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 ABSTRACT

The broad aspect of the growih of variola virus in humen cells
- has been considered from a biological point of vﬂ.ew.' , ,

A Meral diseuésian and rejiew of the literature on tﬁe_ subjeot
of amallpex and the forms in which the disease exists todsy sumarises
the background against which this present study was undertaken.

The experimental work embodies a eompariaén of the behaﬁ.m
of variola major and variola minor strains in humen cells, boaring
" in mind the possibility of finding mew maykers for the b}.blcgical
: charatterization of variols yirus strains. |

m comparison was mede by investigating the growth wttem.
of the International Reference Strains of variola nﬁjo&* (Harvey)
and migor (Butler)s ( | |

. The yrogress of cytopathic etfe&t and wo&uct:um af infectious
virus; complement«fiming antisex;g diffusible entigen and haemsgglutinin,
and the development of wirus pNA.agd’/éatigen in situ in cells
infected by fha two 'variéla atrainé were compareds

Perticular attentitm vas paid to the effect of ineubation
temperatures mging from optimal to non-permisss.ve rar tirus gravth
(55"_ 11° ¢) ‘upon the mtheais of wirus modmem |

That the ayn’kheﬁc fnnctions of Butler mua were characterisuc&m

m'a "‘mﬂi’l’e to Sumaapeimal incubatim temparatma then wera those
at Hmey ﬂm‘ med with the ﬁndins that :':5 c m the eptﬁ.na‘.l.



temperature for Butler wirus gri*h. nnd 37° C for Harvey wvirus.

The yroduction of haemsgzlutinin by variola virus was studied,
and a differentiation of major and ninor strains, based on
haemsgzlutinin production dn human cells at 37% 39,57 C, attempted.

An enquiry into the pole of several biological compounds in
the growth of variola virus suggested that the metabolism of
bloarbenate, arginine, and histene was linked hepe and played an
important part in promoting vardols infection in witro.

The relevance of the results reported in this thesis to the
diseames of swallpox and alastrim in men are discussed.
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ABBREVIATIONS

The following abbreviations have been used in the text:

CAN w
CPE -
HA -
HAR o
BAD «
H -
RBC =
RNA -

. DNA
RiAase-
WRNA -
faco3] -
CF =
FUIR -
HU4R
A0
FA -

chorioallantoic membrane of the chick embryo
oytopathic effect
haemagelutinin
haessgglutination
haemadsorption |
quantitative haemadsorption
red blood cells

ribonucleie asid
deoxyribonucleic acid
ribonuclease

messenger ribenucleic acid
bicarbonate

bicarbonate concentration
completent«~fixing
Seflvoredecxyuridine

. S-bpomodecxyuridine

acridine orange
Fluopescent antibndy

Lethal dose ¢ Or the infectious dose necessary to eause death

in 50 ¥ of 20group of test animals.
variolascowpox (hybrids) as in VC-hybrids
alastrisrabbitpox (hybrids) as in AR<hybrids

Harvey or Butler infected humsn akin/mizécla fibroblast cultures
incubated at 37°, 38,5%, and 39.5° C and concentrated by drying

from the frozen state.



CP « eotton-plugged cultures
'+ S nordwf'-eapped cultures - : :
CP/RB « gotton plugged cultures stoppered with rubber bungs (as controls)

Variols strains have been refeyed to by the strain name only
(e.g., 'Havvey', 'Butler?,’Njotho!),and the group to wvhich the
strain belongs (major, minor, or African) were specified only
when essential for purposes of reference.



CHAPTER I

r

Historical Introduction

The pan-eradieation of smallpox has become a feasibility. The
advent of modern techniques for handling vaccines has made it possible
to render whole commmities immune to the dimease by the use, on &
large scale, of the century-old method of waccination. Freeze-drying
has facilitated the preservation and -storage of potent vaccine in
tropical climatesy the jet-gun has pwoved to be an efficient and
. scceptable method of dispensation. |

With the means at their dispossl, all that is required by the
underdeveloped countries involved is the money and the organisation
to meke mn anti-smallpox yrogramme ﬁ reality.

The benevolence of the United States of America in granting
foreign aid has made some states of West Africa fortumate in this
respect.

Untdl all that is hoped for from vaccination campaigns has been
achieved, olinical smallpox remains a problem. |
In the overpopulated regions of Asia, endemie smallpox claime
thousands of lives each year, maiming and diafiguring those who survive
their infection;y care and treatment of those afflicted is an over-

vhelaing responsibvility.
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Jet aeroplane travel has made the agcidental introduction of
emallpox into non-endemic areas of the world a constant threat fn
spite of iort-af-onm restrictions. Medical praetioners must
" therefore be alert for the rave case which may ocour. The difficulty
ldes, not in the diagnosis of the classical rash, but in recogaising
the significance of ai:ypiaal symptoms such as dusky skin and couhpae
as seen in early fulminating cases of the disease, end in noticing
the few small local lesions of mild and modified forms of smallpox
eagil; missed in & less than thorough examination.

‘The spidemiclogy of smallpox has presented an interesting fact.
Although the disease has mow apread from its original foci to every
pm: o!' the werld, it has dam 86 in two distinet form. variola
major and variola minor. _

Variola major produces the more severe disease in msn. Variolous
patients sre profoundly prostrated, while those with variols minor,
or alastrim, are often ambulent and recover rapidly. The clinieal
picture is raflactoa in the corresponding mortality rates, 20«30 %
and as much 88 40<50 % in the unvacoinated in the case ofanaum‘
and less than 1 % in the case of alastrim.

The identity of both varieties has been retained. Extensive
and rapid passage of variola minor through susceptible populations
has not enmhonced Ats virulence,

11



Ribas (1910) described the introduction of alastrim into Brazil
from Améa ‘v'.ta Bahia. ‘Althoug‘h the disease became very mvaiant
Mithin = short ti’né. it raised no alam since it remained benign in
character and the mortality rate, ‘aven amons cases n;iraed undey the
most adverae conditions, was very low. '

| Ribas compared Braziiian alagtrim with true snallpox and dis«
cussed the nalient aifferences from the clintcal aepect. Jorge (1952k)
mmrised the au'bmqmt upread of alastrim as it was imported from
comtry to countey throughout the world. Naradem (1948) reported
an analysis of his clinical findings based on 13;.686 sonfirmed
tases ocourring in London between 1928 and 193hs.

Since many of the pressing difficwlties comcorning the efficient
moduction of a useful anti-smallpex vaceine have been solved, one
of the rems.nins ac:lentiﬂ.c problems ie to determine those differences
betvaen varioln mjar and variola minor which are responsible for
the d;mas.ty in the severity of the clinical disease in man.

N La%mtwy studies on smallpox and slastirim strains have revealed
merai iwpoetant differences in the virus-host intersstions. The
work ‘i'epox"ted in this thesis was conducted im yursuit of cthers.

Torres and Teireira (1935) first described the propagation of
‘alastrin virus on the CAM of the fertile hen's egg, and Downle and
Dumbell (1947) fully characterimed the growth of variola major in

12



the chick embryo. The formation of pocks on the CAM has since
wmd‘ to be an invaluable tool in the isolation and study of variola
viruses and in the investigation of smallpox outbreaks.

Dinger (1956) compared wirus strains isolated from an outbresk
of 42 cases of alastrim in the Hague (de Jonmg, 1956) and from alastrim
' aa#es otcurring outside this epidemic with strains of clemsical
veriola major and reported the first laboratory difference between
smallpox and alastrims variola msjor was more virulent for the
chick embryo than variola minor. This fact was made apparent by
the amrrmm that, after inoculation into the 10 day 6ld chiek
eubryo, yariola major persisted and could be recovered 6 ldm later
| by which timé Gomparable inocula of variole minor had béou aliminated.
The use of virulence for the chick embryo in the Mereﬁﬁg‘tiﬁh
 of variola major and alestrim was pursusd further by Belbert (1957).
He compared 5 strains of variola major with 5 strains of variola
-nﬂ.mr and showed that the aypmxiaate msc for minor strains waas o
éonsistenﬂ;y at laaat 10 ¢times greater than that tow najor atrai.ns
The Zlhhour Fecovery of virua from nvers ot mfwted embryoa \ras .
as mh as several hmdred«fal& mater in the case of Variala ma jor
than for ‘!a!'iola msxm'g Helbart alsu remarked on histologiea‘l
d:l.fterenoea seen in infected livers which augges{:ed that variola
ma jor inrectim of the embryo also more seriously :Lspaired the
‘dete‘nee mechanisms of the host. | | |

13



As a test, Helbert 's method of determination of progressive

| mortality of ehick anbryoa and recovery of virus rrom liver was lmborious

when used in the routi.ne differentiation of variola strains. Nizamuddin

. #nd Dumbell (1961) ﬂemed & simpler but reliable technique based on

‘the faot that the growth of variola major strains in the chick embryo

is less meopti'ble to temperatures of incubation above 35° C than

is variola minor [Figa. 1 and 2]. An dnoculum of varicla major expected

to glve 200 pocks at 35 C on the CAM produced abont 100 smaller pocks
in eggs at 38.5° C. An inoculum ~f variola miner giv‘ing 200 pocks at

© 35% ¢ was completely suppressed in eggs at 38.5° C.

_ijthamfe, Dumbell, Bedaoﬁ and Rossier (1961) éhowed that not
only pock production, but also mortality rate and persistence of virus
in the chick embryo were temperature dependent. |

Bedson and Dumbell (1961) determined the temperature dependence
of pock production for other viruses of the variola-vaccinia pox virus
subgroup and found that their ranking order for ceiling temperature
{that temperature above which the growth of the virus and dmlopmeht ,
_ of vim-apeci.fic desions is arrested) was the same as for chick

_mortality. Rabbitpox was established as the most virulent for the
‘chick embryo and wvariola virus as the least virulent, variola minor
being 5ign1ficént1y less virulent than wvariols major.
| This positive correlation between virulence and ceiling temp~
erature in & single host was exciting e;vidanc‘a in support of a
hypothesis propounded by Iwoff (1959) that the sbility of a virus to

14
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grow at high physiclogical temperstures would be a faveurable virulence
factor, | | “

| Hovever. although the chick embryo had been used as a common host
for the study oi.’ the variola~vaccinia group of viruses, and in this
host the order ‘of ceiling temperature was correlated with the order of
virulenoe. there was autﬁcient evidence to indicate that the order of
ceiling tamperat\n'e as determined in this host did not reflect the
order of virulence of these viruses in other hosts such as man or the
rabbit, |

| An sttempt to evaluate other factors pertaining to virulence
1ed Bedson and Dynbell (1964a,b) to prepare hybrids of variola major
and cowpox (VC hybrids) end of alastrim and rabbitpox 7 mwm)‘.
Ananalysta af’?mkeru forARhybridaandSmrkers forvcbgbridu
“ahow&d that all markera, which had been reasonably considered as
paait:l.ve virulenca factors, segregated mdependenﬁy in pair-wise
orosses. Vimﬁenee for the pabbit and for ‘the mouse vete found to be
. independent in AR hybrids. Neither were the hybrids correlated in

| thoir chick uortality to their ¢e5.11ng temperatm in this series.
Bedson and Dumbell ooncluded that "--.- eorrelatiom hetwean aingle
aharacters and 'drulence ara always likela to ba fortuitous, and that
'bne should not expect to f:ln& strict correlations of this kind in
| ‘attenpts to detersine the characters which underlie virulence".

S:lnce wmtm concernins the cmparat:!.ve virulance and growth |

characteristica nf virnaes as determined in the chick eu'bryo cannot be

16



i’alidly extrapolated to predict the behaviour of strains in human tissues,
a more complete understanding of the i’mes influencing the outcome of
variola infection in mam might be obtained from a detailed investigation
of the bohaviour of variola major and minor in cell types derived from
the humsn host.

Gurvich and Maremnikova (1964) compared the development of CPE
of yariola na;jbr- and variols minor sﬁréi-na in hvman foetal skin/muscle
cells, monkey Xidney cells and chick embryo ¢ells. Their results showed
that temperatures above 37.5° C and 38° G prevenmted the onset of
CPE in variola minor~ and variola major-infested chick embryo fibro-
blast monolayers respectively. In cultures overladd with agey,
plaque-formation by variola major was inhibited above 37,57 C. However,
egg preparations of both strains of variola virus caused a CPE in
human embryo and mbnkey kidney cells at teuwperaturss g_p&o 36° Cs The |
Butiex' strain of alastrim was an exception and failed to cause a CPE |
in éifl‘:her‘canntm at this temperature. Adaption of strains by at
least thrree passages in human embryo cells reised tho ceiling temperatm
for CPE development 1° C.

