defined by these -
 particular MAbs appears to be dependent on disulphide bridges for conformation.-

- Together, the CBA and structural anélyses hiave permitted the pfobable s_patiai
location and strueture of these epitopes to be defined. Further localization -'c;f the
 epitopes -\adll-__requ-ire other approaches, such as by the expression of rmall

fragments of recombinant DNA clones, to map these sites to the. gene éoding

reglons and the correspondmg predwbed amino acid sequences on the polypepude- o

 chain as has been performed by Keegan and Collett (1986). However, due to the
discontinuous conformational nature of the majority of these determinants, |
'mapping- using the above method - would be difﬁculf A possible alternative
approach would be to analyse the amino acid changes associated with mutants (eg R
mel.xtt:a]mnwr escape rnutants) which exhibit an altered pattern of reaetavlty with the -
- MAbs. The premse localization of dxseonumxous epitopes nevertheless would
- require a ]mowledge of the complete three~d1men310na1 structure of the RVFV'
envelope proteins, similar to that acquired for the 1nf1uenza haemagglutinin N iley
~and Skehel, 1987; Wilson et al, 1981),

The topological studies have thus revealed not only that the spatial conformation
of the RVFV glycoproteins plays a decisive role in determunng the antigenic
spec1ﬁc1ty of these particular sites, but that some MAb mixtures exhibit enhanced
binding to certain conformaupnal epltopes As this may have important biological |
consequences in terms of virus neutralization, the possibility that such co--
operatwe effects may potentiate the neutrahzmg activities of the MAbs will be
investigated.
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5. NEUTRALIZATION

51 | troductmn . .
Glycoproteins of many enveloped viruses have been reported to play 1mportant
roles in the adsorption and pefietration of the virus (Choppin and Scheid, 1980)
- and are also the targets of the immune resP:mse'to infections (Dimmock, 19.87';
‘Sarmiento et al, 1979). The neutralization of virus ihfectivity by anﬁbodies'has X
~ been proposed as a major mechanism of irnmﬁnological defence against virus

invasion (Dimmock, 1984; 1987; McCullough, 1986). Several mechanisms of

virus neutralization have been described for other viruses, including cross-linking

. of virus particles by antibody (Emini ef al, 1983), inhibition of virus binding,

virus internalization and uncoating (reviewed by Dimmock, 1984; 1987; Totio,

| 1988). Cbmplets neutralization may moreover require synergistic enhapcement' .
of neutralization by pairs of antibodies to ifferent antigenic sites (Gehrz e al;
1992; Kingsford, 1984; Lussenhop et al, 1988). ‘1t hax recently become apparent
that there is no mechanism of neutralization speclilc for all yiruses (ngsford et
al, 1991 Outlaw and Dimmock, 1991)

With regai'd to RVEV, severa: neutralizing epitopes on the glycoproteins have
been idenﬁﬁed by monoclonal antibodies (Coliett et ¢, 1987; Schmaljohn 2t al,
1989). 'The neutralizing antibodies have also been used to analyse antigenic
determinants of vaccinia virus- or bacuhwrus-expressed RVEY glycoprotems _
(Collett ez @I, 1987; Dalrymple et al, 198%;-Sc»  'ohn et al, 1989) and to
investigaie the potential efﬁcacy of a recombinant 1e (Saluzzo and Smith,
1990). However, there is little pubhshed mformatlcn regarding the mechamsms
of neutralization of RVFV

 The majority of the RVEV MAbs produced in this study exhibited neutralizing
activity, suggesting that they will be useful for examining the mechanisms of
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inhibition of viras infectivity. The MAbs were therefore wsed to analy'se' the

~ mechanisms involved 1 in the antibody-mediated r sutralization of RVFV, mcludmg

possible 'mrgmuc neutrahzatwu by mtxturcs of anubodws

: Mﬁterials and Methods
.Z 1 (IPENT tests Wlth mlxed MAbs

- MAb pmrs were tested using both umnactwated and heat mactwated (56°C for30

min) ascitic fluids. ‘These were d_ﬁu.ted- 1:4in Leibovitz medium supple_mentcd
with 5% FCS and 0,3% gentamicin antibjotic. Volumes of 50 gl of each MAb

. pair were added to the first well of a microtitre plate to give a 1:8 dilution for

each antibody. - Senal two-fold dilutions of each MAb mixture were then made,

followed by the a.ddmon of an equal volume of virus (100 TClen) to yield ﬁnal

initial dilutions of 1:32 for each MAb. 'IThe plates were incubated for 2 h at 37°C
in a humidified container, then seeded with cells and incubated as outlined in
section 2.2.3.3 e, Bach MAb pair was tested in duplicate and end points recorﬂed

Coas the mean rec1procal of the highest dilutions which prevented CPE.

522 WRNT tests with mixed MAbs
MAbs which did not neutralize individually but which neutralized when used in

 combination in the CPENT were further tested by PRNT. The method used was

based on that of Lussenhop et af (1988) with the exception that MAb ascitic fluid

* was used instead of purified antibody preparations, and no C* was added, Each

combination was tested with one MAb at a fixed concentration, mixed 1 serial
fourfold dilutions of the second MAb and vice versa. The dilution used for the
MAD at fixed concentration was that which yielded a 50% PRNT fitre. Assays

were -pérfonned in duplicate on Vero eell mopolayers in 24 well tissue culture

plates essentially as described in section 2.2.3.3f. "The neutralization titres were
recorded as the reciprocals of the highest dilutions which gave an 80% reduction
in the number of plaques relauve to the virus controls,
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5.2.3 Blocking of MAD neutralization -
Those MAbs which comipeted for binding of the strongly neutralizing MAbs 3ES
and 9C4 to RVF antigen in the CBA (Secton 3.3,3)_Were tested for thelr ability |
to inhibit the neutralizing activity of the latter two antibodies. This was carried
out using a modification of the CPENT described above: Briefly, the comipeting

- MAbs at 10" and 10? in Leibovitz me_idiufn were premcubated with 100 TCIDs
virus for 1 h at 37°C before serial two-fold dilutions of MAbs 3E5 and 9C4 were
added. 'The plates were incubated for a further hour at 37°C, followed by the
addition of the cells. After 6 days at 35°C, the wells were examined for the |
présence of CPE. o | | *

52.4 Post-adsorpiion virus neutralization tests : : |
Post-adsorption neutralization tests were perforined as described by Highlander
et al (1987) with slight modifications. RVFV was diluted to & 800 PFU/ml in

Leiboyitz medium and aliquoted in 0,4 ml volumes. = Dilutions for each MAb
 wete prepared 5o that approximately 80% of the input virus would e nestralized.
Vero cell monolayers in 24-well plates were prechilled for 1 1 at 4°C. One set
* of virus samples was mixed with an equal volume >f the MADbs for 2 h at 37"C_.' '
© "The second set of vifu_s samples was added directly to the individual monolayers

for 1 h at 4°C and unadsorbed virus was removed by washing the cells with -
| phosphate bu_ffefed saline with magnesium chloride (PBS-MgCl). Bound virus
was incubated with the individual MAbs for an additional 2 h at 4°C. Virus
control samples were plated for 1 h at 4°C, washed and incubated an additional
2 h at 4°C without .antibody. In all three cases, the monolayers were again
Washed twice, overlaid with agarose, stained, and the plaques counted as for the
PRNTs. Neutralization before and after virus adsorption for each sample Was
compared to that of the virus control without antibody and expressed as a ratio.
- Post-adsorption neu.h‘aﬁzaﬁon assays were also carried out with C'-dependent
MAbs; here C' was added to the MAD dilutions to vield a 1:4) final concentration
of C'. '
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5.3  Resnlts

5.3.1 CPENT with MADb pairs _

| ~ ‘The effects on the neutrahzmg activity of MAbs SES (Gl Ia) and 9C4 (G2 Ia)
when mixed with other MAbs which were non-neut_rahzmg in the _CPENT are
shown in Table 17. Only those MAb pairs which resulted in enhanced
neutralization or binding in the CBA with either MAb 385 or 9C4 are shown.

The neutralizing activity of MAb 3B3 (G1 Ia) was increased two to almost cight-
fold when mixed with MAbs binding to domains G1 Il as well as MAbs 1E4 and
8G10. The sites recognized by the latter could not be mapped due to the weak
avidity of these extibodies in the CBA. MAb 9B4, which resulted in augmented
binding of 3EJ in the CBA, on the other hand, did not increase the neutralizing
titre of 3E5. Of the two MAbs which caused increased binding of MAb 9C4 (G2
Ia), only MAb 6E10 brought about synergistic neutralization of 9C4, Enhanced
neutralization of MAb 9C4 also occurred when mixed with another of the G2-
o spédiﬁc MAbs (7F1, mapping to G2 I0) as well as some antibodies specific for the
G1 protein. | :

Tables 18,19 and 20 show the results of mixing all the RVEV MAbs in various
combinations in the CPENT, Many of the pairs of the Gl-specific MAbs were
able to neutralize the virug when tested as uninactivated ascitic fluid, but only four
of these retained their ncutraiizing ability once inactivated (Table 18). None of
these neutralizing antibody pa1rs exhibited augmented bmdmg in the CBA as -
determined prevmusly '

Tn contrast to the Gl-specific MAb pairs, only one of the mixtures of the G2-
reactive MAbs (8C2 and 7F1 mapping to G2 Id and II). resulted in synergistic
neutralization (Table 19). "This particular MAb pair had previously been shown
- to display bidirectional enhanced binding in the CBA, A number of the mixtures -
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Table 17. Effects on neutralizing activity of MAbs 3E5 and 9C4 by mixing with other MAbs

Increased neutralization ratio®

_ _ G1 protein _ (G2 protein
CBA kB @I m O D He 7 2 | B O m 7
* domain | T :
. MAb  3ES 3D2 3HI 4B3 5Al  9B4 8GI0 1B | 9C4 TF1  4DI0 GBI
5. 1 s5 2z 27 27 1 55 78 |31 1 1 1
1 4 1 28

oc4 31 1 8 4 3 11 1

* Neutralization rafio = neutralization fitre of mixtures
- - inean of expected neutralization titre
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Table 18. Neutrahzmg activity of pa:.red G1- specxﬁc MAbs '

fieutzahzatmn t1tre’ '

CBAdomain | I Ta M No Nod Te NMa Wb IV 7 7 9
. MAb | SEl 32 3HI 4B3  SAl  9B4 SEIl 8A3  SEO SF2 8GO0 (B4

b SElL | 2 - 18 - - - - - . -
Ia 3D2 ; N . - - - - - - -
ob  3HI - 128 . - - -] os6) - 128 -
lc 483 - 128 - 128 - - 128f 256 -
#d  5Al - ; _ - 128 | 128 -
Te 984 - - - - - -
Ma SEil e N :
b 8A3 - - - -
IV SE9 - 18| m -
T s - 128 -
7 . 8GI0 - -
7 IEA -

1 Nensralization titre in CPENT
-+ 2 No neuotralization
(3 Inactivated MAb ascitic ﬁmd
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Table 19. Nentralizing activity of paired G2-specific MAbs

| Neutralization titre! o o

CBA domain e r 6 T om0 K

MAb | 8G2 TR sc2  7F1  4DI0  8E6  6HI0  5CI2
b 8G2 2 - - - - - -
e 72 - - - - . ~ -
d  8C2 - 256 . - - -
I 7F1 - N - - -
I 4DIG ) - ; i
IV 8E6 ] ] )
7 6EIC - -
? 5C12 -

! Neutralization titre in CPENT

2 No neutralization:

[1 Inactivated MAb ascitic fluid



of G1 and G2-specific MADbs neutralized whén tested as uninactivated ascitic fluid,
but upon mactlvatlon only three pau's still exhibited synerglsuc 11eutrahzat10n |
(Table 20)

532 PRNT with mixed MAbs

The combinations of .MA_bs' which:'sxlﬁbite& synergisﬁc neutralization in the
CPENI's were further tested by PRNT. When the antibodies were tested
individually, neutralizing activity was seen with G1-specific MAbs 3H1, 4B3,
5A1, SES, 8G10 and the G2-specific 7F2 at antibody concentrations fanging' from
1:256t0 L 2000 using a 80% plaque reduction endpoint. MAbs 8C2 (G21d)and
TF1-(G2 II), on the other hand, did not neutralize RV'FV at the 80% plaque
reduction level even at a concentratlon of 1:128, '

By 'oombini'ng mutually elﬂl’ancing pairs of antibodies eg 8C2 + 7F1, 8G10 +
7F1 and 4B3 4 7F2, strong neutrallzmg effect was seen. The combmanon of

MADbs 8C2 + ’?Fl (Fig. Ga), both uf which were mdmdually non—neutrahzmg S

 at the 80% plaque reduction level, resulted in neutralization up to a dilation of
1:64000. The MAD pairs 8G10 + 7F1 (Fig. 6b), 4B3 + 7F2 (Fig. 6c) and 5E9
+ 8G10 (Fig. 64d) all neutralized with an 80% PRNT titre of 1:128000. An 80%
PRNT titre of 1:256000 was obtained for tho MAb pairs 3H1 (G1 IIb) -+ SE9
(G11V) (Fig. 6¢) and 5A1 (Gl IId) + 8G10 (G1?) (Fig. 6f). The MAb
combination of 4B3 (G1 Iy + 8G10 (Fig. 6g) neutralized at the 80% plaque
reduction level up to a dilution of 1:1024000, while the neutralizing titre for SE9
(G1 IV) + 7Bl (G2 ID) was 1;64000 (Fig. 6h). For each MAb pair, the
synergistic neutralization obtained by mixing a fixed concentration of one antibody
with serial dilutions of the second antibody, and vice versa, was almost identical.
The only exception was the MAb pair 4B3 + 8G10, where mixing varying
dilutions of 4B3 with 2 constant amount of 8_G10 gave a titre of 1:1024000
compared to 1:32000 when the antibodies were mixed the other way around, The
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Tabl: 20. Neutralizing activity of paired G1 and G2-specific MAbs

_ e Neutralizing titre * - _
CEAdomsin ~ Gib DHa I He Hd Te IWMa I IV 27 2 ?
| MAb 5Bl 3D2 3H1 4B3 SAl 9B4 SEIl 8A3 SEO SF2  8GIO  1E4
@b 82 00 2 - - - 18 - - .- m -
c TF2 -~ - 128 [ 512 | - - - - - 128 - -
Id 3C2 - - - ~ . -~ - _ . - - _
I 7R 64 - 128 128 - - - S o3 - 128 -
‘m4pt0 - 32 - 3 128 - - - - - - .
IV 886 - 3®» - 6 - - - - - - - -
9. 6Ri0 - L N 7) - - - - - - -

? 5012 -2

! Neuiralization tire in CPENT

2 No neutralization

[0 Inactivated MAD ascitic fluid
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¥ig. 6. Plaque reduction neutralization test (PRNT) using MAb pairs. -

(@) PRNT with 2 combination of two non-neutralizing G2-reactive MAbs (8C2
+ 7F1) which exhibited reciprocal augmented binding in the CBA. The
- synergistic neutralization obtained by mixing 4 constant (c) amount of 8C2 (G2
1Id) and varying (V) dilutions of 7F1 (G2 II) is shown, (b) PRNT with a ixture
of G1 and GZ-speclﬁc MAbs (8G10 + 7F1). The enhanced neutralization
- observed by mixing a constant (¢) amount of 7F1 (GZ 1D with varymg "
~ dilutions of 8G10 (G1 ?) is showrl
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Fig. 6. Plaque reduction neutralization test (PRNT) using MAb pairs.