Gurvich and Marennikova checked the specificity of CPE in their
eystems by haemadsorption and found "clear out! haemadsorption
accompanying all CPE. It was noted that both types of yariola virus
persisted in a potentially active state in cultures at increassed
temperatures (presumably ebove the determined ceiling temﬁeratures
of the virus-¢ell system in fuse) and was capable of indueing a

17
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normal OPE on return to the "usual" temperature. |

The results presented by Gurvich and Maremnikova were qualitative
and somewhat difficult to evaluate since no attempt was made to '
determine guantitatively the relatitav abilities of their variola
major and miner strains to grov and produce a met increase in infectious
virus at tie ‘temperatures tested in any of the three cell-types used.
It would seem worthwhile to establish the pattern of growth of variola
ﬁm in buman skin/muscle cnltnz‘es.

Since variola major and variola minor are very closely related
viruses (Helbert, 1957), it was considered in this case that the
greater sensitivity to temperature of the growth cyole in the ehick
e@bﬁa might be more than fortuitously i'eiatéd to its lesser virulence
in the human hosts The ceiling temperature of alastrim in the chick
embryo is 37.5° ¢, a temperature easily exceedod even in & mild fever,
whereas that of 'rariula majar is 38, 5 G.

Some evidence for an inter-relation between variola major amd
variola minor might be claimed from epidemiological observations.
Variols miner was fivst reported in South Africa as 'Amaas' or
'Kaffirwpox® (de Korte, 1904), Ribas (1910) moted the arrival of
alastrin in inland regions of Brazil by way of agricultural labourers
travelling overlend from the port of Bahia which was; at that time,
raceiving trading shipping divectly from Africa.



It 18 possible that African conditim havo 'bun eondueiw to thc
evolution of pany varients of variela vim, and the aontiuuad asbulance
'of members of nomadic tribes only siightly sick with the milder forms
has en¢ouraged the apread of variants’oi"'low, fixed "‘vii-uionee. One
or more of these Mants may have spread to the mt of the wer:ld as
alastrin, ‘
" selentific support for such an argument éoneé fron the work of
" ‘Bedson, Dumbell, and Thomss (1963). Using the tenporatm tost
' (iizamudddn and Dunibell, 1951), they wers u‘bh to detine a tm-a and
“intmeﬁiah" strain of vaﬁch ﬁm; these Btraius hed besn iuohted
from cases of mild mnm in Tangmika and wers "u. a:mm' c!.ou
to, or like, variola major in the temperature ‘tost, and yot 1ike |
alastedm in the chick virulence test®, Dumbell and Bedscn (mpubmhoa
Fesults) have also ohserved that scme variola straiu fron other
parts of AMM (mmm Transveal, Congo, Mhmaland, Nigeria.
Sudnn. Et‘hioph* and Kenya) are &etoetably d.i!’tmut m utram af
true variola e jor and alastrin,

Asnual repam of the mtulﬁ.ty mtea Mm amlipox m:tcaté
¢learly that i.t 1s wvariola wajor uMch is prevalent in India and
Pakistan end thnt variola minor is ga*eva‘lent 1:1 31‘&!110 | ummey

fates in African ¢mtr£as sre lowss than can be oxpected m
varioh major, buit mshar than can be expected from variols m
It had been waﬁmiy argued that vu%.oin major and minor were bath
present in these countries end that the #1gures mpmama eha

19
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ovarall death rate. It was also suspected that the figures were }
unreliably pecorded and therefore statistically meaningless., However,
in light of the results obtained from the laboratory studies on the
Afyican strains, it seems possible that the intermediate mortality
rate of about 5 4 is the z-emilt of the existence in these areas of
strains of intermediate virulence,

Thus, the hitherto bifureation of variola inte two clinical
categories, the major and the minor, is likely to be an oversimplification
}nf a more complex taxonomical rroblems

| It was hoped thet & further sttﬂy of variola virus in humen cells
might: reveal naw‘c}zaractemtics which could be used as markers ;fox? :
the differeﬁfiaiien of variols strains. Information obtained 4in this
way might xlzo inddeate the reasons for the lower virulence end -
stability of variola minor strains and reveal mechanisms whereby - |
variola virus induces the clinicai faatures seen in smllpc&a:&nfectiona

of man. -



CHAPTER IX

The Growth of Variola Virus in Human Skin/Muscle Fibroblast
Cultures at Different Temperatures of Incubation

In order to create a system relating to the conditions for growth
encountered by an invading virus in the human subject, the growth of
the Harvey strain of variola major and of the Butler étra:ln of
variola minor in human skin/muscle foetal fibroblasts was atudied at
various temperatures of incubation. The tenperatures ¢hosen were |
similar to the temperatures of the dermal and subdermal aress of the
body, of the deeper organs, and of the Vody undergoing & pyrexial
spisode.

Thus, the m&u&ttﬁn of intracellulsr virus in, and the ruiease'
of mature, in!’eq:ti.% virus from, infected cells was followed at the
four incubation temperatures of 35°, 37°, 38%, and 39°-39.5° ¢ during
both single~ and multiple-step growth t¢ycles of infection.

Cellular and supernatent fractions from pairs of infected cultures
were harvested at regular intervals for the duration of infection and
were titrated for infacctive virus on the chorioallantoic membrane of
fortile hens® eggs. Infectivity titres were expressed as pock forming
units (pfu) per sl of wndiluted harvest fluids, which is also an
expression in terms of pfu per tube in this céaas

21



Vaterials snd Methods

(see appendix)

“Results

Growth curves were construsted showing the formation of intrae
cellular virus and rolease of extracellulsr virus from the infectivity
ansays of the samples harvested at intervals throughout single- and
multiple~cycles of infection. |

The logarithm of the pfu per ml of cellular or supernatant sample
wag p:‘.otze'd against the time of harvesting in howrs (single~cycles of
infactianj or in days (mltiple~cycles of infection). [F‘:lm. 3 and 5]

In the following discussions, the Harvey strain of wariola virus
will be referred to simply as *Harvey', and the Butler strain of
variola mi;or _ava“":_'Butler'.- ,

 Virus detectable at four hours may be either adsorbed or free

but not sbsorbed, and it could be sssumed that this virus had played
po part in the subsequant infectious cycle. Since this virus persists
throughout the period of each experiment, the inmctivation rate for
variola virus being omly 0,20 logs/day at 35° C (Bedson, 1964), the
numerdgal value of the titre of the four<hour fractions was subtracted
from the numeriéal value of all points for each growth cycle. The -
resulting growth curves, showing a zer¥o baseline, are also given in

order to further clapify the kinetics of eash growth cycle., [Figs. & and 6]
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This procedure, however, created one anomaly. In the case of
figure 6b, 'Ehé infectivity titre of the extracellular virus of the |
Harvey strain appears to increzse before an increase in the cellw
associated virus was detectables Referemce to the correépondina M
adjusted figure 5b shows that the lowest titre, at 8 hours, is two-fold
less than the infectivity detected at 4 hours. No corresponding
decrease was noted in the wirus content of the supernatamt fraction,
8ince this difference represented only a 4 % loss in infectivity in
the cell-associated fraction and an 8 % increase in the infectivity
of the supernatant fraction from 4 to 8 hours, the suomaly described
1s within experimental error and is therefore not considered to be
significent, o | , ‘ '

In pointing out the salient features of a growth curve, the
input dose of virus has been used us a baseline for describing and
comparing ineresses and decreases in infectivity during the growth
gyecle, n_nlésa otherwise stated. Thus, an increase in infectivity of
100-£01d would indicate that 108 ptu virus per ml had been recovered
from eultures inoculated with 10° pfu virus per ml.

a) Multiple~step Growth Curves

At 35° C infectious virus was recoverable from the cellular
fraction by the first day of infection and showed a steady increase
until the third day. Since the rate of production of virus was
greater for Harvey thanm for Butler, a net increase of 100-fold for
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the Harvey strain and only 10-fold for the Butler strain wes found
‘at this time. | |
' Virus progeity released into the culture medium was not detectable
‘until the second day of infection. The titre of extracellular virus
of both strains rose between one and two log units behind that of the
'eorresponding celleassociated virus titre. -
By the £ifth day, a marked reduction in extyacellular wirus had.
ocomrreds, Thim loss may have been dur to readsorption and eclipse
of progeny virus in a further tycle of infectiony it was accompanied
Sy a sesond inerease in the 1eve1 of intracellular virus. By the
sixzth day, the level of free virus in the supermatants hed retwrned
‘to approximately that recoverable at three days after infections
B A loss’ of cell=associated yirus, partionlarly in the case of .
the Butler sm. m noted after the fifth day. L
" The maxiwum yield of infectious virus was reccverable on the
ifth day and represented a total incresse in infectivity of 100-201d
for both strains of variola virus. The net increase in infectivity
at the end "6{%&& multiple-step growth éyole (sixth day) was 60-£61d
for Havvey &nd 8-fold for Butler st 35° G. At this time, the
infectivity wecoverable from Harvey-infected cultures was almost
totally cell-associated (99.5 %), vhereas 25 % of the total wirus
formed in the Butler-infected cultures was found to be extracellulars



Both the Harvey and Butler strains show the maximum rate of virus
production, maximm peek yield, and final net yield of infectious
virnis at 37 Cs The maximum rates ot release of virus progeny fronm

. cells infected with both strains were also attedmed at this temperature.

 Both strains showed & sharp increase in intracellular virus by
the first day of infection. The maximum level of intraceliular virus
occurred bghrein the second and third day of infection and was 10-fold
for Harvey oand 100-fold for Butler greater than that attained in the
same time at 35° C. Thus, the peak titre for both straine represented
an increase of 1000-fold over the level of wirus in the incculum.

Extracellulsy virus was recoverable on the first day of infection

at 37° C s compared with the second day mt 35° C. Release of virus
from infected cells was more efficient in the case of Harvey than that
of the Butler strain at this temperatures On the first, second,
and third day of infection, the free virus in the supernate of
Harvey-infected cultures exceeded that of Butler-infected cultures
by approﬂmtels one log unit, This dlfference wes incrensed by an
additionel log unit by the fourth day due to a decline in the titre
of extragellulsy virus of the Butler straim. This decline oay have
been due to a reabadrptim of virus to infected cells,.

By the sixth day, there was a very sipgnificant difference between
the yield of free infectious virus in the two strainsy 50 % of the
total virus formed had been released from Harveg-infected cells,
vhereas 99.9 % of the total wirus formed in the Butler~infected
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cultures was still cell-associated. Thus, there was a 500-fold
difference in the firee virus yield of Harvey and Butler, although
the met increase in total virus was the same (160-fold) for both
strains.

At a temperature of incubation of 38° C there was a suppression
of the rates of wirus production and release, and in the infectivity
yields of both wiruses, but the variola minor strain was suppressed
$o0 a somewhat greater extent than was the variola major strain.

fThe titre of intracellular virus in Butler-infected cultures was
1/10 that in Harvey-infected cultures on the third day of infeetion
vhen meximum titres hod been cbtained. The net increase of infectivity
of Harvey cultures was 300-fold and that in Butler cultures 80-fold

at this time. Thereafter, the virus detectable in the cellular fractions

began to decline, and by the mixth day the remaining virus levels
verresented only & 5-fold increase in infectivity for both strains.
As at 37° C, extracellular virus was detectable by 2 hours after
infection. It might have been expected that the difference in |
-efﬂeiaﬁcy of the release of mature virus from cells noted at 57° c
would be emphasized at a temperature 1° ¢ nigher. This was not the
case. Although the initial rate of release of mature virus of the
Harvey strain was somewhat greater than that of the Butler straih,
the yield of free virus from Harvey-infected cells was suppressed at
38° ¢ to much the same level as that for the Butler straing 8 % and
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2 % respectively of the total virus formed was released from the
infected cells.