{c) Potentiation of the neutralizing activity of MAbs 4B3 (Gl Iic) and 7F2 (G2
Ic) when us.. ~. combination by mixing :i constant {¢) amount of 752 with
varying (V) dilutions of 4B3. (d) The enthanced neutralization obtained by mi*ing
a constant (c) amount of MAb 5E9 (G1 IV) with varying (v) dilutions of 8G10
©1n. o o |
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Fig. 6. Plague reduction ngutralization (PRNT) using MAb pairs.

{e} PRNT with a combination of two Gl-reactive MAbs (3H1 + 5EY), The
enhanced neutralization cbserved by mixing a constant {¢) amount of SE9 (G1 IV)
with varying (V) diintions of 3H1 (G1 ITb). (f) Potentiation of the neutralizing
activity of MAbs 8G10 (G1 ) and 5A1 (G1 Iid) when used in combination by
mixing a constant (c) amount of 5A1 with varying (¥) dilutions of 8G10.
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Fig. 6. Plaque reduction neutralization test (PRNT) using' MAD pairs,

(g) The synergistic neutralization obtained by mixing a constant (c) amount of
- 8G10 (Gl ) with varying (v) dilutions of 4B3 (Gl Ifc). () PRINT with a
mixture of G1 and GZ-spcclﬁc MADbs where a constant (¢) amount of SE9 (G1 1IV)
was added to varymg (v) dilutions of 7F1 (G2 II)
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| greatly enhanced ﬁérﬂentage in plaque reduction achieved by combiiling the MAbs
could not be m:plamed by addmg the percentage of plague reduc.uon contnbuted
by each annbody tested mdmdually

- 5, 3.3 Iuhxbltmn of ueutrahzmg actwity of MAbs :
Those MAbs which had partiaily inhibi* d the binding of MAb 3B5 (Gl Ia) and
9C4 (G2 1) in the CBA were examined for the ability o inhibit the neutralizing
activity of the latter two antibodies. None of the antibodies were found to affect
the neutrahzmg titre of MAbs 3E5 and 9C4, '

. 534 ”ostnadsorptmn neutrahzatmn tests _
The MAbs whmh exhibited neutralization activity independent of C’ in the PRNT :
* were tested for their ablhty to neutralize the virus once it had attached to the cells
.(Table 21) Some of the MADs specific for G1 and G2 were found to neutrahza
_ admrhed Vu'us as efﬁclently as pre-adsorbed virus eg those mapping to G1 Ia IIb :

 Tdand G2 Ta. Several antibodies directed against G1 neutralized the adsorbed

virus to lower titres than before virus adsorption (MAbs 4B3 8G10, 5E9) while
one of the anti-G1 MAbs, 9B4, and two of the anti-G2 MAbs (mapping fo G2Tb
and G2 Ic) were unable to r_leutrahze the attached virus, Norne of the MAbs
* requiring .complﬁmt_ént for neutralization were able to neutrslize cell-adsorbed
virus. '
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 Table 21. Neutralization by RVFV MAD treatment of virus before or after adsorption

MAb Antigehic d‘dmain _ _ Neutrélizaﬁcm‘.- ~+© Neurralization .
~ Preadsorption Postadsorption - ratio®

' 3E5 . Gl 2768 2768 . 1.00
M1 . etm 1024 1024 L00
43 GlIe 1638 . 4096 025
sAL GlId Co1es o 1024 L00
om4 ‘Gl He a 104 - 000
SBY GlIV 1024 128 0125
iE4 G619 4096 512 0
8G10 LS 409 - siz 0.125

9C4 & RN 32768 | 1.00
8G2 - @n 2048 - 0.00.
2 @2k 2048 - 000

1 80% PRNT

? Ratio of neutralization after virus adsorption to neutralization before virus adsorption -



54 Discussion

'Studi'e's. on the nentralization of various enveloped viruses suggest that antibodies
* binding to different sifes on a viral protein neﬁtraﬁie by differant mechanisms Py
also that a single MAb can neutralize by a number of alternative procedures
(Dietzschold ez al, 1987; Dimmock, 1987; Dubuisson e al, 1990; Fuller ef dl,
1989; Gallins and Porterfield, 1986a; Kingsford ef al, 1991; Okazaki ef al, 1986;
Roe;hng et al, 1988' Taylor et al, 1987)." Synergistic effects which potentiate the
furictional acuvxty of MAbs have been demonstrated Wlth many virises, mcladmg
La Crosse virus (Kingsford, 1984), Newcastle dlsease virus (Russell, 1986), |
 respiratory syncytial virus (Anderson ez al, 1988), bovine herpes virus (Dubuisson
et al 1990) and cytomegalc irug (Gehrz et al 1992 Lussenhop et al, 1988).

Th_é mechanisms involved in the antibods-mediated nevtralization: of RVFV were
- analysed here using the pahel of MAbs. Since several of the MAbs were found
to augment the binding of other antibodies in compelitive binding assays, an
important aspect of the study was examining the possibility that mixfures of the
: antzbodles could have a synergxsuc effect on RVFV neutralization,

Individually, ine MAbs mapping to the Gl domains 1, Il and IV, ang three
'MA'bsispe'ciﬁc for the G2 1 domain, were able to neutralize RVEV in vitro
* without ¢!, while the remaining antibodies required C' for ngutzalization. On
mixing all combigations of these antibodies, synergistic neu&aﬁzaﬁon was
observed for many MAb pairs. The fact that some of these antibody pairs were
no longér capable of achieving this synergy when tested after heat-inactivation
emphamzes the 1mportant role of C' in thlS particular aspect of RVERV
neutrahzauon

However, evenin the abrence of C' , various different mixtures of MAbs
exhibited enhanced neutralization; these could be divided into three categories.

In the first instance, synergistic neviratization occurred for two of the MAb pairs
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| that showed augmentec bmdmg for 32 in the bmdmg assay 1e 9C4 + 6310 and
- 8C2 + 7R1. The former pair campmed one neutralmmg MAb (mappmg to G2
Ia) and a non-neutrahzmg antibody. This probably presents an exampla of
‘conformational changes by one MAb altering epitope expression by the virgs so
that the second MAb binds or neutralizes more efficiently (Clegg et al, 1983;
Kingsford, 1984; Lubeck and Gerhard, 1982). The other MAb pair (8C2 + 7R1)
“ which exhibited synergistic neutralization were both individually non-neutralizing
at the 80% plaque reduction pnd—pomt Here neutralization could be due to the
combined mass of both antibidies binding which could interfere with the process
~of cellular attachment and fusion by steric hindrance as suggested for
cytomegalovirus (Lussenhop ef al, 1988). Alternatively, increased neutralization
could be due o combined conformation changes brought about by both antibodies
~ binding. The fact thai:_ this MADb pair displayed reciprocal enhanced binding in the
competitive binding assay favours the latter explanation.

The second category of synergistic neutralization occtirred bet\aréen_combinatiﬁns
of MAbs for which incteased binding had not been defected, -indidating thaL
‘enhancement of RVFV neutralization must involve more than just an increase in -

-the amount of neutralizing antibody bound to the virus. Synergy of this type was
~ seen between MADbs directed against closely adjacent epitopes eg 3B5 (Gl Ta) and
3H1 (G1 1Ib) as well as distant epitopes eg 3H1 (G1 IIb) and 5SE9 (G1 IV). The
enhanced neutralization in the latter case is most likely the result of
conformational changes in sites critical for virus inféctivity which do not lead to
' extra antibody binding to the virion surface as indicated by the binding assays
- In conrast, the increased neutralizing activity obtained by mixing MAbs against
| overlzpping or élosely adjabent epitopes may either be due to a more efficient
blocking of critical sites on the surface of the virion (Russell, 1986; Van Diunen
- Littel-Van den Hurk et al, 1985) or to allosteric .phenomena (Gehrz et al, 1992;
Kingsford 1984). - |
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. Lastly, mixtures of MAbs reacting With the G1 and G2 RVEV proteins were also
capable of enhancing neutralization, supporting the findings in the binding studieé.
that some antibodies can induce conformational changes in an entirely different
viral protein. | |

The data from these in-vitro neutralization assays'- thus suggest that_ synergistic |
neutralization between various antibodies directed apainst different antigenic
determinants on the RVFV G1 and G2 proteins is a common phenomenon. This
may be of considerable 1mmunolog1ca1 relevance with respect to the functional
activity of a polyclonal immune response to infection with RVFV.

In .ord_ér w further elucidate the mechanisms of an'tibody-medjated RVFV

neutralization, _pust~adsorptim_i nentralization tests were performed. If RVFV
 neutralization primarily involves the inhibition of virus attachment, adsorbed
virions should be resistant to nentralization, In contrast, if the process involves
the blocking of some steps subsequent to virus adsorption, the antibodies should
neutralize cell surface—bound virions as shown for example for rabies virug
(Dietzschold et al, 1987), herpes simplex virus (Fuller and Spear, 1985),
transmissible gastroenteritis coronovirus (Suné ef al, 199_0) and bovine _herpes
virus (Okazald et al, 1986). | | |

The results obtained sevealed ot only that the RVEYV MAbs exhibited different
mechanisms of neutralization, but that antibodies Imapping 10 a single antigenic |
domain (eg G1 1) do not neutralize in an identical manner. Some of the
~antibodies gpecific for G1 and G2 nevtralized rell-attached virus as efﬁcientiy as
unadsorbed virus, thefeby indicating that they can feutralize by inhibiting the
“infection process after virus attachment, Both the G1 and G2-specific MAbs
previously shown to be highly protective in vivo (3E5 and 9C4) exhibited this type
| of neutralization. |
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While 2 relationship of both the RVEV envelope proteins to infectivity has been
 established (Battles and Dalrymple, 1988; Collett ez ol, 1987; Dalrymple et al,
© 1989; Kesgan and Collett, 1986; Schmaljohn et al, 1989) the exact role played

by either of the glycoprdteini's in viral _perietration has not yet been directly
demonstrated. The findings here that MAbs directed against both .Gl and G»
neutralize virns that has already bound to cells stfongly suggests that both the
'RVFV envelbpe proteins are responsible for penetration of the virus,

Other MAbs, eg those mapping to G1 Ile, G2 Ib and G2 Ic, on the other hand, "
did not exhibit any post-adsorption neutralizing ability, suggesting that these
antibodies may nevtralize by pteventing virus attachment to cells. The RVEY
* MADs requiriug C' for virus neutralization likewise may effect neutralization by
 preventing virus attachment, possibly by enhancing aggregation of virus-antibody
complexes (Oldstone et al, 1974). ' '

The tematning MAbs specific for the G1 protein displayed a certam degree of
post-adsorption neutralizing activity. These antibodies may be capable of
~ inhibiting RVFV infectivity in several ways, as reported for certain poliovirus

‘MAbs (Bmini ef al, 1983). The mechanism of neutralization may be partly
| dependent on the isbtope of the antibody {(Dimmock, 1984; 1987). In the case of
the two IgM antibodies 1B4 and 8G10, neutralization is most likely effected by
both prevention of virus attachment as well as virus internalization, as shown for
IgM neutralization of influenza virus (Taylor and Dimmock, 1985). The IgG
MAbs defining sites G1 Tlc and G1 IV, on the other hand, could possibly
neutralize by .. inhibiting any of the various st&ges of virus infectivity i.e.
attachment, penetration, urxcoatirig or replication.

The post-adsorption  studies also belp to further elucidate the mechanism
underlying the enhanced neutralization which occurred between the pairs of MAbs

which map to the closely adjacent G1 T and G1 Il domains, The fact that, for
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example, MAbs 3E5 (G1 Ja) and 351 (G1 IIb) can neutralize virus that is already
cell-attached, indicates that the increased neutralization is not due to a more
efficient blocking of sites involved in virus attachment as has been suggested for

B _Newcastle disease virus (Russell, 1986).

The data obtained from these neutralization assays thus provide evidence for an
interaction hetween the RVEV G1 and G2 proteins by showing that antibodies to
one of the envelope glycoprofeins can causé_a conformation change resulting in.
an altered antigenicity in the other glycoprotein. The findings furthermore
suggest that inhibition of virus attachment is not the principal means of antibody-
mediated RVEV neutralization. Instead such neutralization is most likely the
rééuit of 'se_x_;eral different processes, including synergistic _heutraliZatiun by

- combinations of different antibodies, prevention of virus attachment and inhibition

of steps subsequent to virus adsbrptiqn. To clarify the neutralization mechanisms

further, -pOSSiblé"interferé:nce by the MAbs of varions stages of virus infectivity
such as virus attachment and penetration will-be examined in more detail.
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6. RVFV ATPACHMENT =

6.1  Introduction | |
The early events in the infection process of RVEV and other members of the
Bunygviridae are not well defined (Schmaljohn and Patterson, 1990). As with
' other enveloped viruses, attachment of RVEV to host cells is a critical first step
to infection mediated by the interaction between one or both of the viral envelope
glycoproteins and cell surface receptofs {Choppin and Scheid, 1980; Lanti,' 1990).
While the cell receptofs involved in binding have not been identified thus far for
any member of the Bunyaviridae family (Wang et al, 1991), the viral attachment
 proteins have been examined indirectly using MAbs (Arikawa ef al, 1989; Dantas
et al, 1986 'GoﬂzalezQScarano et al, 1982; Grady et al, 1983; Keegan and Collett,
1986 Kingsford et al, 1983; 1991; Ludwig et al, 1989; 1991; Pifat e al, 1988).

Antibodies against the region of the viral coat proteins thought .to be im'rblved in
‘binding have beerl shown to block the attachment of virus (Dietzschold et al, -
1987; Dimmock, 1987; Dubuisson ef al, 1990; Massey and Schochetman, i2b1;

McCullough, 1986; Roehrig e al, 1988). Inhibition of virus binding by

antibodies in fact represents one of the classic explanations of virus neutralization

(Mandel, 1967), Blocking of virug attachment may be effected through the
binding of antibody at or near the cell attachment site on the virus, "bridging" of
this cell binding site through the MADb reacting with epitopes on either side of it,
saturation of the virion surface by antibody, or aggregation of vifu_s particles to
- form virus/antibody complexes (reviewed by 'McCuHOugh, 1986). In addition to
~ these inhibitory effects on virus binding, some MAbs have been identified which
neutralize by preventing internalization of the adgorbed virus (Armstrong ef a/,
1990; Suné et al, 1990; Taylor and Dimmock, 1985).