A temperature of incubation of 39° C was effective in irhibiting
the growth and mltiplication of both variola major and variola minor
in humen skin/musole fibroblasts. No met increase in virus was detected
at this temperature. |

Infective yirus of the Harvey strain perainted in association
yith the cellular Metiqn ut‘s.ntected“wltmu for three dm_ after
infection but was undetectable by the fourth day., All infective
virus of the Butler strain was lost from infected cultures during
the first 24 hours,

v sx,_,gu.mp Growth Curves

~ The notahle‘teature of the single-step growth curves of variocla
mejor and variola minor at 35° G was that there was no significent
difference in the ld.nética of growth of the two strains,
4 The eclipse phase lasted for approximately 8 hours, and by 12
houwrs the tirst increasa in intracellular wirus was detectable. After
a 4 hour delay, there m a corresponding rise in the infectivity of
the supernatant fracticm. The virus content of the supernate was |
between 1/10 and 1/100 that of the eorrespunding oeuular rractiou

throughout the growth cycle.



The meximum level of intracellular virus was detected at 24 hours
and represented approximately a 10-fold increase over the virus eontent
of the inosculum for both strains. This level of wirus had been
naiuta.‘..ned at 48 hours, when 90 % of the total virus formed by Harvey
and Butler remained celleassociated.

At 37° C the rate of virus production was slightly increassed and
_the stationary phase begen aprroximately 4 hours earlier than at 35° ¢
for Both Harvey and Butler. The yield of intracellular virus at this
' time was somewhat lower than at 35° C, but a small increase in
ini:mceunlar virus during the second day of infection resulted in a
total virus yleld not different from that at 35° C.

After an :ln:t.tial lag in release of wirus from Butler~infected
| celle, by 215 hours the y:le].d of virus released into the supemtant
was the same for both Btrains bu‘l: was about 1/10 the yie!d attained
during the atauonm-,phnse at 35° c. At 37"_ C approxisately 99 %
of the total virus produced during the growth cycle of both strains
remained cell-associated.

" Raising the temperature of insubation from 37° to 38° C resulted
in some reduction of the virus yield from the infected cells,

The initial formstion and release of mature progeny virus proceeded
more slowly than at 37° C in Butier-i;fectcd cultures. The sﬁationaiw
phase of the intracelluler virus was reached at 24 to 48 hours
comparéd with 16 hours in Harvey-infected cultures in the fluid
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phase after 28 hours as compared with 20 hours with the Harvey strain.
However, by 28 hours the virus content, both in the cellular fractions
end the supernatant, of cultures infected with variola major or variola
minor was not significantly different. Of the total wvirus recoverable
at 48 hours, less than 5 % was recoverable as extracellular virus.

At 39%5C no inorease in infectivity of either variola major or
variola minoy was detected. The level of virus of both strains |
persisting in assosiation with the cell fraction and in the infectious
form had decreased to a level faméentins only 10 % of the
inoculum by 48 hours. o

Disecussion

Both the variou major and the variola minor strains were able
to miltiply from small and large inocula of virus at 35°, 37°, and
38% ¢ vut not &t 39?5 C in human Bkin/mﬁle vﬁ.brohlast cultn‘rea_..

The outcome, at each tenﬁerature of incubation, of the single
growth cycles of the two attainam the same. By the time the
stationary stage had been reached, the met yilelds of intracellular
and extraceliular virus of Harveye and Butler-infected cultures
‘were not different and had been similarly suppressed as the temperature
of incubation was raised. However, the initial rate of virus tomt.ién.
and particularly the rate of release of mature virus progeny, of |
the Butler strain was more sensitive to suppression by the highar* -



temperatures of 37° and 38° C than was that of the Harvey strain.

.Siuce the net ‘y‘iald of virus produced Vuas ﬁrtually the same |
for both strains at sny one temperature, a difference in the‘ ability
of the stiains t6 grow in huoan skin/muscle fibroblasts must stem from
a difference in the ability of the two strains to initiate secondary
cyeles of infection. |

Over the longer period of time taken for multiple-cycles of
infection ﬁo cccur, it was found that elevated temperatures of infection
had a diffmntiatins effect, not so much on the actual production
of infective virus, but rather on the release of ﬂm progeny Irom
infected cells. Of the four temperatures tested, 35° C was found to
be optimal for the nberatién of virus from the Butler-infected cells
(25 % of the total virus recovered on the sixth day was &tmenula&h
vhereas 37° C was found to be optimal for the release of virus from
the Harvey-infected cells (50 % of the total ﬁm Fecovered at six
days was extragellular). At 36° C the yate of formation of virus of
the Butler strain was also reduced to & lower value than that of the
Karvey atrain. |

Given the limited seopa for growth which exists for the duration
of a ai.ng).e infective cycle in cells of a confined mnoiayer; a delay
in virus i’mtion and releazo conferred no overall diaadvantage on the
growth of the Butler strain as compared with that of the Harvey sirain
 since the same total yleld could be attained in tige. But, where
| releaaed m‘ogeny are the :lnitiators of secondary and subsequent
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‘cycles of infection, such a delay in the availabilitr of new infectious
‘Butler virus to reinfect more cells would reenlt in a cunilative 1ag
vin the progress of infection as compared with a more rapid spread of
'hfectian by the Harvey virus strain u‘h‘.tch is capable of being promptl,y
relemed from the host cell after maturation.

- The mltipleustep growth eurves show that it would be poasible
for such a ditrerenae to aemaa

Tke effieiency with whioh virus is teleased and aircnlated in

;. .¥ivo conm be & more important factor in determining the virulenue of

a virua strain then the acfmal growth in the eell. )
o1t virus of the alastrim strain at normal body temperature (37" )
lacked the ability to smad from cell to cell as e:tﬁ.ciently as
virua of the Variola m:}or strains through slow rolaase of mgeng '; B
virus and at a 1" higher temperature incurred the added disadventage
of a slower rate of :l‘omticn of virua. than 11; seems raasona’ble to
suppose the followins m the intact l:l.ving organisn where many ayatem
factors may influence the wogrens of an :Lnfection, an alastrim infection
woula be more Jia'hle to ‘be overcome by the defense mechanisms of the |
host and to cauae 1eas eell and tisscue damage than a variols major
infeation apreading vigorously.

The growth end release of Butler virus at 35" C is as efficient as
that of Harvey virus at the same temperaturs, and the release of
Butler virus is greater at 35° than at 37° C. This fact could, in
part, explain the observation that, slthough alastrim patients are
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‘not as distressed by their wirus infection as are patients with
variola major, the skin eruptions (lecalised lesions resulting from
viyus growth) can be a8 extensive as those of cases of variola major.
The surface temperature of the body being about 35° C compared with
sn internal body temperature of 37° C could thus be permissive of
growth of variola major both externally and internally, while alastrim
is predominately only able t6 form lesions in the akin,
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CHAPTER III

The Cytology of Human Cells in Tissue Culture Infected with
Variola Virus at Different Temperatures of Insubation

3¢1 Ihe Developsent of the "% nzract Induged by Large and

The growth of variola virus in human skin/muscle fibroblast
cultures has been described in Chapter II. Mature, infectious virus
was found to be relsased more slowly from cells infected with the Butler
strain of variola miner than from cells infected with the Harvey strain
of variola major, especially at incubation temperatures between 37°
and %8.5° C. It was conoluded that such a delay in the Yelease of
infective virus could result in a significant difference in the
effieiency with which these two strains of variola virus are able to
establish vigorously spresding infections in susceptible cell cultures.

To substantiate thia suppusition. the progress of the cytopathi.u
effect (CPE) induced in husan skin/mscle fibroblast cultures by
variola virus at different temperatures of incubation was followed,
Human skin/muscle fibroblast cultures vere inoculated with large doses
of varicla virus in order to expose the entire 'uonoinyer to virus during
the absorption period, and with small doses of variola virus in order
%o create disorete foed of infection from which virus ean spread in
secondary cycles of growth. Cultures inoculated with large doses of
virus were incubated at 37°, 38°, 39° and #1° C, and those inoculated
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with small doses of virus at 37°, 38.5%, and 39.5% C. Infected cultures
ve:'b mmed at reguhr intervels throu#xout inrection by phase contrast
ﬁcmcupy.

SRV

(Materials and Methods « See Appendix)

Results
'a) CPE from Large Doses of Veriols Virus

Four héura aﬁer:iafaetian with Ham" a.t 37° C there were no
vs.s.{bla aigxm of & baginning CPE [Fig. 7&]. m fibroblast cells
roﬂainad the charaeteristin alongate& spindle shape with a eentral
ova‘.l. mlam cmtain:tng muy a single nucmm. The cytapm
was gx'anular snd wefractuen

By 8 hemrs o’bvi.m changes in the mrphoicw M the najority

of the eeua i.n the :Lnfec’ced mhyer had takem place. Retracticm
of cytoplasﬁe m'oeewee waa beginning and the cells were assuming &
more polygml ahape ana an increasing sra:mlarity of the cytaylun.y
In mny af tho com the nunber af mwleoli/nueleus had increued
s;m:u muoles were noted at tha periphery of smral eauu. 0911
hounam.ss were aiffionlt to diaﬂ.ng\d.sh at this atago. althcmsh the
nuc‘.loi mra mdiatarted and qu:!.to dinmt& {m. 7b]. |
o By 2 hours the com wm nhoving oxtrene plemrphm. gz'am |
Mty. &nd fusion of the cytophm [Pig. 7c]¢ cwtrwtion of the
cytoplasu was reanlting in ’uicrohsions’ in the cell aheet which was
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becoming inoreasingly irregular and ragged in appearance.

. Progression of the CPE was marked by an increase in intensity of
granularity and necrosis throughout the entire cell sheet [Fig. 7d].
Detail of the internal structure of the fused messes of cells was
difficult to discernj but despite the extreme distortion of the cell
Qyto;ﬁasns‘ the ,mtclei remained relatively undameged, although obscured
by changes in the ey‘taplasmo

Layge, dense cytoplasmic inclusions could be seen by 24 hours and
by 28 hours vacuolation of the cytoplasm was often advanced {Fig. 7el.
The mtewty of the cell sheets at 20 hours of infection had

been lost. Many cells showed extreme vacuolationg buteagl‘::g"igjmty
of tells vere rounded up and highly refvactile, seemiug to Geparate as
¢ellular uits from the fused mess into which they had previously
perged. This was the last stage of CPE. At 48 howrs most of the cells
had fallen away from the glass surface, any mmin#ngjéomvbe}ing
tompletely nmatic. |
Uninfected control tubes remained normal and unchanged thruushm
the experiment. D
 Butler at 37° C and Harwy at 38° ¢ showed 1o obﬁm diftermea
in the progress of CPE, but Bubler at 38° C lagged quite considersbly
behind, At 28 hours the cell sheet was still intact, qitﬁg;ugh the cslls
themaelves were showing a degree of shortening and grannlarity. ; At EF
36 hours the ¢ohesive forces maintaining the integﬁty of the celf“k‘ R
sheot had been lost and the midblesions left by receeding eytoplasmis
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processes were visible., The cells were markedly granular. However,

by 48 hours little difference could be seen between Butler-infected
eultures at 38° C and corresponding Harvey cultures. The cell sheet
was entirely necrotic, but a significantly higher proportion of cells
romained attached £o the glass surface &s compared with Harvey at 37° C
end 38° C and with Butler at 37° C,

Subsequent observations have shown that large doses of Harvey and
Butler virus are also able to induce a progressive CPE at 39° C and at
¥1° C,  Infected cells at #1° C become rounded and refractile at an
earlier time than at lower temperatures. Such a change was not seen
in uninfected controls at ¥1° ¢, :

b) CPE from Small Doses of Variola Virus

Where CPE was observed, ini‘eéted cells in momolayers inoculated
with a small dose of virus showed the same pattern of CPE~development
as seen in cells of monolayers inoculated with large virus doses,

In comparison with the wmiform distribution of CPE throughout the
entire monolayer resulting from the simlaneous infectiom of all eells
of a culture, small :i.néoula sot up discrete foei of infection, CPE
spreading from the cemtre to the periphery of focd in a cell-to-cell

manner, Thus, cells at the centre of fooi had either fallen away from

the glass (forming irregular plaqued) or were rounded and necrotic.
Those cells at the outer limits of foci, being at an earlier stage of
infection, were 1&11:# the characteristic spindle shape to become
polygonal and gramular,
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Atter 2k hﬁm.v eu'ltur_es' of both viruses st 3?° C showed fool of
sho¥tened, granular cells and of neorosis graduslly extending through
tha‘méoiayez‘-.' By the eighth day, the entire cell shest was necrotie,
and many cells had left the glass swrface, '

At _38.5”‘ C ¢nltures of Harvey-infeeted cells showed large fooi of
nesrosis from the first day. These extended, as at 37° ¢, to invoive
almost a1l the momolayer by the eighth days However, in Butler-infected
cultures, inoculated at 38,57 c. the foei of shortened, granulsr cells,
which had developed by the first deay, remained small and discrete
throughout the coursa of the expariment snd showed little: degoueratim
into necmsia.