With regard to the Bunyaviridae family, virus attachment and MAbs which inhibit
such binding have recently been examined in some detail for the buryavirus La
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Crosse virus (LACV)(Kingsford et al, 1991; Ludwig ef al, 1991). The findings
of these and earlier studies (Gonzalez-Scarano &t al, 1982 Kingsford and Hill,
1981 1983 Kingsford et al, 1983) suggest that the LACV Gl protem is more

.actwely involved in bmdmg to vertebrate host cells than G2. '

Unlike LACV, compreheﬁsivé analyses on the viral proteins invblvcd in
attachment of RVFV have not been performed to date. Tn contrast to the sitvation
for LACY, however, the presence of neutralizing and hacmagglutination sites on
both the RVFV G1 and G2 proteins (Keegan and Collett, 1986) indicates that both
em=lope glycoproteins may be involved in attachment, either directly or by
conformational requirements (Schmaljohn and Patterson, 1990},

‘The neutralization studies undertaken here have revealed that some MAbs were
unabie to inhibit RVFV infectivity once vitus had already attached to cells, This
'suggests that these particular antibodies may effect neutralization by either
' prevcntmg virus from binding to cells or by inhibiting the adsorhed virug. from
~ entering the cell. To further identify the stage of the virus cycle interrupted by |
‘the neutralizing antibodies, the effect of the MADbs on virus binding -and
internalization will thus be examined, An investigation of this nature may also
help to identify the site(s) on the RVEV G1 and G2 glycoproteins which are
involved in virus attachment. '

6.2 Materials and Methods

6.2.1 Preparation of purified radiolabelled virus
[*8] Methionine-labelled virus was prepared as outlined below. Vero cell
monolayers in 75 en?® flasks were infected with RVFV (TC3) at a muitiplicity of

infection (m.o.i.} of 10, After adéorption of virus for 1 h at 37°C, 10 ml of

serum-free EMEM was added to each flask for a further 2 h at 37°C. The

medium was then iemoved and replaced with 10 ml of methionine-free EMEM

(Flow Laboratories, Irvine, U.K.).. Following incubation for 1 h at 37°C, [*S]
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methionine (sp.act 1000 Ci mmol, Amersham Tnternational, U.K.) was added to-
~ give a final concentration of 30 pCi/ml, Virus was harvested at 48 h pmtw :

infection and clarified by cenmfugatton at 7000 g for 30 mm at 4°C in a -
' Beckman J2-21 cenmfuge ' - : |

Radiolab‘elled virus was puriﬁed based on the method of ngsford and Hill -
© (1983) with the exception that DMSO wus not included in the gradient. Clarified
virus (20 ml) was layered onto a discontinuous sucrose gradient comprising 20%

(w/v) sucrose in 0,01 M Tiis, 0,1 vies EDTA and 2 65% sucrose cushion in the -
same buffer, The tubes were spun for 2% h-at 26 000 pm at 4°C ina SW 28

rotor in a Beckman L8-60 M ultracenmfuge Fractions of 0,5 ml from the
_sucrose—sucrose interphase were harvested and aliquots assayed for infectivity by
titration in 96 well microtitre plates as described in 2.2.1.1. '_Infecﬁous fractions
- with the same titres were pooled, a¥ ~~ted and stored at <70°C. Prior to use in
the attachment assays, one amp fre.-  ch batch of labelled virus was thawed in

order to determine *he PFU/ml by means of the plaque assay as described in

section 2,2.3.3f, using 24 well plates._

6. 2.2 Et‘ficlency of virus attachment _

‘Several control experiments were initially carned out in parallel to assess the
efficiency of virus attachment. In the first mstance, virus inoculated cells were
incubated -for 6 days to chcclc for CPE as evidence for productive infection.
Purified [”S] methionine-labelled virs (6 5x 107 PFU/mI) was diluted 1:20, 40,
100 and 500 in PBS-MgC], and chilled on ice for 15 min. Aliquots of 0,4 ml
were then added in triplicate to confluent Vero monolayers (1 x 10% cells/well) in
6 well plates (Cel-Cult, Sterilin Ltd., Hounslow, _.U.K.). Foﬂowing adsorption |
for 2 h at 4°C with gentle rocking, the inoculum was removed, the cells washed
and medium replaced with Leibovitz containing 5% FCS and antibiotics (2.2,1.1),
The plates were incubated at 37°C for 6 days, then read for CPE.

111



Secondly, the amount of infectious virus which had nof_ bound to the cells was
examined by titrating the supernatant inoculum after _a' 2 h adsorption period.
Labelied virus at the same concentrations as above was adsorbed to cell
monolayers for 2 h at 4°C. The moculum was removed and used for titration in
96 well microtitre plates as described in section 2.2,1.1. The cells were washed
three times with cold PBS and lysed with 1 ml of 1% SDS in distilled water, Cell
lysates were transferred to liquid scintillation vials containing 5 ml of scintillation -
 fluid (Ultima-Gold XR, Packard Instruments, U.S.A.). Radioactivity of these
samples was determined by liquid scintillation spectrometry usmg an LKB 1217
Rackbeta liguid scmullatton counter '

6.2.3 Inhibition of virus attachment | | |
The effect of MAbs on virus attachment was determined based on the procedure
of Dietzschold et al (1987) with some modifications, Purified RVFV was
. preinicubated with various dilutions of MAb ascitic fluids for 2 h at 37°C. The

 final concentration of virus was 5 x 10° PFU/ml. The mixtures were then chilled.
on ice prior to addition to the cells, Confluent Vero rﬁonolayers in 6 well plates
~ were washed three times with cold PBS and incubated with 1 ml/well of 1%

_' avalbumin (Sigma Chemicals) in PBS for 15 min at 4°C to prevent non-specific
binding, The ovalbumin was then removed and aliquots (0,4 mi containing 2 x
10° PFU with an activity of 10 000-15 000 c.p.m.) of the virus-antibody mixtures .
were added to the monolayers. Followihg incubation for 2 h at 4°C on ice with
gentle rocking, the cells were washed, ly_sed and the cell-associated radioactivity
determined as in 6.2.2.

The fraction of input counts for each sample of virus specifically bound to cells |
i the presence of antibody was then compared with the averaga amount bound
when no antibody treatment was given. As a negative control, a MAb .lirected
against West Nile virus (Besselaar and Blackbum, 1988) was used. RVFV
hyperimmune ascitic fluid was included as a control for polyclonal immune 1gG.
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' 6.2.4 Effect of temperature on virus binding

- Confluent monolayers of cells in three sets of six well plates were inoculated with
the same concentrations of __virus-antibody mixtures as in 6,2,3. One set of plates
was incubated at 4°C on ice for 2 h with -geﬁﬂe rocking. The remaining plates
were incubated in parallel at rt under the same conditions. The cells from the
plates kept at4°C and one of the sets held at rt were washed, lysed and the bound

.- radioactivity determined as outlined above. The remmnmg plates were used to
test for neutralization of virus infectivity b_y the PRNT method as de_scn.bed in
section 2.2,2.3f. | | -

~6.2.5 Dist! ngmshmg between cell bound and internalized virus by proteolytic
 digestion '
The method used to distinguish between virions adherent to the cell’ surface and
.endocytosed virus was modified from that of Gollins and Porterfield (1984) using

the proteolytic enzyme proteinase K. Binding and internalization assays were all

- done using Vero cell suspensions (2 x 10° cells/ml) in sterile centrifuge tubes

(_Falcon, Bector Dickinson & Co, New Jersey, U.8.A.). Binding studies were
carried out i a cold room, whils internalization assays were performed in a 37°C
incubator. . Leibovitz medium containing 0,5% BSA, pH 7,0, was used as the
assay medium, '

| a) Determination of total cell-associated radmactmty

To determine the binding of labelled virus to cells in the absence of the
proteolytic enzyme, 0,5 ml of two different titred batches of [*S] methionine-
labelled purified RVEV (6.2.1) was added to 0,5 ml volumes of the cell
suspensions to yield a m.o.i. of 2 and 0,02 respectively. The tubes were
incubated at 4°C with gentle shaking for 2 h, and the cells were then w&shed
- using the following standard procedure: 3 ml of assay medium was added to each
tube and the cells pelleted at 1000 tpm for 6 min in a refrigerated centrifuge
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(Beckman J-am “he cells were then washed twice miore with 2 ml assay

For determining cell-associated radioactive c.p.m., the final cell pellet was
_resuSpended in 0,5 ml PBS and added to scintillation wals contammg 0,1 mt 10%
SDS in distilled water. Five ml of Ultima Gold XR scintillation ﬂmd was then
added and the radmactwity deterrnmed as in 6.2,2 to give a value for total virus-
 specific radioactivity (i.e. protease-resistant + protease-removable c.p.m.).

b) Determination of protease-resistant radioactivity |
To determine irreversibly cell-bound virus, the protease-resistant radioactivity
assbcia"éed. with cells was measured by means of virus biridi_ng assays followed by
. treatment with proteinase X, These experiments were cartied out in parallef with
the above virus attachment assays in which no enzyme was added. Virus was.
allowed to adsorb to the cells as above. The effect of the MAbs was tested by .
' prelncubating the viras with hybridoma ascitic fluids at a final dilution of 1:100
for 2. h at 37°C. The virus-antibody mixtures were then chilled on ice for 15 min
pnor to addmg to the cell suspeasions for 2 h at 4°C; Fol]owmg washmg of the
cells by the standard procedure, the cells were resuspended in5 m! PBS and
0,125 ml of a stock sOliltio_r_l of proteinase X (Boehringer, Mannhéim, Germany)
in PBS added. The protease stock solution was prepared fresh prior to usé, at a
concentration of 0,5 mg/ml, The mixture was then incubated for 40 min on ice
with constant gentle shaking. The cells were washed once in PBS containing 10%
"horse serum and twice in PBS with 0,2% BSA. The final cell pellet was lysed
with 10% SDS as above and the c.p.m, determined. This was taken to represent
the protease-resistant radioactivity, which in turn was considered to reflect either
_ irre\}ersibly cell-bound virus or endocytosed virus, Two replicates were included
 for each experimental point aid all experiments were performed at least twice.
With scintillaﬁan determinaﬁons, the average ¢.p.m, was calculated for replicate |
vials,
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6.2, 6 Effect of MADbs on virus. memahzanon

The possible inhibition of virus internalization by MAbs was examined by shlﬂmg
the ce]l-attached Virus to 37°Cto allow substantial penetration to occur pnor to
protease degradatinn

Synchronized 'in'ternalizatidn of RVFV at 37°C was performed by prebinding
iabelled virus to Vero cells at 4°C in the presence or absence of the MAbs under
1dentlcal conditions as in 6.2, 5b, with the exception that the cell suspensions were
shifted to 37°C for the second hour. Folk_)wmg the temperature shift, the cells -
 were washed and proteinase K added as described earlier to remove any bound
virus that had not yet been endocytosed, The virus-specific counts bound in the
~ absence of antibody were taken to represént 100% internalization of the virus, and
~ the counts obtained With the antibody-treated virus were calculated relative to this.

To wontrol for any possible inhibition of binding, the proportion' of virus bound -
in the presence of the MAbs after 2 h at 4°C without enzyme treatment was
determined in parallel to the internalization agsays. |

6.3 Results

6.3.1 Eft‘iclency of virus attachment _
Monolayers which had been infected with punﬁed labelled virus and incubated for-
G days at 37°C showed CPE at all the virus concentrations used. The fact that
- productive infection had occurred suggesfed that the virus had attached efficiently.

The results of the titration of virus present in the supernatant inoculum following
the 2 h adsorption period are shown in Table 22. The extreniely low titres of
infectious virus remaining in the gupernatant after adsorption confirmed the above
findings that the majority of the added virus had bound to the cells at this time,
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Table 2. Titre of infectious RVEV remammg in the supematant followmg virus :

adsorpnon to cells for 2. h at 4°C
[ Virus concetration in | Titre of infectious virus | Cell-associated |
- inpculum! in supernatant® - radloacuwty (c.p.m. )3
Clox1t | 25x10t 24240
5x 100 S 2,5x 10 - 10746
2 x 10° Co0x10t | 4500
04x105 | e 86

* Concentration of [*S] methionine laelied RVFV added per 10° cells -
2 Titre of infections RVEY remaining in the supematant after adsorpuon of
wmstocellsfor2hat4 (o
3 Radloactivxty assomated w1th the cells after removal of the moculum

6.3 2 Eft‘ect nf MAbs on virus attachment

Initial experune.nts were performed using radmlabe]led RVFV premcubahed w1th
the West Nile virus MAb at concentrations of 1:4 to 1:500 of the hybridoma
aséitic fluid to determine if any-non’.speciﬁc inhibition of virus attachment
oceurred with non-immune antibody. Table 23 shows the percent inhibition by
this 'negati\?e control, as well as by the RVFV polyclonal HAF. Non-_speciﬁc
'i_nhihitio_n of virus binding by the unrelated MAb was ébserved at a concentration
of 1:50 and below. At high concentrations the RVF HAF prevented vires
. adsorption 'Suhstanﬁhlly but at a 1:500 dilution theve was only an 1_8.% reductioh

in bound virus, Iu the presence of 20% FCS, the amount of bound virus was

reduced by 52%. | | |
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Table 23. Effect of different ccm(:ehtrations of immune and non-immune
antibady on the attachment of RVFV to Vero cells

- Antibody* - : % Inhibition of virus 2 attacliment
dilion | WNMAb  RVFHAP
1:5 e 0
C50 N 56 e
20 T | 6
wse o . | 300 42
15300 0 | 22
15000 0 18
1:1000 ' 0 ST

1 Ascitic fluid
2 Purified [*S] methionine I&beliE}d RVFV (3 x 10° FRU/m] Wlﬁi an actmty of
: :I;lSOOOcpmperwelD '
.3 RVEV polyclonal hyperimmune ascific fluid - o

~ Based-on thése resﬁlts, the effect of the RVEV MAbs on virus attachmehf was |
examined using the hybndoma ascitic fluids at a final dilution of 1:100. Some of
the MAbs were also tested at a final dilution of 1:500. All the MAbs exhibited
' negligible inhibitory effects on virus binding when the virus was used at 5 x 108

"PRU/ml (Table 24). Since this corresponded to a vitus concentration + 6 x 10° | o

times greater than that used for the neutralization tests, attachment assays with
lower titred virus (ISOO PFU/ml) were subsequently perfofmed to detefmine if the
- MAbs could prevent virus binding under these circumstanices, The results showed!
that even at low virus concentration, none of the MAbs were 2" ' to significantly
inhibit attachment (Table 24), ‘The PRNTs performed concurrently nevertheless
confirmed that the antibodies were neutralizing the virus. '

17



Table 24, Effect of neutrahzmg MAbs on attachmemt of RVEV ata h1gh and low

mulhp]mlty of mfectlon
"MAS' | Antigenic | % inhibition of attachment %
| domain [ - B ' neutralization
- | (PRNT)*
_ - | Highmei? Lowmoil | -
_'_."irusonly'_ -1 0 0 .0
8 | @m0 2 990
31 | Glmb 1 1 98,7
w3 | elme | 8 9 96,5
sat- | etm | 12 | 1 | 95
9B4 Glle | 5 e | 963
SE9 @ | 3 8 98,7
B4 | Gl 0 8 958
8610 | 612 5 7 98,0
o4 R 6 5 999
362 | &b 2 5 93,8
TR | @&k 3 4 57,0
Controls: | |
5B11 G1 Il nt’ 25 < 50,0
A3 G1 b 0 0 S < 50,0
gc2 Gaud | 2 | 8 - <500
4D10 cam | ot 2% < 50,0
gglo+c | a1 | m 71 | 99,3
RVEV - 18 22 999
wMab | - | 0 0 0

T MAbs used at 1; 100 _
2 Putified labelled RVEV (5 x 10° PFU/uil)

Purified labelled RVFV (1500 PFU/ml) '

* PRNT performed in parallel to attachment assays with RVEV at low m.o.i.
> Not tested
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6.3.3 Effect of teinperature on virus attacliment :
" With the lower titred v1rus, the bound raﬂloacmuty measured at 4°C was
relatwely low (£ 6600 ¢.p.m. per we]lJ Attachment studies were therefore also
carried out in parallel at rt in order to increase the efficiency o__f virus binding.
At toom temperature, the radioactivity specifically bound to the cells in the
absenée of antibody approi:ixnately doubled compared to thait obtained for v1rus
_bmdmg at 4°C, No mgmficant blocking of virus attachment by the MAbs was
observed i in these expenments ' o '

6.3.4 Effect of MAbs on stablllty of vxrus bmdmg at 4°C _
To distmguxsh betWe:en virions adherent to the cell surface and endocytosed virus,

_ u_xoculated cell cultures were treated with the proteclytic enzyme protemase K to
remove putatively attached virus. By this means it was possible ﬁ:stly to
determing if preincubation of RVEV with the MAbs at 4°C influenced the stability

of virus binding to the cell surfﬁce'. Secondly, by shifting the inoculated culiures

" t0 37°C, it was possible to examine if antibody-coated bound virus was prevented

from penetrating the cell (6.3.5).