' At 39,57 C,CPE did not dmlop in either Harvey~-infected or
Butler-infected cultures.

Dhgussigh

It has been shown that both Harvey and Butler wiruses are able
to mulﬁ:!.pix and form infeotious virus in cultures mubated‘ at 35°‘
37°, and 38.5° C, but not at 39%-39.5° C (Chapter II). It was
interesting, therefore, to find that both vwiruses were able to induce
a CPE at temperatures greater than that at which infectious irogeny
¥irus can be produced, and at least as high as 41° C.

Virus had been sdsorbed at a gonstant temperature (25° C) betore
exposure to high temperatures of incubation, but infective virus was
‘noe the end product of the virus-cell interaction. Thus, either an



abortive or incomplete growth cycle had occurred causing a CPE, or
cell damage was due to & non«specific cellulur reaction to foreign.
material such aa lysosomal activation (Allison and Mallucei, 1965).

Chservations of the pa?ogress of CPE in variola-infected cultures
were in support of conclusions drawn from th‘e results of the growth
atudy experiments described in Chapter II,

Singlewstep growth sycles had shown that indtial delsys in the
release of mature wirus from Butlerwinfected cells at higher temperatures
of incubation behind that from Harvey-infected cells were overcome, -
and that the final virus ylelds of the two stiains st each temperature
were not significently different. Similerly, the CPE in Butler-infected
cultures at 38° C showed en initial lag but was no different from the
CPE in Harvey—infeetad cultures at this temperature by 48 hours.

In cultures infected with small doses of virus, both Harvey and
Butler were seen to have spread extemsively at 37° C. At 38.5° C there
was a very marked difference. Harvey-infected oultures showed necrosis
whieh progresaed at a similar rate es at 37° (1. but the spread of
infection of Butler v:l.rus was mnch retarded in compariaon; £oc£ of CPE
ramained confined even by the Qighth day. ‘
| Thus, the slower rate at which Butley virus progeny matures and
is released from the host cell does result in a much slower spread of
virus from cell $o cell in infected cultures.
~ That Harvey .md Butler were umable to mm. focd of infection

“at 39.5° C was to be expested. As no virus production vas possible at
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this temperature, the CPE which would be induced in the small, but
unnoticeable proportion of cells infected by the inosulum did not
spread to adjacent cells,

u
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3.2 The A ation g_gcﬁochemica}. Techniques in the Study of the
Development of Variola Virus Amtigens in Bumr Getle

Sequential Studies

Loh.and Riggs (1961) followed the sequential development of virus

" entigens in Hela cells multiply-infected with vaceinia virus.

Employing the technique of staining preparations of infected cells

with the fluorochrome, acridine orange, they showed an sarly increase

in eytoplasmic RNA and the appearance of centres of DNA synthesis at
b nours after infection. A marginal fragmentation of these inslusion
bodies at 8-10 hours vas concommittant with the first increase in
intracellular virus.

ﬁsing the fluoreseent antidody technique and specific anti-'LS*,
anti~'NPY, and snti-'HA' fluorochrome-coupled sntisera, Loh and Riges
also demonstrated that *LS* antigen (a wirus surfece component) was the
first entigen to be deteeted which asppeared at 4 hours followed by the
*NP? ;mtige:t (virus mucleoprotein) between 5-6 hours. Mixing of “the
INP' and 'LS* antigens occurred at 8-10 hours when fragmentation was
seen - Sayidine orange sea:lning and vhen maturation of progeny virus
occurred. The VHAY antigen (haemmgglutinin) appeared at 10 howrs.

Lon and Riggs ea‘acluded; that the typical inclusion seen in vaccinias
infected cells was mainly "Nf" antigen. . 4



In order to estsblish hov far the growth eycle of variola virus

proceeds at different temperstures of incubation, histochemical
techniques ware applied to coverslip preparations of variola-infested
891l inoubated at temperatures vamging from 37° G to 1% C.

A sequential study of the amlop-ent of virus antigens in
variola-infected ¢ells vas made employing the seridine orangs (AC)
staining tedhnique for mloic acids and the Fluorescent antibody (FA)
sandwich technique fop the location of virus sutigens It was hoped
that the cause of yirus-induced CPE ogcurring above the permissive
temperature for virus growih would also be revesled in this vays
(. Sites of virus antigen synthesis were identified by analogy
with the work of Loh and Riggs (1961) en the vaccinia virus system.

(Materials and Methods - See Appendix)

Results: 1) Aeridine Oramge Staining o

At 2 !mm after variola infection at 37° ‘c.» the eytoplasm of
cells in infested cultires showed a more intense staining than did
the eytoplass of ¢ells in uninfected control cultures. Nuclear
hromatin ﬂnh and the nuelenr mesbranes vers more yronounceds
the mutlesli were enlarged and often increased in mumber. Minute
vacuoles were visible in the perinusleay area tﬁcc 8&]-
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Fig. ©. Sequential development of virus DNA inclusions in a
humall fibroblast cell infected with variola virus incubated
at 37° C and then stained with acridine orange.
N = nucleus; I = inclusions; DA = dark area; V = vacuoles:
and VA = vacuolated area.



‘ By 6 hours perinuclear vacuolation was pronounced and cells were
f‘ shorter and wider having lost the characteristic spindle shape [Fig. 8b].
| DNA imiusioné appeared at 7-8 hours as small spherical apple~
| green bodies often arranged in a hemisphere armmd an matainad area
 latersl to the nuelens [Plate 1], This ares displaced the nucleua to
one aide or to one end of the eau tFig. 80]. | o
'I.'tm i.nclusim m:-eased in size as time yro@eaaed and after 10
hom & no’hinuble loss in the regularity of mpe at the :\nclmsiona
was seen. The irregularity was marked by 18 hours, vhom the majority
of inclusions had assumed & very irregulsr shape [ﬂg. 8al.: Adjacent
Melusionu had merged by 24 hours.

Some intmity of ataining was lost after this time and by 36
hours the cytoplasm of infected cells was riddled with diffuse

yellowishegreen inclusion magerial. Cells were rounded and had resched .

the final stage of necrosis [Fig. 8e].

" Plate 2 &llustratec the various stages of DNA. s.nclnsion development
and the presence of the dark area in veriolm-infocted !mman consmﬁn
cells incubated at 37° C for 2k hours.

Haemadsorption, indicating the presence of the 'HAtwantigen, was
fivat detectadble at 10«12 hours after Mwﬁiéns It was interesting
to find that haemadsorption was not directly correlated with inclusion
formation since many cells showing 81l atages of inelusion development
were geen which were megative for haemadsorption. Other gells at
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Plate 1: Acridine orange-stained preparation. 800x Kodachrome II A
Cytoplasmic virus DNA inclusions in & variola-infected human
skin/muscle fibroblast cell incubated at 37° C for 10 hours.

The inclusions (I) are arranged around an unstained, dark area
(DA} latersl to, ond displecing the nusleus (N).

Plate 2t Acridine orange-stained prepepation. 800x Kodashrome II A

Humen conjumetiva oells infected with variola virus and incubated
at 37° C for 2h\hours. Five steges (I1-I5) of virus DNA inclusion
development are to be seenj cne eell dontains an unstained, dark
area (DA) displasing the nueleus (N).
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 similar stages of in¢lusion formation were positive. Thé position of
 attashument of RBC showed no topographical reiatimahip to the position
of the DNA inclusions in the cells, ' |

Incubation of infected cultures at 39,5° C aid mot completely
prevent the toimticm of inclusions by either Harvey or Butler,
although the production of infective virus did mot procesd at 39° C
{Chapter IX). ’

At 8 hours when the centres of DNA synthesis had been established
. by both Harvey and Butler at 37° C, only about 1/10 the number of
cells infected with Harvey virus contained inclusions at 39.5° C.

A reduction in the multiplicity of inclusions in infected cells was
noted, Cells 6f Butler-infected cultures at 39.5° C shoved pronounced
vesuolation, but less intensely stained cytoplasm than st 37° C.

Only occassional cells contained DNA inclusions. When this was the
case, there was usually only & single inclusion per cell. |

By 2k hours about 70 % of infected cells at 37° C showed ooas.mmg
inslusions sprosding through the cytoplasm. At 39.5° G in Hervey-
infested cultmﬂ; less than 10 ¥ of all infected cells containad
diffuse inclusion material; most inclusions were still discrete, few
in number per eell, and enlarged. The few inclusions which developed
in Bubler-infected cultures at 39.5° C also resained as enlarged,
sphorical bodies at a lower multiplicity per ecll than for Harvey-
infeated cells at this temperature. '
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At temperatures ranging from 37° C to 39.5° G, the majority of
cells of Harvey- and Butler-infected cultures developed a typieal
CPE :irresfeetive of whether or not the cells contained DNA-gsynthesising
foed,

Results: 1ii) Fluorescent Antibody Staining

R0 stained yreparations of variolaeinfected cells identified
the site of virus DNA synthesis in infected cells.

It was noticed that in almost every cell ome of the characteristis
ohangau in mphelogy was the displasemnt and distortion of the
nwl.eus by an area not steined by AC. At 37° C inclusions often
formed around this erea which was also present in cells at 39,5% ¢
" in which no inclusions had developed. For desoriptive purposes tuis
area i1l be termed the "dark sreal, _ '

The dark ares did not form in uninoculated controls at any of
the feaparatma tested and was therefore assumed to have been .
specifienlly induced at some stage in the wirus growth ecycle. It was
of interest that this area should develop even when virus DNA synthem
appoaren not to be toking plece.

To determime whether the derk ares was the site of virus antigen
syﬂtﬁeai.s. infested doverslip momolayers were harvested and examined f#r
the presence of wirus antigen by using the fluorescent antibody
. sandwich technique. | |
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Since the antivaccinial antiserum used in these experiments was

prepared against whole virus, :_u: waé therefore polysmeiﬁc and 'reaét:lve

with all aht:lgm:\.o components present in infected cem.‘ Thus, no
 differentiation could be mode between the various virus antigens using
- this fethnique 88 in the work of Loh and Riggs where sera ispecifs_.é

- fox '1SY, _'NP'kg,.and THA' were used.

Comparisen of FA treated slides with duplicates stained with

. AO permitted some tonclusions to be drawn as to the nature of various

specifically fluorescent sites observed. ,

At 3'7° C the fivst appearance of flucrescence occurred at 6 hours

‘a5 pinpoint rownd bodies lying avound the alvesdy displaced mucleus

and the site of the go»called dark ores [Fig. 9a]« Comparison of this
.‘ stege with a duplicate culture stained with AO identified the foci of
fluorsscence as being centres of DNA synthesis. The dark area was
formed at this time as shown by the displacement of the nuoleus and the
arrangement o! DNA inclusions, but was not ﬁﬁorescinge'

By 8 hours the inclusions had enlavged and some cells showed
perinuciesr fluorescence, The derk avea showed slight fluorescence
[Figs 9l | h

Preparations stained at 10+11 hours showed that coalescence of
the DNA inclusions was beginning, Perimucless flucrescence vas more
prominent in the infeoted sells of cultures and was spreading through
the oytoplasm, The dark area was seen to contain a stellate-shaped
| body of iﬁereased ‘i‘iuureecenée {Figs 921,
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GCF

Fig.

9.

Diagrammatic representation of the sequential development
of sites of fluorescence in a human skin/muscle fibroblast
cell infected with variola virus, incubated at 379 C, and
then stained with $he fluorescent antibody 'sandwich!'
technique. '

I = nucleus; I = 'NP' inclusions; DA = dark area;
SB = stellate body; GCF = general cytoplasmic fluorescence.



Coalescence of inclusion bodies progressed and by 16 hours meny
~ eells showed bright fluorescence throughout the cytoplasm. The stellate
" body had enlarged and its internal structure had become finely
. reticular, At this and later stages, the former DNA inclusions were
. not. distinguishable, having become dispersed throughout the cytoplasm,
Aa the time after infection increaaed, the number of cells
- aheving tatal nnoreaeence increased. As cells became rounded and
~ necyotie, the eytoplasm showed uniform finerescense [Fig. 9d].

The typical tlnmaueme shown by m.{ulawinfected cells. o
inoubated at 37-39.5° C for 24 hours and stained by the FA sandwich
technique is illustrated in Plates 3 and 4.

AQ preparations of Butler-infected cultures incubated at 39,5° ¢
ahowed that the. majority of infected cells developed a single ar
very small number of DNA inclusions which remained as large, isolated

round hodles in the cytoplasm and which failed to mtnré by cealescence.

FA preporations of such oultures showed & similer picture with
respect to these inclusions. Infected cells stained at 24 hours
showed that the mma had become gemerally nuoreaéent a8 in
cultures inoubated at 37° C. The ‘stellate’ body and the dark area
also developed, hut the formey area appeared less gonspicuous than at
39° C in the preparaticns examined, DNA inclusions remained as large
diserete bodies mely merging into the general fluorescence as at
37° C. Cells were also present vhich contained no inclusions, but the
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Mates 3 snd 41 Fluorescent Antibvedy Stainming. 320x
' Plate 3: Ektachrome high speed, Plate 43 Kodachrome II A

Human skin/muséle fibroblast cells infected with variols virus and
incubated at 37° C for 157 hours showing sites of virus antigen
synthesis. The nuclets (N) of infected cells is displaced by an
unstained srea (DA) containing a ‘stellate body' (SB) and is often
surrounded by perimuclesy fluorescence (PF). DNA fnclusions have
become diffuse (D),and general cytoplasmic fluorescence (GCF) is
daveloping.
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dark arer, stellate body, and general cytoplasmic fluorescence had
developed. These observations are depicted in Plates 5 and 6.

At h1-ské° d. 85 in cultures at all temperatures tested, a yroportion
of cells did not sﬁow_ﬂuorescence- | In those cells which did, typical
perinuclear, atéliateﬁbody».u and genersl cytoplasmic flvorescence was
observed, It was noted at 39.5° C that the stellate body was less
conspictious than at 37° Cj at 41+42° C this area was probebly less
developed than at 39.5° C. |

48enour Harvey~infected fibroblast cultures incubated at |
41-42° C showed & marked rounding and refractility in & large proportion
of the cellss Thig had not been apparent #t 39.5% ¢ and was not seen
:t.n uhﬁo‘cﬁiate& controls incubated at 41-42° G, FA staining éhm:ed
that all such cells exhibited uniform fluovescence and therefore
contained vev&nly distributéé viius ahtigeh [sée Plate 7], It is
possible that wectéd cail.s were prodisposed to rounding when exposed
to such high ‘iht:ﬁba‘bicn temperatures, '

No inclusions identifiable as foci of NP synthesis were moted.

Discussion

The work of Loh and Riggs showed that ‘LS'-antigen was the first
to be detected in the vaccinia-Hela cell system. In the variola-
human skin/muscle fibroblast system ‘reported in thie tﬁésis, the
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Plates 5 and 6: Fluorescent antibody staining. 320x Hctachrome

Human skin/miscle Pfibroblasts infected with the Butler strain
of wariols miner and incubated et 30.5° C for 28 hours showing
sites of virus antigen synthesis. Virus inclusions (NP) have
remained as diserete, but enlarged bodlies in the cytoplasm of
ivifected cells, The 'stellate body' (SB) within nn unatained
avea (DA) hes developed in some cellsi nucled (N) have become
displaced, and general cytoplasmiec fluorescence (GCF) has
developed.
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Plate 7¢ Fluorescent antibody staining. 320x Ektachrome

Human skin/muscle fibroblests infected with the Harvey strain
of variola major and incubated at %1% 42° ¢ for 48 hours.
Rounded cells show wmiform fluorescence (F).

{This is a poor quality photograph of the erigisal preparation)

Plate 8: maam o‘range staining. 320x Kodachrome II A

A fleld n!’ view of a variola~infested human skin/muscle ﬁbroblant
sulture showing infected tells conta:ms.ng aountable wirug DNA
inelusions (I) and cells positive for haemedsorption (HAD). Some

cells gontain diffuse inclusion materisl (D).
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{NPleantigen associated with the DNA inclusions was the first to appear.
A possible explanation for this discrepancy between two closely related
| systems is that the use of an antiserum made hyperimumne against whole
virus precluded detection of earlier protein antigens through a laek

of a high titre of antibodies to them in the serum. The use of a |
monospecific anti-*LS' antiserum might have rectified this anomoly.

The finding that the so-called dark area did indeed contain wirus
antigens was intepesting, partiecularly since this area showed developmental
changes during the yrogress of infection concurrently with the
coalescence of foed of virus DNA synthesis. Maximim brightness and
reticulation of the stellate body coincided with the merging of
eytoplasmic DNA inslusions and with tho spread of flucrescence throughout
the general cytoplaows.

A second feature of interest to arise from these studies with
FA was the fact that fluorescence of the stellate body and particularly
of the oytoplasm in general developed at 39.5° C in Butler-infected
cells and at 41+42° C in Harvey-infected cells. Since DNA inclusions
vemained identifiable ams discrete, isolated bodies at 39.5° C and were
completely absent at 41-42° C, the aforementioned fluorescence sust
have been attributable to the synthesis of antigen other than *‘NPY.

At 3‘7"0 the development or YHAY at the cell surface (Oda, 1964) could
not be eliminated as a gause of cytoplasuie ﬂuoresaence, but it has
been ahm that the 'HA! antigen, as detected Yy HAD, developa in loss
‘than 10 % of Butler-infected cells at 39.,5° C and not at all in Harvey
infected cells at h1-42° C,
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( Thus, it is tempting éa conclude;by a 'pro'aes’s of eiimi#atioh, that

ﬂweaeenoe of the stennte body, ot the pet:lmleax‘ cytoplasm, and
subsaquantly of the eytoplasm in general 13 dua te the synthesis of
nntigena other than 'NP' and 'HA' in these hcat:lcna. | o
LS antigen and other virus protein ant:igem synthesised de novo
 and possibly fultilling structurel functions may be implicated.
The vesults have shown that virus antigens can be Bynthesised
“in the infeoted aell withont the participation of new virus DNA
detectable in inclusion bodies in the cytoplanm '
' Fluorescent anti,body studies employing monospecific antisei-a
would be essemtial to vesolve the functional relationships of the
vaxd.cus nﬁ.tes in which antigen synthesis has been demonstrated.
Such antisera were not evailsble at the time of these experiments.

64



65

b)) Quantitative Studies

Cairns (1960) using antoradiépaphiu and fluorescent antibedy
techniques established the following quantitative facts about the
initiation of vaecinia virus infection in KB cells:

1) Each successfully infective wirus particle creates its own centre
of virus synthesis in the host cell.

14) A1l centres of virus synthesis destined to develop in an infected
cell begin simultaneously. One random virus pavticle, the initiator,
ovarcomes or induces & specifi¢ mechanism controlling the initiation
of all potential virus synthetic centres in the cell. :

444) Since there is a concommittance in the beginning of foci of
. virus synthesis in each cell, the number of foei in an individual
vell vemains constant until such time as the foci have enlarged
to the extent of fusion. ‘

iv) The number of cells in which initiation has taken place in an
infected cell population inmoreases with time. Those cells
successfully infected with several particles have a greater
probability of beginning synthesis at an earlier time after
infection than those cells infected with a single virus particle.

Since vaccinia and variols ere closely related members of the
same poxvirus subgroup, it would be expected that the initiation of
variols virus infection proceeds in the same mamner as described by
Cairne for vaccinia virus, If this assumption is correct, then the
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frequency distribution of successfully estsblished foel of DNA ‘
ayutheeis in cells of variola-—infected cultures incnbated at optiual.
xupwaoptiml. ‘and nonupermissive temparatures could be examined.

. In this zmmer‘ Bome quantitative infox‘maticn coneernin; the
establishmnt and devoloment of taetories of DNA aynthwis in variola=
infected cells was collected.

© The propertion of ¢ells ¢ontaining DNA inclusions, and the proportion
of cells showing haemadsorption (HAD) of agglutinable fowl cells could
be eounted after the staining of infected ﬁlturea, with acridine orange.
The number of inolusions in each cell eould alsc be counted [Piate 8].
Colls were récéﬁed as containin& diffuse inclusion material (D) when
infection hud yroceeded to a stage where the inclusions were no longer
discrete, but ‘@iffuse in the' cytoplass,

The following frequency distributions were inveatigatedt

1) The proportion of cells in Harvey~ and Butler-infected human
skin/mcie ﬂbroblast cultures incubated at 37°, " 38.5 s and
39.5° C for 24 hours contsining DNA inolusions and of cells
shawing HAD of aggluti.nable fowl cells,

2) The proportional distribution of discrete inclusions and diffused
inclusion material (D) in Harvey~ and Butler-infected human ekin/
mussle fibecblasts incubated at 35°, 37°, 38.5 s 39:5°, snd W42 ¢
fox' 15 hours, -

) The Wi@lﬂiétﬁbﬁtion of diserete inclusions and diffiused
inclusion material (D) -in Harvey~ and Butler-infected husan amnion
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cells and human skin/muscle Pibroblast cella incubated at 37°,
- 38,5%, and 39.5% C for 2k hours.

4) The proportionsl distribution of discrete inclusions and diffused
' inclusien materfal (D) in Harvey< y Butler- , and vaccinia-infeqted
chick embfyo fibroblast cells incubated at 37°, 38.5°, and 39,5° ¢
tor 24 hourse |
5) The proportional distribution of discrete inclusions and diffused
inclusion materiel (D) in Harvey-infected human skin/muscle fibroblasts
incubated with and without 10°> M hydraxyurea at 37° C for 2k hours.

Absorption was routinely carriod out ot 25° C for 2 hows and
the iuwulum was removed befare imm:mg culturea at the axperimental
inevbation tanperaturea Ewery cﬁt\gr_u; therefore, haa- an equal change
 of developing a Poissonisn distributior of inelusions in the infected
el population auz-ing tne sbsorption period. Any deviation in the
distribution of helmous in infeoted cells dncubsted sbove the
‘optimun temperature from that distribution attained in basalina cultures
inau‘oated at the optim temperatm gould therefore be assm& to be
aue to tha temparatm at vhieh aultnreu had been incubated following
absorptien. | |

" The frequency distributions to be discussed represent the
‘ proportional distr:!.bntian of ¢ells aontainina x number of inclusim
or difﬁme :!.nclmian material at the time the eourita were uade and
not the total praportim of ¢ells in each cult:ure which have devez.oped

one or more discrete inclusioms and subsequently diffused inclusion



material during the course of ixifection..

The probability of development of inclusions and of HAD dn & -
cell increases with time. Thm, it was essential in this instance
to atap intection at a time when the mxm number of cells capa'ble
of developing inclusions and the property for HAD had done su. end
vhen a minimum of the infected cells had proceeded to such an advenced

stage of infection that internsl gellular detail could not be resolved.