“To defermine the optimum concentration of protease to use for the rezaval of cell
bound virus, two different concentrations of protemase K were initially tested
(Table 25). In the absence of anubody, both concentrations of enzyme removed
approximately 81% of the ¢.p.m. bound to the cells which had been incubated
with labelled virus at 4°C for 2 h. The remaining c.p.m. (19%) were considered

irreversibly bound and probably represented virus which had fused to the cell

surfaces and was no longer susceptible to the enzymatic activity of the yroteinase

K. As proteihase K concentrations greater than 0,5 mg/mi are reportedly tpxic'

- to cells (Gollins and Porterfield, 1984), the protease was used at 0,5 mg/ml in -

subsequent axpei‘iments to avoid any possible det:imerital effects on the cultures.
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Table 5. Percentage irreversibly bound virus to ce]ls after dlgestmn W1th
' d1fferent concentrations of the probemase K enzyme

Input virus' _ % binding®at 4“C |
(moi) | NoPK  +PK(O5mg/md -+ PK (0,25 mg/ml)
20 | w0 | 4} wa

"1 Ppysified [*S] methionine-labelled RVEV
- % Based on cell-associated radmactmty
% Proteinase X.

In the presence of RVF hypeﬁmmune ascitic fluid, a greeter proportion' of cell-.
bound virus was removed by protease d1gest10n relative to the virus w1thout_ :
_ anubedy (Table 26). In contrast, premcubanon of the virus with MAbs 8A3 (G1

]]Ib) and 8C2 (G2 1d), wluch served as controls for tion-neutralizing antibodies
in the absence of C', had no-effect on the amount of virus that remained cell
bound. ' '

In the case of fhe neutralizing G1-specific MAbs 3E5 (G1 Ta), 3H1 (Gt 1Ib}, 4B3
(G1 Iic) and 9B4 (G1 Ile), approximately the same proportion of antibody-treated
virus was removed from the cell surface as uncoated virus, In the presence of the
other neutralizing Gl-reactive MAbs (5A1, 5E9,_ 1B4, 8G10) and the MAbs
defining the neutralizing G2 1 domain (9C4, 8G2, 7F2), on the other hand, more
cell-bound virus was removed compared to the untreated virus as shown by the
reduction in cell-associated radioactivity... .' _—
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Table 26 Percentage irreversibly bound virus after 2 h adsorptlon o cells at
4°C and proteolytlc digestion with proteinase K

Aﬁtibody | Antigenic © | % irreversibly bound viruz
: ) domain - ' '
Vires' only (PK)? | et | N
 Virus onty+ery | T I '
35 © Glla o194 1 102
3H1 -l eam 182 | 9
4B3 | Gl 179 94

1sa1 | em | ue 78
loe | = olne 180 | 95
8A3 Gl b 197 | 14
SE elv 99 | 55
e | et | 94 | 49

8G10 | e | 1,0 58
0CH 1 en 114 | 60
8G2 G2b - 10,3 54
TF2 | @k 12,0 63
8C2 . au 19,7 103

RVEBVHAF | - | 128 | 61

1 Tnput virus = purified [**S] metbionine labelled RVEV (3 x 10°PFU/ml)

)

Protemase K

]

Vlrus SpBClﬁC counts in the absence of protease were taken to represent 100%
attached virus and the counts obtamed with the protease-dlgested virus were
calculated relative to this

4 Not applicable -

. UI

- The non-neutratized virus- Spemﬁc counts after protease ueatment were taken
to represent 100% irreversibly bound virus and the counts obtained with the
antibody-treated virus were calculated relative to this
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. 6.3,5 Effect of neutra]iz’imﬁ MAbs on virus iljterhalizaﬁdn at 37°C "

Synchronized intermalization of RVFY at 37°C was performed by prebinding
 labelied virus to Vero cells at 4°C in the presence or absence of the MAbs, then
shlftmg the cell-bound virus to 37°C for 1 h. This was followed by digestion |
with prote:mase X to remove any remaining putatively attached vizus, thereby
permitting the exélusiVe determination of penetrated virus only. For the 1TpOSAs

 of comparison of antibody-coated virus with untreated virus, the tolal amonnt of

radxoactmty internalized for virus prebound in the ab sence of antlbody was- taken
to represent 100% penetratlon '

| 'I'hb data for the bind_ing assays '(2_ h at4°C without enzyme digestion) which were
carried out in parallel to the internalization studies are shown in Table 27. The

_ Tesulis were similar to those obtamed for virus atta«,hment to cell monolayers

(6 3 1) and con:firmed that none of the MAbs mgmficantly preVented bmdmg.

 The éfféc’t’ of the. MAbs on the internalization of RVFV is also shuwn in Table 27.
~ Premixing the virus with the polyclonal hyperimmune ascitic fluid prevented 18%
of the virus from bmdmtr and resulted in an overall reduction of 29% internalized
virus. ‘This indicated that a proportion of the virus that managed to attach was -
iJrevented from penetrating the cell. Preincubation of the virus with the control
MAbs 8A3 and 8C2, both of which are non-neutralizing without ', had no affect
b_n the amount of internalized radioactivity:

In contrast to the non-neutralizing MAbs, the amount of internalized virus-specific
radioactivity was reduced considerably when virus was treated with the anti-G1
 neutralizing MAbs 5A1, 1E4 and 8G10, and the G2-specific MAbs 9C4, 8G2 and
7F2. In these cases, therefore, a substantial proportion of the attached virus was
 prevented from entering the ceil. Preincubation of the virus with the neutralizing

122



- Table 27. Effect of neutralizing MAbs on virus internalization at 37°C;_'
“determined after protease remqval of exposed virns

o Anﬁl:i’o_dy { - Antigenic | % mus-spemﬂc counts at tun_e after |

domain | shift o 37°C
L O min (-PK)! 60 min (+PK)
Ving only - 1000 100
35 | Gl | 104 | 102
3HI - { . GlEb {102 98
g3 | em |8 | o4
SAL | etm | 8 | 6
o84 | o Gime | 98 . o
|sas Gl 103 105
s GLIV T 87
| 1E4 e | w5 60
g0 | e6tr | e e
19c4 Sl a@rm | 103 &
862 - G2Db 97 68
72 G2l 9% |
8C2 L G2k B L7 S B 1
RVEVHAF | - | 8 [ 7

No proteinase K digestion

[

Protemase K dxgestmn after tempcrature shlft

Input virus = purified [*S] methionine Iabelled RVFY (3 x 103PFTI/ml)

L 3

N

The non-neutrahzed vnus—spemﬁc counts at 4°C were taken to represent 100%
binding to cell and the counts obtained rlth the antlbody—treated v1rus were
calculated relative to this - ' _ _

5 The non-neutralized virus-specific counts at 3'7"C were taken to represent 100%

penetration and the counts obtained with the antibody-treated virus were
calculated relative to thls : .

123



MAbs binding to the G1 domains I and 1I (385, 351, 4B3, 9B4), on the other
hand, did not affect the percentage of internalized viruz-specific -cbunt's,_ indicating -
that viros penetration was not being blocked by these antibodies.

6.4 Discussion

Prior to examlmng the posmble mh1b1t10n of virus attachmsnt by the RV“’V

MADs, various experimental parameters  were initially. assessed.  The

concentrations of both antibody and virus sultahle for use in the bmdmg studies -
were investigated, as well as the efficiency cf virus attachment. As the inhibition
- of RVEV mfechvxty by neutralization mechamsms independent of C' were of
partlcdar interest here, the attachment assays were performed usmg heat-

inactivated. antlbodles '

Firstly, since immunogiobulin at lngh concentratlons may mterfcre non-
specifically with virus binding as has been demonstrated using _non—1mmune _
“antibody (Fuller and Spear, 1985;' Kingsford et al, 1991) jt was important o
- establish the concentration of antibody which would refléct ontly specific inhib.iﬁ_on
of attachment. The resulting data revealed that non-specific reduction in virus
binding did indeed occur at high antibody concentration, thereﬁy necessitating
using a minimum dilution of 1:100 of hybridoma ascitic fluid.

Another important aspect of antibody concentration is- that ‘the density of
neutralizing antibodies on the virus surface may influence virus attachment
(reviewed by Outlaw and Dimmock, 1991). It has, for example, been shown for
influenza virus that higher concentrations of IgG result in a closer packing of 1gG
molecules on the virus surface, thereby reducing the mobility of the antibodies
which is necessary to prevent virus attachment to cells (Armstrong et al, 1990;
“Taylor and Dimmock, 1985), The relatively small decrease in the proportion of
‘bound virus which was seen with the RVF polyclonal hyperimmune ascitic fluid
at a 1:100 dilution was -uhljkely to have been due to too high a density of -
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antibodies on the virus surface, however, sifice lower antibody concentrations did

not have an increased inhibitory effect.

 Unlike the situation with the immune antibodies, viros attachment was
_ considerably reduced in the presence of a high concentration of FCS. A similar
phenomenon has been reported by Fafssi—_Fihri et ai {1990) for éonécntxaﬁoné of
FCS of 5% or greater. The decreased binding in tife presence of high serum
concentrations might be due to the formation of large viral aggregates which are
more easily remuved from the cell surface durmg the washing procedure than
smgle vu'al partlcles

' v\hthregard to the oPﬁmM-vhus .'odn'cehtraﬁon, virus attachment is traditionally
examined nsing hlgh multiplicities of infection, In the present study, no inhibition
-~ of virus attachment by the heat-inactivated MAbs was observed using a high input
| multiplicity of virus, Since this was. possibiy due to the fact that the latter virus
- concentration was’ far greater than that used in the PRNTs, attachment assays
‘were also carried out with lower titred virus. In these experiments, virus binding
was shown to be highly efficient as indicated by the low level of infectious virus |
remaining unattached after the adsorption period, as well as by the subsequent
productive infection of the inoculated cell monolayers. |

With the lower virus concentration, inhibition of attachment .by the MAbs was still :
negligible, even though virus infectivity was neutralized by 94 t0 99,9%. Despite
their large size, the two IgM MAbs 184 and 8G10 did not reduce the binding of
_ heutralize.d virus, suggesting that the prevention of virus attachment by steric
hmdrance does not play an essential role in the neutralization mechanisms
mvolved in these particular instances.

" In contrast to the lack of inhibition which ocourred with MAD 8GI in i
absence of (', virus attachment was reduced significantly when the virus was
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mixed with this antibody with added C'. The inhibitory effect in these
‘circumstances may have been due to aggregation of the antibody-coated virions
' (senéitiz(:d vitus), resuiting in a reduction in the number of infectious units |
(Oldstone et al, '1954) | 'Altﬁrﬁativelﬁ, the C may. have ‘blanketed’ or coated the -
sensitized vn'us thareby mterfmng with bmdmg fo the cellular receptors (Beebe
et a! 1983) '

o U‘nlikc the situation with the neutraﬁzing MAbS, RVEYV attachment was blocked
toa certain degree by two of the MAbs' which are rion-neutralizihg in the absence
of C" undsr normal conditions of PRNT assays i.e. SE11 (G1 Ilfa) and 4D10
(G2 ). sveral non-nevtralizing MAbs directed against the LACV G protein
have also been found to reduce virus binding (Kingsford et al, 1991). This
phenomenon may be due to lack of stability between the antibody-coated virus and
* the cell receptor site, and thus removal of the treated virus by the extenmve
: '_washmg pmcedureq used in the assay. '

The_fact that the neutralizing MAbs speci.fic for the G1 domains I; 1T and IV and
the G2 I domain inhibit virus haemagglutination, yet do not prevent binding of
virus, strongly suggests that the epitopes they define are spatially separate from
the site(s) responsiblc for virus attachment fo the cellular receptor, These
* antibodies thus must neutralize by mechanisms other than inhibition of attachment.
As one of the possible mechanisms may be the prevention of virus'entry' into the
cell, it was important to determine whether or not the neutralized virus was being.
internalized, This was measured by resistance of the virus to removal from the
cells by the proteolytic enzyme proteinase K.

The resulting data revealed that certain of the neutra]izi_ng MAbs directed against
~ both RVRV envelope proteins prevented virus internalization substantially, The
fact that these particular MAbs also caused more of the putatively attached virus
at 4°C to be proteolytically i'amoved from the cell sarface than unt:oated. virus
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suggests that they interfire with the stability of virus binding. Thus the apparent
~interference by these MADbs with the internalization of virus at 37°C may pﬁ:ﬂy

‘be due to the mablhty of the virus to bind as ﬁrmly to the cell surface as it would
in the absence ©f such antlboches | ' '

While all the reutralizing MAbs directed against the G2 T domain (9C4, 8G2,
7TF2) exhibited this type of inhibition, the G1-specific MAbs that prevented virus
entry mapped to varions d1fferent sites i.e. Gl 1Id, GI IV and the unmapped
epifopes recogmzed by MAbs 1E4 and 8G10. The fact that only one of the five
MAbs defining the G1 TI domam 1nterfered with virus internalization while the
others had no affect, suppotts the earlier post—adsorptlon findings that the MAbs
~ binding to this domain neutralize by different mechanisms.

In all cases, however, virus _intémalization by these MAbs was not totally -
pré‘vented The fact that the remaining bbund virus entered the cell and'wst was

still almost oomp.ctely neuttallzed indicates that blocktng of virus mfec!lwty must
also occur at another stagc of the virus 11fe—cycle

Of some interest was the ﬁndin.g that RVFV antibodies of both tho JgM and JgG -
isotype appeai'ed to neutralize_ in a similar fashion i.e. by inhibiting ihtema]i'zatién
ofa proportimi of the attached virus, The sitﬁati_on here is thus different to that
reported for influenza virus where the mechanism of neutralization appears to be
partly dependent on the isotype of antibbdy (Armstrong et al, 1990; Dimmock,
1984; 198’7; Taylor and Dimmock, 1985). ' |

In contrast to the various MAbs which substahtially blocked virus upték:c into the
bell, with the exception of 5A1, all the MAbs directed against the neutralizing
epitopes comprising the G1 I and G1 II .domain's had no influence on virus
internalization, indicating that the inhibition of virus infectivity must be effected
at an intracellular stage of viral replication. Neutralization of this nature'may be
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due to conformanonal changes induced by anubody bmdmg whmh prevent the o

- virus from undergomg a subsequent replication step.