15-2k hours after variola-infection of humen cells was chosen

as & suitable time for the frequency distributiohs to be made. In
 Harvey~infected cultures at 35° or 37° C (baseline), most of the
potetiality for inclusion formation end 'HAY production had been
éxpressed, but at this time infection wa# mot too sdvanced. After |
2b hours, the loss of medrotic cells from the glass surface became
inoreasingly significant and made ﬁ'equency dﬂ.atributim performed
after thiu time dnvalid, | | |
E l'hch count was quannaa with the time after Mection at vhich
it was maﬂe. ' '

(Materdiols and Method - See Appendix)
Results
1. See fig. 10 | SRR ,
An analyaia of the trequency of ma-imlusion«-containing cella

in Harvey~ eand Butler- infested human fibroblasts showed that by
24 hours 8 %, 15 %, and 37 ¥ fewer cells had been established as
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infective centres at 37°, 38.5°, and }9..5° Cy respectively, in
Bntlminfwted than in Harvgy_'-—int_‘cqted cultures. S

At 37° €, 7 % of Harvey-infected DNA-inclusion-containing ¢ells
~ were negative for HA as dgﬁectea by HAD. HA production is kuown t‘o‘
~ lag considerably behind i;he synthesis of other virus antigens (loh and
 Riggs, 1961), but it was found that the gproportion of cells c;:ntain;ng
DNA inclusions, but which were non-haemadsorbing, increased with the
 incubation temperature. This proportion was alvays greater in Butler-
~ infected auifwes then in Horvey-infested cultures at each temperature
[Tsble 1], The difference was particularly siguificant at 38:5° C
and st 30.5° C, i

1

| | TABLE 1
Y “Vims stretn | 3¢ | 35°c |  3w5°C
Bavey | 7% | %% %
Batler | W% LI B 2

| The percentage of dells at eash tempsrature in Hmoyv- and
. m&mmea human skin/muscle fibroblast cultures tontaining
DNA inclusioms, but which did not haeuadaarb agglut:mable lowl
cells (24 hours after .‘.nfeetion). .
Thus, the esta‘bnahuent of aucceasful iutect:ton as determined by
the presence of virus DNA inclusions in cells was fmmd to be m&
efticient for Harvey virus ‘&han for Butler, virus at all three tempn-
eratures tested, Initiation of DNA synthesis in Butlereinfected cells

was particularly sensitive to a tompemnture of 39;5" Cy and HBA production



to temperatures of 38,5° and 39.5° C.
Plates 9, 10, and 11 4illustrate the difference in the extent of
HAD at 24 hours in Harvey-infected human skin/muscle fibroblast cultures
at 37° and 39.5° C and in Butler-infected skin/muscle fibroblast
oultures at 39.5° C.

2) See Fig. 11

An analysis of tﬁe distribution of inelusions among Harvey- and
Butler-infected human skin/musc¢le fibroblast osi’ls at 15 hours after
infection showed that increased temperatures of incubation were
?ﬂeetﬂ.ve in suppressing the stage of coalescence of inelusions.

Decreases in the proportion of cells with diffuse inclusion material

were accompanied by increases in the proportion of cells containing
 lower multiplicities of inclusiona. |
"Maturation' of inclusicns cccurred as efficlently at 35° C as
at 37° C in Harvey-infected cells, but was suppressed progressively
at 38.5% and 39,57 C with a corresporiding incresse in the proportien
of ¢ells eontainimg, in particular, 7 or fewer inclusions. |
In Butler-infected cells ‘maturatien' of inclusions occurred
most efficiently at 35° C, being increasingly suppressed at 37° ’ 3&5?.
and 39&5° C. Fewer inclusions per ¢ell were found at each temperature
than in the corresponding Harvey-infected culturesi the number of éem"

comtaining single inclusions was greater and increased with temperature.

Iittle *maturation' of inclusions was noted for either virus
strain at 39,5° C, and no inclusions developed at y142° G,
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Plates 9, 10, and 11:  Acridine orange staining.  60x Kodachrome II A

A comparison of the extent of haemadsorption given by human
sld.n/male ﬁbmbhst cultures infected with the Harvey strain

of varicla major snd incubated at 37° ¢ (Plate 9) and 39.5° ¢

(Plate 10), and with the Butiler strain of variola minor incubated
at 39.5° ¢ (Plate 11) for 24 hours.
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These results eorrespond to the results cbtained from the growth
studies. The optimum temperature for both virus release and inclusionm
~ coalescence is .‘55 C in the case of the Butler atrain and 37° C for
the Harvey strain. The lag at 15 hours in the progreaa of deva:loment
of foci of DNA synthesis in Butlerain!ected cells behind that in
Harvey-infected cells corresponds to the situation at 15 hours s
depioted by the single-step growth curves (Chapter II). That little
fusion of DNA inclusions ccourred at 39.5° C in cells infected with
either Harvey or Butler virus is in accordance with the fact that no
infective virus 4s produced at this temperature by either strain.

3) See Figs. 12 and 13

A comparisen of the 24 hour frequency distribution of inclusions

in populations of Harvey- &and Butlereinfected human skin/muscle
#ibroblasts with that in Harvey- and Butler-infected human amnion
cells showed thae’ DNA inclusion development was somewhat more
efficient in infeated skin/muscle fibroblast cells. No fusion of
inolueions was detected in asmion eells st 39.5° C, whereas a small
proportion of fibyoblast ¢ells showed this stage at this temperature.
By 247!:6&1'3 the probability that cells containing the larger
multiplicities of inclusions will have progressed to the stage of
diffusion of inclusions is greater than at earlier times. Also, thoaé
¢olls containing mingle or small numbers of inclusions, being slower

in initiation, are less likely to have repched this stage in maturations
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inclusion material in Harvey- and Butler-infected human amnion cells incubated
at the specified temperatures.
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Fig. 13. The proportional distribution at 24 hrs of discrete DNA inclusions and diffused

inclusion material in Harvey- and Butler-infected human Tibroblast cells
incubated at the specified temperatures.
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Such e¢ellsn, than_, may be predicted to constitute the greater ptopoﬂim
of cells containing countable inclusions. This was found to be so.
However, cultures incubated at 38.5° amd 39.5° C could be seen to
contain a significantiy‘iar@r proportion of cqm ‘with one or two

" dnelusions than did those incubated at 37° Cy cells gontaining only
‘one or two inclusions were particnlarly sbundant in Butler-infected

’cnltures ’

L) See fig,
- Tn human skin/mscle fibroblast cells the difference in ceiling
tomperame 'between the Harvey and Butler strains of varicla mejor

and minor. respactively, 18 not as marked as in chiek embryo fibroblasts.
It was of mte‘rwt. then, to compare quantitatively the formation of
_DNA inelusions in these two sel) systems. Vaccimia virus ¢hick embryo
fibroblagts were included in the study since this virus grows
vigorously in chick embryo cells at all temperatures testedj the

cedling temperature of vacsinia virus ss determined in the chick
enbryo ie 41° C (Bedson and Dumbell, 1961).

The results of this experiment showed that, after 24 howrs
4noubation, the proportion of Harvey-infected chick fibroblast eells
eontadning diffuse inclusion material was 65 % and 60 % at 37° and
38.5° C, respectively, This proportion is more than 50 % greater
than the proportion in Butler-infected chiick embryo fibroblasts, being
32 % and 25 %, respectively. Corrnapondingly, Butler-infected eulturea
were rieher in cells containing one or two inclusions ouly,
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| ‘l‘his difference was more marked :!.n chick embryo fibroblast cultures
than ;’m human min/mcle ﬂ.hrohhst cultms as represented in fig. 13,

| _ At 38.5° ¢ Butler does not form pocks on the CAM, wheveas Ha:m_ay

‘ﬁnes, but at a reduced number than at 37° ¢ .(Nifzamndds.n and Dumben,

:'j 1961)¢ At 38,57 C the frequency distribution revealed that 25 % of

" Bueierwinfected chick embryo fibroblast cells contained diffuse inclusion

- material as comparad with 60 ¥ of Harvey-infected cells. It is

 posaible that this lack of development of inclusions in Butler-infeoted

chic:k emhryo eells indicates ¢ne reason for the difference in the

: behaviour ot var.io}.a mjor and minor strains on the CAM at 38.5 Ce
Suppression of DNA synehesis would be rei‘lected in a suppression of.
infeetive virus synthesia A aevere reduction in virus yield from
| the first Mectted cem would lead ta a poor mpread of infection to
-'aﬁjacsent mceptihle eem and to abart:hre pockn. - \
Vacain:l.a virus, wh:mh grows vigorously in chic:k embryo ribrobmasts
at tha tastea teap«rataraa. ahowed ooalmmce of inclua:lons m 100 %
of the infected cells at 57, 38.5°, and 39;5‘?.9 by 24 hours,

5) Sea Figa 15 o ‘ . , ,
163 H nytroxyure has been shown to Suppress the production of
in!‘eetin virus and A in vaseinia-infected BKyy cells (Baxby, 1967). o
Iﬂ. wmmaﬁ lmmn !ibmbmta thﬁ M&tiﬂty yield was
rednce& to 1/10. and HA modmtim to 1/3 that in untreated controls.
Hydfoxywrea 18 known to suppress vaccinia virus production by wirtue
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15, The proportional distribution of discrete DNA
inelusions and diffused inclusion material in
Harvey- and Butler-infected human fibroblasts
incubated with and without 1073 M hydroxyurea at
37° ¢ for 24 hours.
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‘of s effoct on DNA replication (Rosenkrants ot al., 1966).

It was found that treatment of Harvey-infected human aldn/mcia
fibroblasts incubated at 37° C reduced the multiplicity of inclusions
developing in any one eell and reduced the yroportion of cells showing
DNA inclusion goalescence, However, the total pirdportion of cells
developing as ¢entres of DNA synthesis in an infected population was
not different to the proportion developing in untreated controls.
Thus, & suppression of DNA synthesis by mesns other than thight
temperature also resulted in a redustion in the estadlishment and
development of DNA inclusions, although the inhibitory mechanisms
are different and may well effect different stages in the pathway of
virus DNA synthesis,

Disousaion

lob and Riggs (1961) showed that fragmentation and diffusion of
inelusion material goinoided with the cmset of maturation of infeotive
virus in cells: It has been aasumd that this sf:égic»s.a equivalent to
 that scored DV dn the quantitative studies described above.

The Mcmemy distributions éf the experiments have shown that |
the effect of ammml temperatures of incubation is to mppreas
this stage of coalescenss of DNA inolusions in wqcte& cells,

. Turthermore, the proportion of ¢ells containing high mltiplicities
of inclusions is veduced increasingly as the temparsture of insubatienm
approaches the non-permissive temperature for virus growth.

83



Thus, the delays noted in the rate of production and ra!éau of
progeny virus and the veduotion in the maximum yleld of infectivity
of Harvey and Butler wirus at high temperatures #flﬁ.na;ubatign can, |
at least in party be ascounted for by the suppression of the n@uf
of DNA dnelusions developing in infected ¢ells and in the proportien
of inelusions able to resch the stage of coalescence. -

Virus productien end relsase in Butler-infected cells is more
sensitive to supreoptimel temferatures of incubation than that in
Harvey-infected cells. A corresponding sensitivity in inclusion
w«;ductimi and development was noted during these studles.

Cairns (1960) showed that all factories of vaccinia virus
synthesis began similtancously in eny ene cell, It vas noticed,
however, dumg examination of AO-stained preparations of variolae
infected a,ei.;a.‘ that onde inclusions have been established in a sell
thedr subsequent devslopment was often asynchronous. Single cells
were frequently seen %o tontain both small, diserete inclusions and |
large, irregular inclusions. Thus, once initiated, each inslusion
vould seen to develop independently of other inclusions in the same
oell.

Genoral mmaim of cytalcgﬁ.eal studiea
_ On ths baxia of wesnlts ébtained from. ﬂ.umaaent ant:l'body ana
uﬁdim oranse atninins a!’ Mcla-inteeted aultures, the fai.lure of

the infective process to yio!.d mature infeatiow v:trus progeny at 39.5% ¢
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may be due to the arrest in development of nucleoids. -

Two temperaturo-induced blocks of the sequence of events éonw-
' trolling the estoblishment and subsequent development of DNA inclusions
con be envisageds The first block, vhich prevents the development of
 potential factories of wirus synthesis so causing ‘a;red.\wt’:_lon in the
pyber of DNA inclusions establislied in cells incubated at supracptimal
temperatures, occcurs early in the virus ¢ysle. The second block, '
occurring much later in the &ycle, prevents the socalescence of DNA
iriclusion bodies whish normally preceeds, or is concommittent with,
 the smsenbly of mature wirus. |

The DNA which is formed in inclusions at 39;5 G would seem to
be defedtive in some way singe inslusions rarely becose diffuse and
infective wirus doss not forms If, however, this DNA is Sotrectly
asaenbled, then othor stepa vital to the matuvation of progeny virus
' wust alse be suppressed at 39.5° C, Flucrescent sutibody stuiies
suggested that the synthesis of some virus proteins are piobably -
relatively unaffected by high tempsratures of incubation. However,
"mstakes! may well be caused at such temperatures at one or several
atagee in structural ;mtei.u synthosis also..

" Bridence that & failure of the émlopuent of nucleic acid

containing virus cores can explain sn abbrtive virus intecticm at
| mmupﬁm incubation ﬁenperaturea is found in the feports of
Stevens (1966) concerning Herpes virus and of Lebeurier and Hirth
(1966) concerning Tobaceo Mosal¢ wirus. In both cases, tcmperatures



. sbove the optimm for virus reproduction permitted the synthesis or'

© wirus capetds, but prevented the formation of the mucleotds. Elneﬁm
- miorographs of sections of .mfwted cells showed that the capids
mmad during inrect:lon weys ﬁmid of nuecleocids and that no ml.eeid-
| like elements were yresent in infected cells. ,

" Electson microscopy of yaricla~infected ¢ells incubated at high

., temperatures could serve to confirm or disprove the speculntions made

‘here concerning the mamt‘imnf wirus components undey such

- eonditions.
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3.3 Electron Microscepy of Variola-infected Humen Skin/Muscle W

- The production of virus-specific mtmy but not of mature
~ infectious progeny virus occurs above the temperature permissive for
 varicla virus growths Some speculations have heen made concerning the
 failure of the mwoduction of mature virus under these conditions.
I order to obtein direct information concerning the production
© of structural components of varicla ¥irus above the permissive temperature,
- D#s Ju G. Cruilshank kindly undertock to perform some preliminary
examinations of ?ariolawinfecﬁed human Bkin/mgcie fibroblasts
| prepared for electron microscopys - .
| Euman ukiu/mcle f£ivroblasts infected with the Karvey atra:tn

of variols majar at an input miltiplicity of approximately 10 1:!‘&
per cell were incubated at 35° C and 40° ¢ end examined by electrom
mioroscopy for the presence of wirus structural compoments. Uninoculated
gontiols incubated at the same temperatures were also exauineda

{Materials and Methods - See Appendix)

Results: See electron micrqg'aphs with corresponding explanations

ig
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Plate 12

A section through & normal, uninfected human skin/muscle fibroblast
cell incubated at 35° C. A rather vacuolated oytoplasm surreunds the
nuclens (N) and its nuclear membrame (M), The finely granular
cytoplasm contains numerous fat bodies (FB) and mitochendria (M),
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Plate 135

A section through a variolasintectad human nld.n/meh fibroblast cell
16 hours after infection amd incubated at 35° ¢, Immature virus
particles (VP) are developing in an area of wireplasm (V) which is
devold of mitochondrim and other cellular structures, A dense

core (C) is beginning to form within the area confined by the virus
membranes of one particle (VMB).

30,000x
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Plate kL

A section through a variola-infected human skin/muscle fibroblast cell
16 houra after infection and incubated at 35° C. Immature virus
particles (VP) are lying near the cell surfzce. A demse sore (C)

is forming in one particle. '

20,000x
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Plate 15

A gection through a wariola-infected human akin/muscle fibroblast cell
16 hours after infection and inocubated at 35° C, Nearly mature wirus
particles (VP) are lying at the cell surface prior to being released
from the cell. Dense cores (C) completely f111 the particles, A
dumbell-shaped nucleoid (ND) can be discerned in the most mature

of the virus particles.,

36 ,666x
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Plate 16

A section through a variola~infected human skin/muscle fibroblast
cell 6 hours after infection and incubated at 40° €. Impature and
mature virus particles are absent. Many electron-opaque fat bodies
(FB) are apparent. The salient feature of this section is the
presence of widely distributed smeoth grey bodies (@) reminiscent
of viroplasm, which are surrounded by a membrane. In many places,
this membrane is seen to bear spikes (SMB).

35,000x
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Discussion

At 35° C variola virus particles form normally in infected husan
' fibroblast cells. At 4O° C no virus perticles, either fmmsture or
mtm. are seen in infucfea cells, Instead, an abnormal feature con-
sisting of very meuny smeoth grey masses surrounded by a mesbrane which
often bears spikes is seen., Sequential studies have shown that this
feature appears early after infection. B

It is posaible that this membrane, vhich sometimes appears smooth
and sometimes bears spikes, ¢ould represient an sbnormal assembly of
virus membranes, Whereas the virus meubranes are mormally formed as
snal) units suitable for individual m teoataly the membranes
could be missssenbled, at high temperatures, into much larger units
forming bigarre shapes. It is interssting that this membrane encloses
cleay aress similar to the clear areas of viroplasme
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3.4  General Conclusions

‘Cytochemical aéudies uf‘varioh-‘sin:ecfed celis incubated abdvé tﬁe v
permissive temperature indicated that DNA synthesis was aseverely suppressed,
that nueleoid de#elapm_ht was arrested, but that the synthesis of some
form of virus-siructural protein was possible under these conditions.

_ Resnit:s obtained from the electron microscopical examination of
cells infected and incubated in the same way are in general agreement
with these conclusions., Both typical virus particles and nucleocid-like
elements were absent in variola«infected cells incubated at 40® ¢, but
& menbrane, m:!.bly representing an abnormal and misassembled virus
menmbrans, was formed. However, the situation wonld appear to be more
complex than was found to be the case with Herpes virus (Stevens, 1966)
and with Tebacco Nosaie virus (Lebewrier and Hirth, 1966).

m sipnificance of the ‘:s.na:m,ga from thé slectron mieroscopical
studies of viriola-infected cells at 40° C is not yeb olearly
understood, and the problem swaits a more exhaustive investigatiom.



CHAPTER IV

The Effest of the temperature of Incubation on the Formatien of Vaﬂ.ah
Virus Soluble Antigens in Tisave Culture

The effect of the ineubation tewperature o the formation of
firee virus-specific produsts, DA inslustons, virus sntiees, snd
haemaggiutinin, has been reported in Chapter III. The weridine orsuge
ataining $echnique, with and vithout stcompanying haemadsorption, and
 the r:l.unmunoni antibedy sandwich technique wers wsed to deteot ﬂm '
sntigens 18 situ in infected tells.

| Gf these wigm. §t is possible to nssay total virus antigen ,
by complement fixation tests and to anslyse antigen diffustng as
napﬁran baada by means of ismunodiffusion. It is also possible %o
assay hasmagglutintn (HA) by haswagglutination tests,

The complement fization and haesegglutination tests were applied
to the éellular and supernatent frsctions of infected oultures panpled

100

during the course of singlestep growth oycles of variola virus at various

iemra%u%a of dncubation. The sntigen content of Harvey~ atid Butlepe
infected husen skin/muscle fitroblast sultures indubated ot 37°, 38.5°
and 35.5° C for 3 days was investigated by immmodiffusion.

The major complement fixing (CF) antigen is probably 'L3¢ antigen
a8 desciibed by Craigle and Wishart (1936) for vaseinie virus., This
antigen is a protein sntigen whivh is imcorporated into tha surfacs



structure of m vi.rua particle (mrqwdt, Ho].n, end weke. 1965). and
which is yroduced dvring the mfmtive cyele in excess cf tha mount
required for the producf:m ot mtura v:l.rue particlaa.

On standing, a mpension of elmntary 'bodies mdergoea
dissociation of the IS antigen tron;s.ts superficial position on the
virus particle,

Both goluble LS and LS bound to the wirion, and aiso virus NP
lmtigen are able to m complement.
| Bearing in mind that other antigems may be respcmaible for a
amall propmten of fmticn. the cosplement fixstion m{: was used
s an :i.ndieator systen fax- the presence of LS antigau in variola-
mrmaa tiam culturs harvests, -

In or&ar to uhblﬁh a) the time of appeme. b) the rate
of predueum, and 6) the final yield of eomplennt fixinig antigen
at miotw tanpamtma of :meubatiom four-hourly cellular and
aupemtant hawases taken durlng the course of single ‘eycles of
mgetion of Kmoy and Butler virus in human skin/mh ivroblasts
wex-a mayed for aonplemnt--ﬁxins utivity. The tematurea used
vere 35". 37°, 38°, and 39.5° C. for both virus strains. Harvey vas
slso grown at the additicmal temperature of ho° C.

(Materiale and Methods - See Appendix)
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Results: See Figs. 16 and 17

Almeat all the complement fixing (CF) motivity was cell-associated,
The small amount of CF antigen preaent in the supemtmt was mbabis
attributable to loss of cellular materiel folloving cell mecrosis,
Maximun supernatant titres were found at 37° C.

The time of appsarance, rate of production, and final concentraticn
of éF auﬁi?s‘éx’x in Harvey- and mi.r-mema cultm-ea at any one
temperatm was sot greatly different. |

The first increase in c? antigen ccctrred between 8 and 12 houts
et 35° and 37° C and slightly earlicr, between 4 and 8 hours, at
38° and 39.5° C. The meotimum yields of CF autigen were not altered
by raising the ingubation temperature from 35° to 38° ¢. At 39.5° ¢
. '.there wes a. lag 4n CF antigen mduution. greater in B'athr-inzecm

| cultwea than in Hmey-in!ected ctﬂ.lmas. and the maximum yields

were ulishtly reduced. A !urther delay in the sppearance of antigen -
and & matar empprmun of the umd.mn yi&!.d was noted in Barny-
&nfemd cultres at &G° C.

Discusston

Since CF antigen was not significantly suppressed above
temperatures at which NP snd HA antigens are formed, this is evidente
that these two lmtisw contribute very little to the C'F aativﬁ:y ot
infected cell suspensions. |
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Assuming that the CF activity largely represents LS antigen, the
results shw that tﬁe ﬁroduetim of at leaﬁz: one structural protein
is thermostable at temperatures sufficient to suppress DNA synthesis
and HA"producticn.

The results of the complement fixation tests are in sgreement with
the results from fluorescent antibody studies. -Both indicate that
antigen(s), which céannot be accounted for by NP and HA, are produced
at supracptimal temperatures. This is further evidente that the
synthesis of possibly a range of wirus antigens takes plape without
the participation of tiew virus DNA. Above the permissive temperaturs
for variola virus growth, virus structural proteins may be formed,
but the synthesis of functional DNA or its incorporstion into the
slements of the muslecdd of wirus particles is ywobably arrested.

Work dome by Rajioks, Siminovitoh, and Dales (1964), employing
metabolic inhibitors to iuterrupt the cyele of replication of
vacoinie (IHD steain) in Earlefs L gells at imown stages, has shown
that vaceinia protein is synthesised in the absence of the synthesis -
of virus DNA in the cytoplasm. SeFluorodeexyuridine (FUAR) treatment
of sells permitted normal penetration and release of naked DNA from
unsoated cores of vaccinia particles snd was also without effect on
the nusber of factories of viroplasm developing in the cytoplasm.
Howevery these factories were smaller than those developing under
nopmal conditions: Elettron micrographs of ,treae,ed,' infected cells
showed that those particles which had developed were ‘*lmmature! forms
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and devoid of nmucleoids. The particles were often misassembled, haﬁng
several membranes., Similar results were obiained by treating cells
vith Mitomyeln C (thought to depolymerdise DNA and so prevent its net
synthiesis)j '... protein synthesis esn emsue under conditione of
seveyely depressed DNA synthesis". Pseudorabies virus has been quoted
&8 an example of assembly of structural protein into capsids in the |
absence of the formation of DNA-containing cOi'eé (Reissig and Kaplan,
1962).,

Rosenlmmtz; Rose, Morgsn, and Heu (1966) have more recently
shown that appropriate concentrations of Mydroxyurea prevented
‘synthesis of vaccinia virus DNA, but not wirus protein: The snd produst
of rapliaatim under such conditions was &y *dmmature’ virus :particle
Mcking & mucleoid.