Thus, although the RVFV Gi and (2 antigenic sites involved in virus attachment
 could not be identified with these particular MADbs, the data from thé'binding and

internalization assays nevcrtheless have helped to elucidate the mechamsms of
_antxhcdy-medlated neutralmauon of the virus. The results indicate that while one
of the tnechanisms involves the inhibition of virus internalization, adqunal

modes of actioh must involve some step(s) later in the virus infectious cycle sﬁsh

as interference with the rate of virus penetration or neutr’alimtid_n of virus after
penctration, As the virion-cell fusion event leading to the release of the viral

genome may be particularly sensitive to inhibition by neutralizing MAbs (Fuller_
~and Spem, 1987) the sensitivity of the MAbs to pH-mduced oonformanonal

changes in the RVFV glycopmtems also requxres mvcstlgatmn o
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7. PENETRATI_GN -

71 Introductmn :
As w1th all viruses, infection of host cells by RVEV is largeiy dependent on the -
ability of virus to penetrate the cell and rejease the genome into the cytoplasm
(Choppin and Qcheld 1980; Dimmock, 1982; Lenard and Mﬂler, 1982 Marsh
and Helemms, '1980; 1989; Schmaljohn and Patter_son, 1990; White e al, 1983).
. With enveloped.viruses, this process oceurs by fusion of the virus and lipid
membranes of the target' célls, induced by the viral enﬁelc;pe proteing (Marsh,
 1984; Massh and Helenlus, 1980; 1989; White e al; 1981; 1983).

| Depend.mg on the pH threshold the membrane fusion event may either oceur on
the plasma mcmbrane, or in the acidic vacuoles of the endocyuc pathway (Lenard
- and Miller, 1982; White, 1990; White et al, 1983 . In the Jatter case, the mﬂdly h
acidic pH (pHL 5,0 - 6,0) in the endosomal ‘compartment (Tycko and Maxfield,
1982) triggers a conformational change in the glycoproteins on the virion surface, |
causing exposure of a hydrophobic portion of a virion surface protein (Subbaroa
et al, 1987; reviewed in White, 1990). This hydrophebic region promotes fusion
. between the virion envel_ope and the vesicle membrane (Marsh, 1984; Matlin e
al, 1981; White, 1990; White ez al, 1981; 1983). Such acid-induced changes in
the tertiary structure of the envelope proteins are believed to be an in_'lpbﬂant part
of the mechanism by which the viral nucleocai)sid is discharged into ccll

cytoplasm, thereby initiating the process of replication (Lenard and Miller, 1982;

 Marsh, 1984; Marsh and Helenius, 1989; Matlin ez al, 1981; White et f, 1981;

1983).

With regard to RVEV, very little is 'cﬁrrc_:ntly known about the actual mechanisms
by which the virus gains access to the cell cytoplasm (Ellis et al, 1988;
Schmaljohn and Patterson, 1990). Studies on some of the « - er Bu.nyaviridae- '
have shown that at acidic pH values, the envelope glycoproteins undergo a
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conformational change and induce cell fusion (Arikawa er al, 1985; ‘Gonzalez-
,cﬁ:an'o, 1985; Gonzalez-Scarano er af, 1984; Wang et al, 1991). This pH-
cependent membrane ;‘usmn suggests that they rely on endocytic uptake and that X
iheir fusion activity iy triggered by the low pH of the mtracellular vcsu::les_ _
_ (Gonzalez—Scarano et al, 1984; Marsh, 1984; Marsh and Helenius, 1980; 1989).
| Direct evidence for this process w1th RVEV, however, has not yet been obtained
(Schmalj ohn and Patterson, 199{]) It is furthermore unclear at this stage whether
'_one or both of the envelope gl_ycop:qtmns are necessary for fusion.

As a step towards the underswndmg of the fusion ‘mechanism of RVEV, the
MAbs will be used to investigate the senmtmty of the vu'al glycoprotein epitopes
to pH—mduced confn:mauonaj chunges. Since the fusion event presents a point
at which penetratlon can be blocked (Dietzschold et. al, 1987, Gollins and
Porterﬁeld 1986a; Marsh and Helemus, 1589) these studles may also mdlrectly
“help to ascertain if any of the MAbs which appear to ncuttahze mtracellularly do
so by mterfenng with this step : o '

The. roufe of .R'_VFV- entry and penetfatiﬁn will be exarnined further hy' testing the
possible inhibition of viral uncoating by the lysosomotropic agent ammonium _
chloride which acts to raise endosomal pH. In addition, the kinetics of resistance
of penetrated virus to neutralization by the MAbs will also be investigated, -

72 Materials and Methods

7.2.1 MAb reactmty with antigen exposed to different pH’s

Analysis of the autigenic reactivity of the MAbs with virus preparations exposed
to different pH’s was carried out using the method of Guirakhoo et al (1989),
Stock RVFV extracted glycobroteins (17 mg/ml; section 2.2.1.2) were diluted

1:100 in TAN buffer (0,5 M triethanolamine, 0,1 M NaCl) which had been

 previously adjusted to pH’s ranging from 7,5 to 4,0 using HCL. After incubation
at rt for 30 min, the pH’s o_f the antigen samples were all readjusted to pH 8,0
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with 1,0 M NaOH. The samples were then diluted in carbonate-bicarbonate
ELISA buffer (pH 9,6) to yield a final concentration of 80 ug/ml, Volumes of
0,1 ml were added to wells of ELISA microtitre plates and incuh_ated overnight
at 4°C. The plates were washed and blocked with 4% BSA as described in
section 2.2,2.3a. Reactivity of the MAks with the acidified antigens was .
- determined by adding 0,1 ml aliquots of each MAb (diluted 1:200 in BLISA-
 dituent) to duplicate wells against each of the different pH-treated antlgens After

- incubation for 2 h at 37°C, the wells were washed and incubated with pe.roxldase

conjugated anti-mouse immunoglobuling (2.2.2.32) for a further hour at 37°C.
The colour reaction was measured at 405 nm following the addition of ABTS
substrate. The unmapped Gl-specific MAbs 1E4, 8G10, 5F2, 5A6 and G2~
specific M'Ab. 5C12 were not tested due to their _vefy weak avidities in the ELISA.

7.2:2 Determination of virus uptake and uncoating

The uncoatmg of v1rus was determined by measunng the appearance of acid-
soluble material in supernatant fluids fo]low:m shift of mfected cells from 4°C
to 37°C based on the method of Kennedy-Stoskopf and Narayan (1986)._ The
possible inhibition of virus uncoating by raising endosomal pHl was examined
using ammonium chloride at a final concentration of 0,05 M as described by
Gollins and Porterfield (1984).

Confluent 'moriola}?ers of Vero cells in 6-well tissue culture plates (Cel¥Cu1t;
Sterilin Ltd, Hounslow, U.K.) were incubated with 0,4 ml [**S] methionine-
labelled RVEV (250 PRU/m; 15 x 10° ¢.p,m./ml) for 2 h at 4°C. Cultures were
then washed three times with cold PBS and replenished with 0,5 ml of Leibovitz
medium (pH 8 0) in the presence or absence of 0,05 M ammonium chloride. The
platE:s were shifted to 37°C for vatious incubation times. At each stage, the tissue
culture supernatants were collected and the cells washed with PBS, then lysed
with 1 ml of 1% SDS. The cell lysates were transferred to scintillation vials
containing 5 ml Ultima-Gold XR and analysed by quilid scintillation spectrometry.
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To determine the acxd-soluble radmact:we matonal 0,1 ml of the collected twsue
culture supernatant was prompﬂated with perchloric acid, This was catried out
by adding 1 m] of 0,01 M sodium pyrophosphate and 1 ml of 3,5% perchloric
acid in' 0,01 M sodium pyrophosphate sequentially to each tissue culture
supernatant aliquot at 4°C. The samples were mixed by vortexing and incubated
- onice for 30 to 50 min. The precipitates were collected by vacuum on glass-fibre
filters using a Millipore sampling manifold unit. The precipitates were rnsed -
w1th 5 ml of 0,01 M sodium pyrophosphate and 0,1 M HCI, then with 95%
ethanol to fac1htate drymg Filters were dried and placed in scintillation vials to
 which 3 ml of Ulnma—GoId XR was added. Counts quantified in the liquid
scintillation counter represented acid-precipitable radioactivity. = Acid-soluble
: rodioaoﬁvity was determined by subtracting acid-precipitable ¢.p.m. from the total
-radioactivity of a 0,1 ml sa_mple in liquid scintillation fiuid. All e_xporiments were
performed in duplicate. - | ' |

7.2.3 Neutralization of peho_trated virus

The method used to determine whether the MAbs mediated virus neutralization
- when virus had ponetratod cells at various time intervals wa’é based on that of
Roehrig et al (1988) with some modifications. RVFV was diluted in Leibovitz,
medium and 0,4 ml (200 PFU) was adsorbed onto Vero cell monolayers in six
well plates (Cel-Cult; Stenlm Lid. , Hounslow, UK) for 1 h on ice at 4°C. Bach
plate was independently shifted to 37°C for 1, 5, 10, 25, 45 and 60 min. After
the appropriate time interval, the cells were shifted back to 4°C, washed and
'incubatéd in the presence of 0,4 m! of MAb diluted in Leibovitz medium for 15
min. Each MAb was tested at the antibody concentration corresnonding to the
80% PRNT titre obtained in the post adsorption PRNTs (5.3.4). -

- The medium was removed and the cultures either overlaid directly with agarose
as described in 2.2.3.3f, or were washed three times with PBS-MgCl, prior to the

overlay. No antibody was added to the virus controls; instead, the extracellular
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* virus was inactivated with citrate buffer (0,04 M citric acid, 0,01 M XCl, 0,135

"M NaCl, pH 3,0) for 1 min, followed by three washes with PBS-MgCl,. The

mediur: was removed and the cultures ovatlald with agarose. The number of

“viral PEY surviving acid treatment after a 60 min time shift to 37°C was

| considered 0 represent 100% penetranon, and the fraction of intraceilular virus
- at any given time was calculated relatxve to this. . '

73 Results

7.3.1 MAD reactivity with RVFV exposed to low pH

 The reactivities of the MAbs with RVFV glywprotem anugens tremted at dJ.fferent
' pH’_s as measured by the ELISA are depicted in Figs 7a to 7f. One of the anti-G1
MAbs (3ES) exhibited coml:iai'able levels of binding o acidified viral antigen
compared to the untreated control antigen as indicated by the rglatii_-_-e_ly constant
~ 0.D. levels over the entire pH range tested (Fig. 7a). ' '

MAbs SE1 (G1 Tb) and 5E11 (G1 TiJa) showed a marked increase in binding to
viral antigen exposed to pH values_fanging from 6,5 to 5,5 relative 'to the .
untreated control (Figs 7a, 7c). Maximum binding occurred at pH 5,5. At pH
5,0, the increased binding was no longer evident, as reflected by the similar
absorbance levels obtained at this pH cormpated to that at pHf 7,5.

The remaining MAbs directed against the G1 protein showed a reduction. in
binding to an_tigex_i that had been exposed to pH values of 5,0 and lower (Figs 7a-
c). The greatest reduction in reactivity occurred with MAb 9E4, corre«pbnding
toa77% decrease in bmdmg comipared to that obtained with antigen at neutral
- pH. Over the mildly acidic pH range ie pH 5,5 and pH 6,0, however, there was.
| only a slight reduction in the proportion of bound antibody. Unlike the si{uation

with the G1 protein, the activity of the G2-specific MAbs was not affected

 substantially by low pH exposure of the virus (Figs 7d to 7).
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Tig. 7. MAD reactivity with RVFV glycoprotein antigens treated at different pHs-
as measured by the ELISA. Optical density (O.D.) was read at 405 nm.

() Reacnvxty of MADbs 3ES5 (G1 Ia), 5E1 (G1 Ib) and 3D2 (G1 ITa).

() Reactivity of MAbs 3H1 (G1 Iib), 48B3 (Gl IIc), 5A1 (Gl IId) and SE4
(G1 o).

{¢) Reactivity of MAbs SEI1 (G1 Ma), 8A3 (G1 IIb) and SE9 (Gl IV).

134



2.0

1.6

0.5 O~ WAD BG4
~F MAb BO2

—— MAb 7F2
Q L - N L L 1 — )
7.6 1.0 8.6 a.0 5.5 §.0 4.8 4.0

Flg, 7d . ) oH.

2.0

1.5 |

.5 |~ MAb BOn

| e Man Ty

= KAn do1g

 IE T 8.8 a0 BB 5.0 4E 2.0
Fig. Ta aH

c.b

- WAL BEQ ' :
&~ Whb SEID

o . L " ' A _ L 1
7.6 7.0 68 @n 88 5.0 4.6 4.0
Flg. 7¢ _ © PH o :

Fig. 7. MAD reactivity with RVFV glycoprotein antigens treated at different pHs
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The sensitivities of the mdmdual glycoprotem epimpes to rmldly acidic 9H was
exalruned by comparing the reactivities of all the MAbs with RYEV antigen
exposed to pH 5,5. The latter pH was chosen as this ﬁrstly corresponds to the
* mid-pH value found within endosomes _(Tycko and Maxfield, 1982) and secondly
was the pH at which maxmlmn changes in antibody reactivity with several G1
epitopes (G1 Ib and G1 Ilia) were seen. 'The percentage binding of the G1- and
G2- sPeciﬁc. MAbs o their corresponding epitopes which occurred on antigen
exposure to pHS5,5is shown in Flgs 8a and 8b rcspectlvely The maximum level
of each annbody which reacted with antigen at pH 7,5 was taken to represent
100% binding, and the amount of anubody which beund to anugen treated at pH

- 5,5 was calculated relatwe to tl'us

The o epitopes cbmprising “the ._Gl I domain exhibited widely varying |
sensitivities to mildly acid pH as reflected by the different reactivities of the
antibodies which defined these sites (Fig. 8a). While comparable levels of
antibody attachment to G1 Ta occvrred_ at both pH 5,5 and pH 7,5, enhanced
binding corresponding to 153% was seen for epitope G1 Ib at the lower pH.

With regafd to the G1 II'domain,: the G1 Ha and G1 TIb epitopes were relatively

resistant to exposure to pH 5,5, while the remairﬁng three determinants appeared
to be slightly more sensitive as seen by the lowered reactivities of the antibodies
- recognizing these sites. )

As in the case of the G1 I domain, at mildly low pH, increased antibody bihdihg' '
* (172%) occutred for one of the GI IIL epitopes (G1 IILa), while the other
deferminant, Gl Hlb, was fairly resistant to pH treatment. The antigenic
reactwlty of the GI IV domain was adversely affected at mildly acidic pH as
indicated by the 35% reduction in bound MAb 5E2.
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Fig. 8. Sehsitivity of the RVFV glycoprotein epitopes to exposure to pH 5,5 as-
measured by the percentage binding of the respective MAbs. ‘The maximum level

. of each antibody which reacted with antigen at p¥ 7,5 was taken to represent

100% binding, and the amount of antibody which tyund to antigen treated at pE
5,5 was calculated relative to this. (a) Percentag: binding of the Gl-specific
MADbs. (b) Percentage binding of the G2-specific MAbs,
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with regaxd 1o the G2 domains, all the cpitopes were relatively resistant to
exposure to low pH as shown by the comparable anubody bmdmg levels obtamed
with anugen at both pH values (Fig. Sb)

'. 7.3. 2 Effect of ammomum chloride on viral rmcoatmg : :
- In the absence of ammonium chloride, shift of the P’S] meﬂLomne-labelled RVFV
inoculated cells from 4°C to 37° c resulted in a steady dechne in the amount of

E ccll-assomated radioactivity over the 2% h pmod (Fig. 9a, _'&‘he percentage of

oell-assoclated c.p.m, measured at the 2%h shift interval 1n the presence of
ammonium chloride, on the other hand, was much higher ie 74% campaxed o
only 48% fnr the untreated RVFV

'Fig. 9 'show.s the rise in acid-soluble c.p.m. which oocurred shortly after sluft
of the inocuiated cells to 37°C. In the absence of ammohium chioride, théi'e was
a sharp increase in acid-soluble courits between a penetratmn time of 15 to 60 '
min, after whish the c.p.m, Jevelled off. Tn the presence of ammomum chlonde,
_however, the acid-soluble radloactw.lty-measured in the supernatant at each given
time interval was markedly' lower than that of the control virus. |

The results of the PRNTs ~performed in parallel to the uncoating experiments

revealed a 79% reducnon in the number of viral plaques formed when RVFV o

virus was treated with ammonium chiloride compared to untreated virus.

7.3.3  Ability of MAbs to neutralize penetrated virus |

“The kinetics of penetration of RVFV in the absence of antibody were examined -
by infecting cells at 4°C, followed by a shift to 37°C to allow virus to penetrate
cell membranes. _Inadtivation'of the extracellular virus at different times after
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~ Fig. 9. Bffect of raising endosomal pH with ammonium chloride (AC) on the fate
of {3°S] methionine labelled RVFV after synchronized infection of Vero cells.
" Labelled RVRV (250 PFU/ml; 15 x 10° c.p.m./mi) was bound to cell monolayers
~ for 2 h at 4°C, Cultures were washed with PBS and replenished with Leibovitz
medivm (pH 8,0} in the presence or absence of 0,05M ammonjum chloride. The -
cells were shitted to 37°C for various times to allow virus penefration to occur,
At each time interval, the cell-associated radioactivity and acid-soluble coumnts
were measured. {a) The percentage radioactivity associated with the cells
determined for each time point were 100% represenis the total c.p.m. bound
initially to the cells prior to virus internalization. {(b) The acid-soluble
radioactivity present in the supernatant determined by subtracting acid-precipitable
c.p.m. from the total radioactivity of an ahquot of supernatant.
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shift with a low-pH buffer permitted the exclusive dstermination of intracellular
virus. In these_ekpariments,- penetration was operationally cle_ﬁl_l_ed' as the loss of
sensitivity to acid inactivation, where the mumber of viral plagues which Zormed.
~ subsequent. to a 60 min incubation Iieriod at 37°C represented 100% p'enet_:ratiOn
- or infectivity. -The fraction of intracellular virus at any given time shift was |
wlﬂahed relative to this. The kinetics of resistance of penetlfated virﬁs to
ft‘.!ti.‘qdy—medi_ated neutralizatiOﬂ was examii-ed in parailel by tféa.tiﬂg the infected
. cells after each given time shift with 'varibiis neutralizing'MAbs prior to addition
of the agarose overlay,._ '

The penetl,-atlon kinetics of RVFYV in the absence of antlbody as measured by
plaque formatmn are shown in Fig. 10, The proportion of virus that entered the
cell mcreasad rapldly after a shift period of 10 min at 37°C. After 45 min, the

rate of viral penetration decreased as shown by the levelling off of the curve.

* The results of the resistance of penetrated virus to neutralization by the MAbs
were similar for all the neutrahzmg antibodies tested. No significant reduction
in infectivity way observed when the antibodies were added after viral penetratmn
at each time period and subsequently removed prior to the overlay (Fig. 10a). No
neutralization occurred even when immunoglobulin concentrations greatly
exceeding the 80% PRNT titres under fiormal PRNT conditions were tested. -

Those MAbs which had  previously been shown in the post-adsorption
neutralization tests to efficiently neutralize cell-bound vii ts,- ie MAbs 3E5 3H1,
SAl and 9C4, ‘were also tested for their ability to inhibit the infectivity of
penetrated virus if they were allowed to remain in contact with the infected cells.
The antibodies were used at the dilutions correspornding to the 80% PRNT titres
obtained in the post-adsorption neutralization assays.
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‘The results of these experiments are shown in Figs 10a and 10b. A 60%
 reduction in viral infectivity was observed witt MAb 3E5 (G1 Ia) even after 60
- min internalization of RVEV prior to exposure to the antibody (Fig. 102). By
 increasing the immunoglobulin concentration, neutralization of penetratéd virus
was more efficient eg the addition of MAb 3BS at a dilution of 1:1024 after 60 -
min virus internslization resulted in an 83% reduction in plaqﬁes (data not

~ shown). The latter antibody concentration represented a 32-fold increase overthe

”antlbody dilution whxch gave an 80% nentralization titre under normal PRNT
conditions.

The neutralizing MAb 3H1 (G1.1Ib) substantially inhibited 'plaque.d'eVelopment
of RVFV that had mtemahzed at any given interval (Fig. 10b) Even after a. |
- penetration penod of 60 min, there was a 69% reduction in plaques which
- formed, In contrast, whﬂe RVFV infectivity was reduced to a certain extent on

exposure to MAD 5A1 (G1 IId) during the early stages of viral mtemahzatlon, o

once the virus had penetrated the cells for 25 min, it was resistant to
_neutrahzatxon (F:g 10b). The G2-spcc1ﬁc neutrahzmg MAb SC4 (Gz Ia) had no.
effect on virus mfectmty at any stage of viral penetration.
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Fig, 10. Kinetics of resistance of penetrated RVFV to neutralization by MAbs.
Vero cell monolayers were infected with RVFV at 4°C, then shifted fo 37°C for
various times to allow synchronized viral penetration to occur., After each shift
interval, the cells were treated with a low-pH buffer to inactivate any extracellular
virus (virus controls) or were treated with the neutralizing MAbs at the
. concentrations which cotresponded to the previously determined 80% post-
adsorption PRNT titres. The number of piaques which formed following viral -
penetration for 60 min in the 1'tus control wells represented 100% infectivity.

(a) Percentage infectivity following weatment with MAb 3E5 (G1 Ia) which was

either washed off after 15 min or left in contact with the cells ( unwashed) prior
to the addition of the agarose overlay. (b) Percentage infectivity after the

addition of MAbs 3H1 (G1 IIb), SA1 (Gl Iic) and 9C4 (G2 Ja) which were left
in contact with the infected cells. :
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74 Dlscussmn _
While the entry process of RVFV into cells has bee.n studled at the ultrastruétural
level by electron_mmrom()py {Bllis er al, 1988), the actual mechamsms mvolved
| __in RVFV penetration have not been clearly defined to date. Studies on several
 of the other Bunyaviridae members suggest an entry route involving pH-dependent
fusion with amdlc intracellular vemcles, which 1s associated W1th concomitant
spbclﬁc conformation changes in one or both of the viral envelope proteins
(Arikawa ef al, 1985; Gonzalez-Scarano, 1985; Gonzalez-Scarano ef al, 1984).
The vanous methods used to examine fusion du-ectlv all hav> sev ¢ drawbacks
(Gallaher er al, 1980). - Detailed study of viral fusion with -intraceliular
- membranes by electron microscopy (Matlin et al, 1982), for example, is
impractical as the fusion process is so rapid .(Pobjecky et al, 1986).
Demonstration of the fusion function by fusing cells that are 'undergoing an active
 infection by exposing them to acidic pH (fusion from within) or adsorbing virus
to celis and then acidifying them before infection (fusion from without) is very
. laborions, Not only do both techmques necessitate the counting of large numbers
of nuclei within the fused cells, but the latter method also requires an extremely
| high m.o.i. (3 2000 PFU/cell) for optimal fusion (Gonzalcz—Scarano et al 1984,
Pobjecky et al, 1986; Summers ¢ 1, 1989).

' Since activation of the fusion function is accpmpanied by conformat .al changes
of the fusion protein (Marsh, 1984; Matlin e? af, 1981; White, 1990; White ef af,
1981; 1983} an alternative means to obt. in insight into the viral fusion mechanism
is to e MAbs_ to investigate the location of any changes induced by acidic pH
(Gonzalez-Scarano, 1985; Guirakhoo er al, 1989). The MAbs were therefore

- used in this manner to examine the possibility that entry of RVFV and penetration
of the viral nucleocapsid into the cytoplasm involves an acid-catalyzed fusion -
reaction in the mtracellular compartments
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Exposure of RVFV to Jow pH appears to induce a conformational change in the
‘Gl surface protein as revealed by the altered binding of some of the G1-specific
MAbs to acidified antigen. The fact that the changes in antibody binding
| persisted, in spite of readjﬁéﬁng the pH to neutral after acidiﬁpaﬁbn, “hows that
the conformational changes are irreversible qﬁce established. |

The increased binding by MAbs SE1 and 5B11 to their respective epitopes G1 Ib
and Gl 1lfa at mildly acidic pH suggests that at neutral pH these sites may be
partially hidden on the viron surface. This is consistent with the earlier
suggestion that these determinants are not as accessible for antibody binding as =
epitopes  which are involved in  C'4ndependent neutralization and
haemagglutmatmn The enhanced antlbody binding of MAbs 5Bl and 5E11 at
mﬂdly amdlc pH is probably due to a rearrangement of the G1 polypeptide which
results in greater exposure of these particular sites. A similar phenomenon has
been reported for viruses such as Sindbis virus (%chmal_]ohn et al, 1983) and the
- well-studied influenza virus (fackson and Nestorowicz, 1988; Kostolansky ef al, -
1088). These results are in keeping with the idea that treatment of a surface
fusidn protein to mildly acid pH results in the subsequent exposure of a
hydrophobic face (Subbarao et al, 1987) which may play an important role in the
. initiation of the fusion reaction (reviewed in White, 1950). The biological
| significance of the pH-dependent irreversible conformational changes in these 31
' epltOpes thus may weii L'e in the pi:oposed endosomal route of RVFV entry into
the hos. cell cytoplaém. |

Unlike the RVEV G1 protein, the G2 glycoprotein epitopes appear to be resistant
to low pH. ‘This is similar to the situation for LACV, where the G1 undergoes
a conformational change at acidic pH (Gonzalez-Scarano er al, 1984) while the
G2 protein is resistent to low pH (Gonzalez-Scararo, 1985; Kingsford and Hill,
- 1981). Since the induction of membrane fﬁsion may involve multiple interactions
between various virus components (Fuller and Spear, 1987), the conformational
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change undergone by RVFEV Gl at acidic pH may'pos_sibly expose otlie’r sites on
the G1 molecule which comprise the actual fusogenic'sitcs. Alternatively, .thé_:
allosteric changes in the G1 protein may serve to expose the G2 protein, thereby
fadilitaﬁng fnvolvement of the G2 protein in the physicél event of RVEV fusion,
as has been suggested for LACV (Ludwig ef al, 1989; Pobjecky et al, 1989).
'I'hus, ‘while the actual fusogamc detennmants have not been conclusively
identified here, the pH-induced changes in the RVEV Gl protein implicate
- involvement of acidic endosomes i in the entry process of the virus, |

The depéndencg: on endocytosis and subsequent exposure to acid conditions for

viral fusion and release of the nucleocapsid into the cytoplasm presents a point at

which penetration can be blocked (Dimmock, 1987; Marsh and Helenius, 1989;

Outlaw and Dimmock, 1990). Neutralization of West Nile and abiss virus by
 antiviral antibody, for exampla has been shows to be due to the inhibition of the

mtraendosomal amd—camlyzed fusion step (DletZSChold er al, 1987; Gollins and
. Porterfield, 1986a)

| _ Analysis o‘f theheutralizit.lg activities of the RVEV MAbs earlier suggestt.'d that,
although neutralization can be mediated by inhibition of virus entry, other
mechanisms involving interference at an intracellular stage must also be involved.
While the inhibition of the fusion step by these MAbs has not been directly
'. examined, the fact that none of the antibodies exhibited drastically reduced
binding to antigen exposed to mildly acidic pH suggests that they do not neﬁtralize
by binding to sites directly involved in the fusion event. Nevertheless, binding
of certain of these antibodies to their respective epitopes could conceivably inhibit
fusion by inducing a conformational constraint within the glycoprotein, thereby
preventing the allosteric change necessary to expose the actual hydrophobic
fusogenic region. '
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The means bj; which RVEV peneuates cells was further irlvestigated by examining
the sensitivity of the _edﬂy stages of RVFV infection to the efféff;$ of the
lysosomotropic agent ammonium chloride. The lafter, which is 2 weak base, acts
" by raising the pH of acidic intracellular vesicles (Poole and Okhuma, 1981), and
if they confain virus entering by endocytosis, it blocks the stage of membrane
fusion requlred for viral nucleocapsid release info the cytoplasm (Marsh and
'I:'[elemus, 1989; Marsh er. al, 1983; White et al, 1983) Consequently,

* progression of viral syn_thems is p_revcntad.

‘The postulated acid-catalized fusion’ of RVFV with acidic intracellular vesicles
_was supported by the results of the uncoatmg expenments performed with
ammonium chloride. In the present study, amimonium chloride was used at 50
“mM, as concentrations between 105100 mM have been shown by other workers
to inhibit viral replication without any direct virucidal activity or effect on virus
adsorpuon to cells (Glushakova et al, 1989 1990; Gollins and Portarﬁeld 1986b;
“Helenius et al, 1982). B o '

' In the absence of ammonium chlotide, the sharp rise in acid-soluble radicactivity
~ present in the cell supernatant indicated that the labelled RVEV surface proteins |
had undergone degradation to acid-s_olﬁble material via the lyéosomal |
compartments (Golling and Porté:ﬁeld, 1984; Kennédy-StoskOpf and Narayan,

1986). Asthe perccntage. of degraded protein released into the supematant fluids
increased rapidly after only 15 minutes at 37°C, uncoéti"lg of the RVE virion
appears to o¢eur shoi-tly. after viral infernalization. The kinetics of RVFV

_ undoaﬁng thus seem to be similar to those of the alphav_irus Semliki forest virus,
where uncoating was shown to take place within 5-7 minutes of entry and passage
to lysosomes was observed after 15 minutes (Marsh and Hélenius, 1980).

In contrast to the above situation, the marked reduction in the acid-soluble
waterial which occurred when RVEV was treated with ammonium chloride,
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clearly showed inhibition of proteolytic digestion of the viral pr‘otéins, which in -
turn indicates that viral nncoating had been preventsd. This finding was
supported by the demonstration that RVEV replication, as measured by reduction
in plague forrhé.iion. was inhibited by freatment with ammonium chloride. The
data from--tileSe experiments thus confirm the role of endosomal uptake and pH-
dependent fusion for release of the RVFV genome and subsequent féplicaﬁon.

With'regazd to the kinetics of resistance of penetrated RVFV, the infectivity of
vitus tha_f had pénétrated at any given time point was not reduced by subsequent
|  brief exposure to any of the neutralizing MAbs. 'Im&faﬁ;:ﬁ'nn hetween aniibody and

virus prior to internalization is therefore nee . - Com for mtttacellular
 nentralization to occur. Since it bad earlier bes+ .- olishe ~ kvitus mfecthty'
can be efficiently inhibited Fy sofmi of the artibodics if the iaﬁet are added aftev

virus was already .ell-bound, such an interacrion would appzar to have to take
. place at thu. cell surfm . pnor to viral entry

Of interest were the differences in neutral’~.jon of penetrafed RVEV which
resulted when the MAbs were allowed to remain in contact with the infected cells,
The uricoating studies had earlier shown that extensive proteolytic degradation of
the viral glycoproteins had taken place following the shift of RVEV inoculated
cells for 1 hour at 37°C. Thus any reduction in plague formation which occurred
after a 1 hour penetration period prior to the addition of immunoglobulin must be
due to recognition and bindmg of the antibodies with newly synthesized RVEV
glycoproteins. |

In the cas of viruses which mature at the plasma membrane, neutralization c'an
ocour as a result of the binding of specific antibodies directed against a viral
antigen expressed on the surface of infected cells (Fujinami and Oldstone, 1979;
Navarro ef al, 1992; Oldstone et al, 1980; Roth and Compans, 1980). Fujinami
~ and Oldstone (1979), for example, showed that measles antibody can bind to viral
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proteins expressﬁ at the cell membrane and. not only strip- off the éurface
detemunants, but also alter viral polypeptides found ms1de the cell not associated
with the plasma membrane. ' '

The site of virus maturation in the Bunyaviridae family takes place predominantly
at the Golgi eemplm with release of mature virions at the cell surface by
.exocytoms (Matsuoko et al, 1991; Murphy et al, 1983; Smith and Pifat, 1982).
In thc case of RVFV, however, it has been suggcsted that the site of viral
maturation varies as a functior, of both the strain of virus and the cell type used
to suppoit the replication of the virus {(Anderson and Srl_u_th, 1987). The Lunyo
strain of RVFV, for example, was shown by these workers to mature at the
plasma membrane of infected Vero cells as well as 'internally. “Furthermore, in
hepatocytes, replication of both the ZH501 and Lunyo strains was associated with
maturation at cellular surface membranes in addition to the intracellular locations.
In a more recent study, the glycoprobeins of recombinant RVE viruses were found
to be present both ihtracellﬁlaﬂy as well as on the surface of infected Spodoptera
ﬁugzperda insect cells (Takehara et al, 1990). With regard to the AN 1830 strain
of RVPV, where the site of mataration in infected cells has not been studied to
_ dat_e, it is thus possible that in addition to intracellular maturation, some surface
expression of the viral g_lycoprofeins may oceur at the plasma membrane.

~ As a result of these different possiblc sites of virus mafﬁration,_ the reduction in
RVEYV plaque formation by the neutralizing MAbs 3E5 (Gl .Ia) and 3H1 (G1 Ilb)
may reflect neutralization of virus which has been released from the cells and/or
the interaction with cell surface-expressed G1 glycoprotein. In the former
instance, such neutralzation may be effected by the coating of virus by the
antiviral antibodies present in the intercellular spaces as has béen demonstrated
by electron microscopic studies with several phleboviruses (Smith and Pifat,

' 1982) In this way, the RVFV MAbs would prevent spread of virus from infected

~ to neighbouring uninfected cells, a process which would normally give rise to the
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development of localized foci of lysed cefls. On the othér hand; should some
RVFV maturation occur at the cell surface, neutxalization may also possibly occur
as a result of the bmdmg of these specific anubodles to their resPectwe epltopcs

on plasma membrane—expressed RVEV Gl protein. |

-The mablhty of MAbs SAI (Gl IId) and 9C4 (G2 In) to inhibit plaque
develemiment once virus had already penetrated is of particular interest, The
results confirm the earlier data that these antibodies neutralize RVFV by a
different mechanism to that of MAbs 3E5 (G1 Is) and 3H1 (G1 IIb). Unlike the
latter antibodies, MAbs SA1 and 9C4 had previously been found to substantially
block viral entry into the cell. These findings are thus similar to those for the
‘unrelated herpes simplex virus (HSV) type 1, where some MADbs directed against
' the surface glycoprotein B interfered with plaque development by preventing cell-
to-cell spread of the virus while several others that blocked viral entry did not
inhibit plaque formauon (Navarro et al 1992)

The actual mechanism underlying the resistance of newly released virus to
noutralization by MAbs 5A1 and 9C4 is unclear, but is conceivably related to the
fact that they are directed against epitopes Which are involved in viral entry into
the cell. Should these particular determinants occur in a relatively high
~ concentration on the RVFV glycoproteins, antibody concentrations which would
neutralize 80% of input. virus under normal PRNT conditions may n’ot'_be
sufficient to bind to the numbers of progeny virus released from the infected cells.
Moreover, siould some surface expression of the viral glycoprofeins ocour in
addition to intracellular maturation, a proportion of the antibodies may recognize
and bind to the epitopes on the surface expressed glycoproteins. This could serve
to further reduce the number of antibodies available for interacting with. ths
mature vitions which are subsequently released from the cells. While the
mechanisms outlined above are speculative, the differences in the ability of the
various MADbs to neutralize penetrated RVFV suggest that although the proéessev
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of ce]l—to ~cell sprmd of RVFV arld wIaI mbemahzauon are rclatcd they are not
identical. S

In summary, therefore, specific conformational changes in the RVEV Gl protein
- were shc__iWn_. to take place at endosomal pH values. Such alterations. are
 irreversible once established and result in the increased accc#sibility '_of two
antigenic sites which rnﬁy in turn play an important Tole in the initiation of the
viral fusion reaction. These pH-dependent allosteric changes which ocur in the
G1 glycoprotein, together with the .results of the uncoating assays, strongly-
suggcst that the route of entry and penetration of RVFV into the host il 1nvolves_

tha endosomal pathway '

Wiih 'regérd {o the furthei- analysis of antibody-mediated néutra]izatiori of RVEV,
cell—penetrated virus was found to be resistant to neutralization by several G1 and |
G2-specific MAbs which had earlier been shown to block virus mternahzatlon
‘The fact that other antibodies inhibited the infectivity of penetrated vu‘us by
preventing the spread of progeny virus to neighbouring cells suggests that while |
- the processes of cell-to-cell spread of RVPV and viral entry are related, they are
not identical. The data moreover. supports the earlier suggestion that certain
antigemc sites on both the RVFV G1 and G2 proteins which are mvolved in virus -
‘entry into the ce]l are 1mportant in virad pathogenes1s
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‘8. GENERAL DISCUSSION

8.1 MAb production and functional activities
‘Knowledge of the structural, functional and aﬁtigéhic properties of the envelope
proteins is an essential requirement for the understanding of RVFV infection as
well as the host immune responss to such infection (Keegan and Collett, 1986;
P.a.rsonsbn aﬁ_d McPhee, 1985_). At the time this study was undéﬁaken, the
antigenic determinants on the RVFV G1 and G2 glycoproteins invoived in viral -
pathogenesis had not been sully characterized. Since the analysis of viral epitopes
can be exquisitely performed by means of monoclonal armboches (Carter and ter.
_ Meulen, 1984; Heinz, 1986), this was conszdered to be an ideal approach for such
an investigation. MAbs were therefore generated spec]ﬁcally against the surface
glycoproteins and used to analyse the topological and functional properties of the
epitopes on the G1 and G2 proteins, Furthermore, in order to gain a better
understandmg of the role of the RVEV envelope profeins in infection and

" pathogenesis, the méchanisins of antibody-mediated neutralization of the virus B

| were examined, as well as the function of the glycoproteing in viral attachment'
and penetranon

The successful generation of twenty three hybridomas which excreted antibodies
specific for the RVFV envelope proteins was due in part to the use of a purified
' .glymprotein preparation as the immunogen. Another contributing factor was the
| development of an antibody Screening assay that permitted the rapid detection of
antibodies directed against the viral surface proteins.

Serological' characterization of the resulting MAbs permitted the functional
activities of the corresponding epitopes on the RVE viral surface proteins to be
defined. While it is common knowledge that the RVFV envelope liroteins elicit
neutralizing and haemagglutinatimi—inhibition antibodies (Battles and Dalrymple,
' 1988; Keegan and Collett, 1986; Shope er al, 1980), there has been no pubiished |
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dam Iegardmg the poss1b1e correlation of these two functions for the several
neutrahzmg epitopes identified by other workers (Collett et ¢l, 198‘? Schmaqohn
et al, 1989) The present findings that all the G1 and G2 neutra]mng sites also
demonstrated a haemagglutination function are similar to those reported for the
phlebovirus Punta Toro, where all except one of the neutralizing MAbs also had
| haemagglutination-inhibition activity (Pifat ez al, 1988). |

Several antibodies directed against both the G1 and G2 glycoproteins were not
only asscciated with.neutraiization and haemaggluﬁnation—inhjbition, but also with
protection of mice against viralent RVFEV infection. The _clcmori'stra'tion_ that_. -
antibodies to a single epitope on each of the RVFV glycoproteins can provide
complete protection to othafWise lethally infected mice suggests that both envelope
pioteins play a critical role in virus infectivity and pathogenesis. This finding is
of particular significance, since previously only anti-G2 or & mixture of anti-G1 .
and G2 anubodles had been shown to be protecnve in vivo (Battles and
Dalrymple, 1988). ' ' '

8.2 Topograph’icﬁl;.structui'al and:ftihctinnal'ana'lysm of epitopes _

- The topological relationship of the antigenic déterminants to each other on the
envelope proteins was examined using competitive binding assays as this method _
has been widely used for many viruses, inciuding some members of the
Bunyaviridae (Ankawa et-al, 1989; Dantas er al, 1986; Gonzalez-Scarano et al,
1982; Kingsford et al, 1983; Pifat et af, 1988). Having taken into consideration
all the various factors regarding possible misinterpretation of the competitive
binding data (Cepica et al; 1990; Henchal et al, 1985; Shaw ef al, 1986; Stone
and Nowinski, 1980), the topological localization of ten of the G1 epitopes and

seven of the G2 antigenic sites was achieved. As one of the major drawbacks of

the CBA is that ar*ibodies with weak avidity are unsuitable for use in this method
(Stone and Nowinski, 1980; Yewdeil and Gerhard, 1981), the epitopes recognized
by the remaining six low avidity MAbs could not be mapped.
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With segard to the RVEV G1 protein, four antigenic domains comprising clusters
of overlapping or closely adjacent epitopes were _. identified. Based on the
| comﬁetitive binding patterns, these domains appear to be adjacent to each other |
“and may even be interlinked to form one large antigenic region. The premise that
these are in close proximity to each other on the G1 proﬁem is further supported
by the fact that they all appear to campnse an area on the glycoprotem that is
lughly conformational. In contrast the unmapped Gl-speciﬁc determinant deﬁned _
by MAb 1BA, which was more resistant to denaturation, probably coxrespondv. to
an mdependently folding region within the G1 protein. It is of some interest that
although extensive disulphide formation has been predicted for the RVAV
envelope proteins (Thara et al, 1985), this was the only determinant recognized by
the MA_bs which appears to be dgi)endent_ on disulphi_de_ bridges for 60nquniation. |

Con'elauon of the blologmal activities and ep1t0pe SpeC]ﬁCItles of the MAbs
against G1 showed that the antigenic domairis I, Il and IV were involved in virus
‘netralization and haemagglutination, indicating they are accessible to antibady
‘on the intact virion. These domains, therefore, are likely to be located in the
hydrophilic portions on the outer surface of the folded GI polypeptide as shown
for the neutralizing sites on many other viral glymprdtcins (Eisenberg et al, 1985;
~ Novak and Wengler, 1987; Pellett ¢ al, 1985; Wiley and Skehel, 1987). Since
“one of the epitopes within the G1 T domain (G1 Ta) was also associated with
complete protcction of mice against virulent RVFV infection, this region in
: particulaf appears to represcat a biologically important area. In contrast, the :1OW
 Jevel C'-dependent neutralization exhibited by the epitopes-comprising the G1 I
domain suggests that this region is less accessible for antibody binding than those
involved in haemagglutination and neutralization and may therefore be located in
areas or pockets on the G1 polypeptide which are more folded. |

in the case of the G2 protein, four antigenic domains were identified, but unlike
the closely adjacent G1 domains, these appear to be spatially distinct. One of the
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- dotnains (G2 I')'comprising a cluster of four sites was associated with significant

neutralizing and haemagglutination activity. In addition to these functions, the

~epitope G2 Ta was shown to be a protectwe detemunant suggesnng that it
Tepresents an 1mmunologlca11y important area on the G2 protein. Domain G2 11,

on the other hand, was involved in weak haemagglutmatmn and C’-dependent

| neufra]iiatioﬂ-, while the other two G2 regions had hrj haemagglutination functioh

' and neutralized to a low level only in the presence of C'. These regions may
- therefore be less accessible for antibody binding than the G2 I domain. -

The therva_tibn.thai several of the antibodies directed against the G2 protein were
also capable of competing with Gl-Speciﬁc MADs for attachment to certain sites
~on thv Gl proteinde_rhnnstrates that these antibodies can induce conformation
changes in an entirely different protein. This finding is of particular interest since
~ there have been no other repOrts.Ieg.arding epitope mapping studies on the exfect
_of binding of G1-specific MAbs on the G?. protem and vice versa for any other
phlehovuuses '

‘While the combined data from the topographical and structiral analyses permitted
the probable spatial location and structure of these determiinants to be defined, |
actual epitope arrangements will require physical mapping to the G1 and G2
genome sequences and the corresponding regions on the polypeptide chains. The
only mapping déta published to date for RVFV utilizing thé latter technique is that
of Keegan and Collett (1986) for three neutralizing 3ad one non-neutralizing
determinants on the G2 protein of the Bgyptian ZiT & in, The discontinuous
nature of the determinants comprising the neutralizing (32 I domain defined here
suggests that they occur on & different area of the G2 protein to the sequential and
continuous nentralizing sites identified by Keegan and Collett (1986). As the
Jatter were shown to rriap to amino acid sequences 258-291 (epitope 1), 280-299
(epitope IV) and 382-392 (epitope II), the epitopes in this study are most likely
comprised of amino acid residues on the G2 polypeptide other than these.
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Defei'minﬁtio_n of the actual gene coding regions of the discontinuous antigenic
determinants in the préseht study would require an alternative approach to that
R used for tbe mapping of the sequential G2 sites by Keegan and Collett (1986).
Moreover, since discontinuous epitopes cannot be predicted by computer analysis
(Becker, 1992), us‘é of the hydrophilicity profiles of the RVFV glycoproteins
(Collett et al, 1985) to localize the probable regions on the Gl and G2
. polypeptides that these ep1t0pes map to would also not be effective. The preme
localizatlon of the dlscontmuous epnopes would in fact requu'e a combination of
various complex approaches (Burnens et al 1987 Geysen et @i, 1987a; Horsfall
et al, 1991) and knowledge of the complete three-dlmenmonal structure of the

_ RVFYV envelope protems, snmlar to that acquired for the inflienza haemagglutmm -
. (Wiley and Skehel, 1987; Wilson et di, 1981)

Another aspect of the ctmformational nature of the RVFV determinant.s is that the

‘native protein structure of both the G1 and G2 proteins is clearly requized for the
recognition and expression of the functional activities of all the antibodies in this -
study. The finding that the protective determinants G1 Ia and G2 Ta are

discontinuous has considerable implications with regard to the | possible
devdopmem of a sub-unit vactine. While knowledge of the positions of
protectiVe epitopes could contribute significantly to the deveIOpmerit of a RVFY
sub-unit vaccine (Keegan and Collett, 1986), the construction of synthetic
iminunogens having a structure resembling the G1 Ia and G2 Ia topological
determinants would represent a difficult immunochemical problem,” T! could
nevertheless possibly. be approhched by the ‘surface simulation' synthenis’
technique as outlined by Atassi (1980) and Geysen er af (1987a).

i3 Antib ody-mechated neutrahzatmn mechanisms
In addition to the functional and topographical analyses of the RVRV enveloPe _
proteins, the mechanisms involved in antibody-mediated neutralization were
examined. The C'-enhanced and C’-dependent neutralization exhibited by the
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MAbs, whlle emphamzmg the important role of C’ in the mh1b1t10n of RVFV
mfectmty, is a phenomeﬁnn that has been well-docuicnted for many other |
viruses (rmewed by McCullough, 1986). _Of particular concern in this study -
were the modes of action of the MAbs which nevtralized the virus efficiently in
_the absence of C'.

An iniportant mechanism of neutralization of RVEV appe.a_rs' to be that of
synergistii: neutralization between various antibodies directed against specific
antigenic d=termmants on the G1 and G2 proteins. Such enhanced nentralization
does: not seem to be directly correlated with increased bmdmg of the antibodies
~to their respective epitopes, but rather appears to be the result of complex

“conformational changes in the glycoproteins induced by antibody attachment, A -

similar phenomenon has been reported for LACV (Kingsford, 1984).
Furthermore, the increased neutralization which occurred with certain
combinations of anti-G1 and G2 MAbs supports the evidence from the competitive
binding assays for an interaction beiween the two surface proteins of RVFV.,

‘The demonstration that synergistic neu_t.taI'iZatibn. could even take 'placé on
onmbining_twd antibodies which were non-neutralizing individually suggests that
the various types of co—opefaﬁve effects between antibodies seen here may well
have ¢ onmderable relevance w1th respect to a polyclonal immune response O RVE

jnfection..

A further neutralization strategy employed by certait MAbs was that of inhibition
of virus entry into the cell. Antibodies directed against the G1 1Id, G1IV and the -
unmapped G1 epitopes defined by MAbs 184 and 8G10 displayed this type of
neutralizing activity. The G2 specific neutralizing MAbs mapping to G2 I, Tb
and Ic likewise substantially' prevented virug internalization, However, as viral
entry was not completely blocked, and yet subsequent plaque formation was -
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inhibited, interference by these antibodies at a later stage in the viral life cycle
must also be involved. '

 In addition to these antibodies which appear to neutralize by two different
mechanisms, some MAbs had no effect on viral attachment or internalization, but
still inhibited viral plaque development effectively. These antibodies, which
' included the strongly neutralizig and protective MAb mapping to site G Ia,
must thus neutralize solely at an intracellular stage. 'The fact that the MAb
defining the G1 TId epitope substantially prevenied viral internalization while the
 antibodies recognizing the closely adjacent G1 b, Tlc and e sites had no effect
on virus entry indicates that 1eutralizing antibodies mapping to a specific domain:
do not necegsarily inhibit infectivity in an identical manner, Considering that the
phlebovirus cross-reactive epitopes G1 Ilc, IId and Ile are highly conserved, the
 heterogeneous neutralization mechaxﬁsms displayed by the antibodies recognizing
these determinants comprising the G1 If domain is even more interesting,

One of the intracellular stages which may be particularly sensitive to inhibition
by'neutralizing antibodies is that of the virion-cell fusion évc_nt leading fo the
release of the viral genome (Dietzschold er al, 1987; Dimmock, 1987; Marsh and
Helenius, 1989). Gonzalez-Scarano (1985) has furthermore shown that at the pH
that activates the fusion function of LACV, the Gl protein undergoes a
conformational change which results in the reduced binding of séveral neutralizing

MAbs. Thus, while the inhibition of the RVFV fusion step by the MAbs was not
examined directly, such interference was looked at indirectly by ascertaining if the
attachment of any of these antibodies to acidified antigen was adversely affected,
similar to the situation reported for thé_ LACV Gi glycoprotein, The fact that
none of the antibodies _ekhibited drastically - reduced binding to RVFV ant:.ige.n'
exposed to mildly acidic pH suggests that they do not neutralize by binding to
sites directly involved in the fusion event. Nevertheless, binding of certain of
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 these. antibodies to their r’espéctive épitopes could condeivably inhibit. fusion _
indirectly by preventing the allosteric change necessary -to_. expose the actual
fusogenic region of the glycoprotein(s), Additional mol.des of action may involve o
a step later in the virus infectious cycle such as interference with viral uncoating
‘a3 shown for West Nile virus (Gollins and Porterfield, 1986a) or by blocking viral |
transcription as reported for influenza virus (Rigg et al, 1989).

84  Role of the RVFV g‘l;v@pmtein epitopes in virus attachment and. -
penetration | S | .

" While a relationship of both the RVFV envelope proteins to infectivity hds been

established (Battles and Dalrymple, 1988; Collett et al, 1987; Dalrymple et dl,

1989; Keegan and Collett, 1986; Schmaljohn et al; 1989), the exact role played

by either of the glycoproteins in viral attachment and penetration has not been
directly demonstrated. | - - |

Based on the fact that both IWFV_ envelope proteins elicit neutralizing and
haemagglutination-inhibition antibodies, it has been suggested that the
glycoproteing ':‘_nay' both be involved in virus attachment, cither directly or by
cdnforhlational requirements (Schmaljohn and Patterson, 1990). In the present
particularly with the G171 and G2 I domains would seem to implicate these as the
possible regions which bind to cellular receptors. However, since none of the
MAbs defining the epitopes comprising -these domains interfered with the
attachment of virus to cells, it is evident that these antibodies are not directed
against the viral binding site(s), This, in turn, suggests that the viral attachment
determinant(s) may be located in a different area on the RVFV envelope proteins
to the epitopes defined by these antibodies. |
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Certain epitopes involved in viral entry into the cell, on the other hand, were
identified, The fact that both GI and G2-specific MAbs were capable of
inhibiting virus internalization 'élearly demonstrates that both envelope
giycoprotems have an xmportant function in entry of RVFV into the host cell.
This ﬁndmg is of considerable mgmficance as it is the first time that the
' involvement of both envzlope protema in RVFV entry into the cell have been
definitively shown ' '

The actual mechanisms involved in enfry and penetration of RVFV into the host
cell cytoplasm have not been clearly defined to date, Studies on several of the )
other Bunyaviridae members suggest an entry route ihvolving pH-depehde.nt fusion
with acidic intracellular _vésicles, which is associated with concomitant specific
conformational changes.in one ot both of the viral envelope proteins (Arikawa ef
al, 1985; Gonzalez-Scarano, 1985). To obtain insight into the RVE viral fusion
mechanism, the MADS were thérefore used to investigate the location of any
| changes in the sutface glycoproteins induced by acidic pH. | '

Exposuré of RVEV to low PH was shown to induce an apparent irreversible
allosteric change in the G1 surface protein as revealed by the increased binding
of several of the G1-specific MAbs to acidified antigen. Such a rearrangement
of the G1 polypeptide which results ir. the greéter exposure of certain sites is in
keeping with the idea that treatment of a surface fusipn protein to mildly acid pH
' results in the subsequent exposure of a hydrophobic face (Subbarao er @, 1987)
which may play an important role in the initiation of the fasion reaction. The
biplogical significance of the pH-dependent irreversible conformational changes
in these Gt epitopes thus may well lie in the proposed 'ehdosomal rouie of RVEV |
entry into the host cell cytoplasm. .

“Unlike me RVEV G1 protéin, th,e_GZ glycoprotein epitopes appear to be resistant
to low pH, Since the induction of membrane fusion may involve multiple
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interactions betWeeri various virus componenis (Fuller and Spear, 1987), the
~ conformation change undergone by RVEV Gl at acidic pH may possibly expose
other sites. on the G1 molecule which comprise the actual fusog‘ehic sites.
Alternatively, the allosteric 6haﬁges in the G1 protein may serve to expose the G2
protein, thereby facilitating {nvolvement of the latter protein in the physical event )
of RVEV fusion, as has been suggested for LACV (Ludwig et al, 1989; Pobjecky
et al, 1989). Thus, while the actual fusogenic determinants have not been
- conclusively ident‘_lﬁed' here, the pH-induced changes in the RVEV Gl protein
strongly implicate involvement of acidic endosomes ir tie eniry process of the
virug, The postulated endocytic uptake and pH-dependent fusion for RVFV

penetration ‘and release of the viral genome was further supporied b_y. the
'demtm'straﬁon that viral vncoating and Subse.qﬂcnt_ replication was inhibited by .
raising endosomal pH with the'lysosomoh'ciphic agent ammonium chloride.

85  Concluding remarks -

- 'The possibility that any particular pane] of 'hybridm‘na antibodies is able to discern
only a portion of the total antigenicity must always be considered. However,
* although additional sites may be involved in the natural immune response fo the
RVFV glycoproteins, the antigenic determinants identiﬁed' here conceivably
| a_cd‘ount for a significant portion of the immunologically relevant domains of these

- envelope proteins. By correlatiﬁg the biological ctivities of the MAbs with
epitope specificities, antigenic sites with a neut'ralizing!hagmagglutination
function, as well 4s those associated with c -gependent neutralization, were
identified for both proteins. Protective determinants were shown to occur on both
Gl and G2, itidicating that both RVEV énvel.Ope proteins are lmportant in viral
pathogenesis, The ncuh'aiizaﬁon studies, in turn, revealed that the intibition of
virus attachment is not the principal means of antibody-mediated neutralizeiion of
RVEV. Instead; such neutralization appears to be the result of several dffferent
processes, including synergistic neutralization by combinations of different
antibodies, prevention of virus binding, virus internalization and the blocking of
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the viral life cycle at an intracellular stage. Further insight into RVFV infectivity -
was obtained by showing that both glycoproteins are involved in virus entry into
the host cell. Finally, the present findings strongly support an endosomal route
‘of eniry and pentetration for RVFV, associated with concomitant allosteric changes
in the G1 protein, S |
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APPENDIX A: ELISA buffers

3 ' .

_ELISA coatmg buffer
15mM sodium carbonate and 35 mM sodium hydrogen carbonate pH 9,6,

" ELISA wash buffer

Phosphd.te buffered saline (PBS) contammg 0 Ol% 'I'ween—20

ELISA blocking solution |
4% Bovine serui albumis, in PBS.

: BLISA dlluent o

PBS wnh 5% foetal calf serum. B
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* APPENDIX B: SDS-polyacrylamide slab gel electrophioresis (Laemmli, 1970;
~ Smith and Brown, 1977). )

- Stock 'k.sohﬁm o
1. Acryla:mde—Dmllyltartramdﬂ (DATD)
Prepared in the ratlo 30:1,6 and sbored in a dark bottle.

2. Resolving .gel buffer
- IM Tris-HC pH 8,8.
3._ - Stacking gel buffer
- 1M Tris-HCl pH 6,8.

4 Elecn-oPho:e.ms buffer (10 x)
0,25 M Tns—HCI pH 8,3; 1,92M glycme 1% (w/v) SDS.,

5. 'Dlssoclatlon buffer
- 0% (w/v) SDS; 10% w/v) B—mercaptoethanol 15% (viv) glycerol'
0,02% (v/v) bromophenol blue in 1 M Tris-HCI pH 6,8.
All the above solutions were kept at a°c.
san  epaation:

- Dissociation buffer was added to each sample at a 1:5 ratio and boiled for 5 rni.n
prior to loading wells,
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Slab gel formulations:

Reéolving gel
Stock solution 12% final acrylamide gel
concentration
. | (aal)
Acrylamide-DATD 32,0
Resolving gel buffer 30,0
| Distilied water 13,2
10% SDS (wiv) 0,8
1,5% fresh NH,S,0% (wiy) 4,0
Temed (al) " 20
| Total volumte 80

'NH,S,0, %— ammoniu_m_ petsulphate

Sfécking gel

Stock solution”

4% acrylamidz:_

Total volume

- ()

| Acrylamide DATD 20

| Stacking gel buffer 1,9
Distilled water 9,25'

1 10% sDs (wh) 0,15
87% glycerol | 1,0
1,5% fresh NH,S,0' (w/v) 0,7
Temed (ul) 20

15

! NH,S,0; = ammonium persulphate
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naretic separation:

FJectrophorems was performed at 16 mA until the bromophenol blue track:lng dye

(a)'

®

©

Teached the bottom of the resolvmg gel (+ 16 h).

Fixation of proteins in gel

Gels were immersed in 45% methanol/ 7% acetic acid solutions for 1 h

after electrophoresis, then soaked in Amphfy reagent (Amersham
Iﬁt_crnatipnal, U.K.) containing 5% glycerol for 30 min.

Gel hydratlon '

; The fixed gels were placed on sheets of Whatmann No 3 MM filter paper, -
covered with clingwrap plastic and deied under vacuum at _70°C for 2h,

.Autt)radiography o -
"The dried gels were taped into X-ray cassettes and §-max autoradiographic
‘films (Amersham International, U.K.) were placed over the gcls.l The

casseties were stored in the dark at -76°C and after the required exposure,

_ | the autoradmgraphlc films were developed according to the manufacturers
- instructions. '
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_AI’PENDIX C: Potassium tartrate-glycerol gradients (Objeski. er af, 1974)

1. TEbuffer
* 2mM EDTA in 2mM Tris HC! pH 7,4.
2, SoluionA )
B 60% (w/w) sodium potassium tartrate (Sigma) in TE buffer.

3. Solution G .
. 30% (w/w) egcerol in TE buffer.

4, Solutlon B-F
These were prepared by mixing soluions A and G in the follnwmg ratlos:

Solution " Soutons | SutionG
B . sog - 0z
o 1 a0 | 208
D 30g L 30g
B g  40g
F g 50g

Gradients were prepated by hand by successwely layermg 1,5 ml of solutmns A-
G in a Beckman Ultra-Clear centnfuge tube,
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'. APPEND]X D: Animal Ethics Committee appmval_

All expmmeutal work involving the use of mice was approved by the Ammal
Ethics Screening Committee, Umvermty of the W1twatersrand This mcluded the:

n B .Producﬁon' of MAbs. |
2)  Production of hybridoma ascitic fluid*,
3)  In-vivo protection studies.

| Copes of the certificates are fncluded.

. % Since 23 'hyb_r_idomas were produced insteé.c_l of the estimated 20, it was
necessary to uédsem:ﬁ extra mice for the production of hybr* ~ scitic fluid. -
The subsequent use of mice for only four virus particle dilutioﬁs' (10% to 10“) o
instead of tlie allocated seven dilutions (10" to 107) for the determination of the
virus LDy in the m-vwo protection uxpenments nevertheless ensured that the total
number of mice approved for the study was not_axceeded. '
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APPENDIX. E: List of abbrewauons

| BaBS

| _borate buffered saline with 0,4% bovme albumm
| BBS 3 borate buffered sahne |
BSA  bovine serum albumin
jc complement o
1 CBA competitive binding assay
| CE: | complement fixation
1CPE cytopathic effect
|epm. counts per minute
CsCl caesium chloride
DMSO0 - | dimethylsulphoxide
! BDTA ethyiened:armnetetra—aceuc acld
© - | BLISA | enzyme linked immunosorbent assay
| EMEM Earle’s minimum essential meclmm
_ FCS o foetal calf serum
HA ‘haemagglutination
HAF | hyperimmune ascitic fluid
HAT hypoxanthine aminopterin thymidine
HI _ haemagglutination—inhibition
HMEM Hank’s mm1mum essentlal medmm
HRPO .' horseradish peroxidase
HT hypoxanthine thymidine |
[ ic. intracerebral |
| | IFA | indirect 1mmun0ﬂuorescence antibody assav
Lp. intraperitoneal
LACV .L_a Crosse virus
LDy 50% lethal dose
MAb  monoclonal antibody
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~ APPENDIX E: List of abbreviations

ml Oli?

| multipticity of infection

Lopb. optical density
P_A(__}E N | polyacryiamide gel electrophoresis
PBS phosphate buffered saline
PEG | polyethylene glycol
PFU _ | plaque forming units _

- IPRNT_ - plaque reducuon héuiralization test

| RIPA | rad_ioi_mniuhe précipitatibn assay

rpm : revolutions per minute

|zt | room temperature

| rvey Rift Valley fever virus
SpS sodinm dodecyl sulphate
TCID . tissue culture infective dose
Tris Tris Glydmxymeﬂlyl)anunomethane
'VBS veronal buffered saline
WN West Nil_e '
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