These observations and those of Becker and’ Joklik (1964) and
Saleman, Shatkin, aadSebz*:lag (1964) have been taken to "su‘in&idaﬁé |
that the rapiwafien of viral DNA is not required for its tmseﬂytion
lntd apecific mm and conseqmtly not required for the manufacture
of mtem" | |

Sﬁpporting evidente lLiss been tendered by Easterbrock (1963),
Shatkin (1963), and Loh and Payne (1965) who have used FUAR to show
‘that suppression of bloskage of the produstion of infective wirus does
not prevent protein synthesis and the development of immature virus
particles.
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The electron microscopy of variela-infected human skin/muscle
fivroblasts Wated sbave the permissive temperature has been |
discussed in chapter III. The yesults supported the 'spécmtim;ﬁm
virus DNA 48 not assembled into micleoids under these conditioms,
Hawirer.' "immature! ¥irus particles, as demonstrated in the netaboiié
Anhibitor-treated cell systems reviewed above, were mot seen in the .
| i'variu!.a-'hmn ambw system at 40° ¢;  An wbnormal pesbrazs
waming cm!; in MMad ¢ells above the yermisaive temperature
vais aawmtratea. This structure pay possibly :l.uemorate amigem
datected by nomplemt !:Ixatinn tuw.
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4.2  Diffust Diffusible Aﬁtig"eni '

Im&iﬂm&m is an essan‘biany qualitaﬁve aethod tcr af.naging
antigen and antibody mtem. The basie prine:lpla 11@3 s.n tho mtunl
ﬂ:t.fmtoﬁ of sntigens and antibodies from epposing wells in a Iagor |
of agaz' geld contaimd in a Petrd dish (Ouchﬁeﬂew. 1048) .

Homologous antigens and antibodies diffusing towards eech other
form lines of precipitation (line components) where they meet at
optimal concentrations: Wwhere several homologous components are
resent in an antigeﬁn/mtibcdy system, a series of line domponents
will forx botween the sntigen and antiserum wells. Each line of
precipitation securs at the point of optimal concentrations of the
antigen/antibody paiss involved.

Two or more entigenie mystems ean be Sompared by allowing
thelir components to diffuse through the agar gel from adjacent wells
tovards a common mntiserum. ILines of precipitation will form where
homologons antigens and antibodies in the systems under test meet.

If two or more adjacent antigenic aystems contain a ¢ommon
component, then the lines of precipitation so formed will meet and
fuse nt the point of intersestion. A "vemstion of {dentity" vommon
to these systems is thus produced. Where lines of yrecipitation
are formed which do mot have counterparts in adjacent systems, then
the line components cross,without fusion at the interseetion, all
other lines of precipitation and pass on independently through the



asu- gels Such lines of precipitation -are "peactions of nonuidenut‘f'
A nue of preaipitation. however, m be formed by a complex of
two or . more antisenic components d:u'ﬁuing together. The *LSY antigen
of pomimes wto be discussed later, is such a complex. If an adjneaut
antigon mten contains one, but not the full eomplmnﬁ of the
eompenents of the complex, then the line of mcipitaticn famd by the

antigenu eanpm and its homologous antibodies will be seen to diﬁ.de.

m ;part of the complex line nomnenﬁ will fuse with the line of
mcips.taﬁun !’med by the éommon antigen in the adjacent system,
thwaby ga.viag & “pesttion of partiel i‘.donttty“; the other part will
pa!m ‘- ;indépondénﬁiy. without fusion, as a line of non-identity,
The immmodiffusion technique 1ias been extensively used as a
q@tnﬁw mthnd Lor molving antigenic ¢ments formed dn
meaa tissues. Dusbell and Mizamuddin (1959) wsed
gel-d:trmsiou as & mtim medm !or the hboratury diumuia
a!’ nmllpom Rondle and Dumbell (1961) used imminodiffusion as @’
memh teo& !‘ar the' :mvesﬁgation of the soluble sntigens prodused
" in the emk mm mm:mum mesbrane and 4n the rabbit siin
by :lnt‘oeﬁm with oowpox virus snd its Swhite varientsts
| The immodiffusion technique s been app‘i:lad in this thesis
to Wts.sata possible qualitative differences in the diffusible
" antigens prodused during the infection of husen skin/musole £ibroblast
cultms at 379, 58-5 and 39.5° ¢ with the ‘Harvey strain of Vaﬂah
uajor and the Butler strein of variols mimor.
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Cellular and supernatant material was harvested from variola- |
: Meated tultures and goncentrated 70-fold by drying from the frozen
atate. The aonceumted samples, denoted H37, 338.5. 339,5. B37,. 338.5,
and B39.5; wore tea‘bed Lor dirfnaible untj.gen against a hypeﬁme
antivecointa rabbit antiaemm. . -
Iines of preeipﬁ.tatian were identi!ied by ccmparison with antigenic
immatim 3iving known line cmpeneats against ‘bhe antimcinin
prabbit antiserum, Crude preparations of miela soluble antigen,

119

extracted by centrifugation from infected ehick embrya cms diai.ntomted: ,

by shaking with glmas beads, give two linesn of preeipitatxm against
o mti?a@cinia.. rabbit antiserum, The move prominent of these two
lines 15 due ta the soluble 'LS! antigen. | '

= '28' ms.gen i an ant:lgenla complex containing a heat-»stabi«
_ aﬁtiaan gomponent 'S' and a heat-labile antigen somponent ,‘Ie,'_i In
heated mmmﬁm of crude ,Moxé soluble antigen, the aamm

- m LY to eoubim with antibodies to 'L' antigen in an Ammume aam

is loat; 'I‘hua* the single line of precipitation due ta the L3

complex in the urheatsd soluble mutigen preparation gives a reastics

of partial ddentity with the single line component given by heated

soluble sntigen when both are teste& against on antivaceinia sntiserus.
The line pattern given by cmcentrated mparaﬁm of vari.bb.

' soluble antigen derived from infeeted human skin/muscle fibroblests

was Gompared with the 1dne yatterns given by heated and unheated egg

preparations éf-;vaﬁdia soluble antigen.



(Materiels end Methods - See Appendix)

Results
1) See Plate 17

‘When tested against s hyperimmune antivascinia antiserum three
(37, H38.5, amt B37) of the six concentrated samples gave two lines
of precipitation, (1) and (2)s Each of the two line components was
common to these three samples. Samples B38.5, H39.5, and B39.5 did
not give lines of precipitation.

7 44) See Mate 18

. Idne aoﬂpment (1) given by H37, B37, and 358‘5 gave & yeaction
of M&aﬁﬁy wvith the single lisie component given by heated soluble
antigen, and therefore a reaction of partial fdentity with the major
line of prneiphaﬁm given by unhested variola soluble antigém

- Two: anugenw somponents detectable by immnodiffusion asadmt

on entivaccinia rabbit entiserum are formed in variclawinfected human

alin/mesele fibroblast eultures st 37° C.

Idne component (1) was identified with the line of. precipd.tatm |

given by the '5% component of the 'LSY antigen of cxude preparations
. of variela soluble antigen produced in egg and is therefore assumed
to represent a styructural protein formed by verdola wirus iu human
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fibroblasts., A line identifiable with the 'L' component of '13S' was
pot detected in these samples of variola-infected human fibroblssts.
Line component (2) was not identified. It was not present in heated
egg preparations of variola soluble antigen, but did mot represent
Lt antigen.

Both the antigenic components represented by the lines of
precipitation (1) and (2) were produged at 37° and 38.5° C in Harvey
infected cultwures, but only at 37° C in Butler-infected eultures.

In the prepavation of infected tissus culture material for
antigen amalysis, fibroblast monolayers were infected under conditions
allowing multiple cycles of infection. It has been shown (Chapter II |
and Chapter III~3.1) that the Harvey strain of variola major is able
to grow and spread vigorously through susceptible cell cultures at
both 37° and 38,5° C, whereas the Butler strain of variola minor is only
sble to grow aud spresd effectively at 37° Cy at 38.5° C Butler virus
spreads very slowly fyom original fooi of infection. Nelther Harvey
nor Butler viruses are able to spread through cell eultures at 39.5° C.
Hente, the detection of the two antigenic somponents (1) and (2) &n
samples H37, H38.5, and B37, but not in B38.5, H39.5, and B39.5
probably represented a quantitative differsnte in the amount of
antigen formed, rather than & qualitative differense stemming from
8 differente in the ability of the two strains of variola virus to
form antigena at the temperatures tested in cells whish had been
suscessfully infected.



Using the immunodiffusion technique on a microscals and employing
monospecific mntisers, Bedson and Crulekshank (unpublished results) have

demomstrated up to seven antigemic components which are yroduced in

variola~infected Hela cells at a range of temperatures from optimal to
supraoptimal, As the temperature of incubation is ralsed, there is ‘a_'
slight delsy in the production of the antigenic components. A{‘he‘..’ic,

which 45 above the pernmissive temperature for the Hinden strain of
varioln major used, the produdtion of one of the prominent antigenie

~ #omponents (the !L8' antigen) ia considerably delayed and reduced in

- quantity. . SN

- Ths Semunodiffusion tests reported here suggest that there is
& quantitstive, but not qualitative, difference in the diffusible

antigens prodused in variols aa;jéru‘- - and minopwinfected humen cells

- ak-a vange of temperatms_ from optimal to non-permisaive..

© The 'uwataggmh of the diffusible antigens produced during .

 single-atep grovth cycles of the two strains of varlola virus at

various terpemmes.‘ using antisera spscific for single antigenic

components, would possibly confirm this conslusion:
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b,3 The n;ew' glutindn

Variola wirus growing on the CAM of fertile eggs or in tiasue
tulture causes the formation of a phospholipoprotein complex
(haemagglutinin) which is not part of the viricn and which will
agglutinate the red blood aells of smome hens (haemagglutination).
Joklik (1966) has suggested that HA production is a virus-directed
cellular funstion. HA is both virus-specific and cell-specifics
it i mutranm by dmmne serum and yet ite physical characteristies
‘m ni.th the host ¢ell source.

McCarthy and Helbert (1960) found mo differences in the
haemagglutinine of alastrim and smallpox virus in inducing anti-HA
antibody in the human subject, or in the fauge of spesies of REC
agglutinated,

Marennikove, Gurvich, snd Yumesheva (1964) found that HA was
oither yresent in very low titres or absent from tissue culture
infected with varicls virus. Experiments to be reported here will
show that at optimal temperatures for infection the £itre of HA in
cultures infected with high doses of virus was such as would permit
gomparative studies under conditions of varied incubation temperstures.

It wes briefly veported in chapter III that, under conditions of
gingle-step growth oyeles, HA production was inereasingly suppressed
as the temperatures of incubation were raised. Ha production by -
Butler virus was more temperaturs<sensitive than that by Harvey wirus.



‘Thus. the thematabinty of the proem(eu) reanltiug m the m*oduct:t.m
of HA woum aeeu te be n strmln charaeteriatic.

In order to study the kineties of HA production at different
temperatiires of incubation, four-hourly cellular and supernatant samples
wepe taken during the cnﬁrse of single~step growth cycles of Barvey |
and Butler, Growth oyoles were conducted st 35°, 37°,38°, and 39.8° ¢
in human akin/muscle f£ibrodblasts for both Hurvey and Butler; and at
the additional temperature of 40° C for Harvey.

B‘mt” S” Fiﬂ’: 18 and 19:

Discussion

Since very 1ittle HA activity wus found in the aupemtes?.- the
" following discussion wm be donfined to that fownd in cellular
fragtions, |
The offect of the temperatire of incubation 6n the formaticn of
the HA antigen a5 detected by HA assay condivmed ene ﬂftuma betwecn
the two straims mentioned sbove. | - R
The highest titve of HA in Harvey~ and Butlereinfected cultuves
vas sttained at 35° C, being detectable after the 16th hour of
infection, The initial rate of HA produstion vas slightly slover
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in the case of Butler~infected cultures, but the peak titre occurrpd'

at the same time as, and was not different from, that of Harvey HA.

At 37° C Hayvey HA was detectable in irfected cultures from the

12th hour, earlier than at 35° C. Butler HA did not appear uniil
the 20th hour, later than Harvey HA at this temperature and later
than Butler HA at 35° C. By 36 hours the maximum titres had been
" veached &t 37° C and were S<fold lower than the meximum titres at
© 35° 0, being the sams for both atrains. .

2t 38° C the time of asppeaivance of Harvey HA was delayed as

compared with the time of appaaraﬁce at 37° Cy but the meximm titre

‘vemained the same s 8t 37° G, The appearande of Butler HA was
further delayed until after 28 hours; the maximum titre at 36 hours
wae 2.f01d less than the titre of Harvey HA at the ssme temperature.

The HA Sontent of the gell frastions of both strains of virus showed

a dedline after 36 howrs.

The d.iﬂ'et&me between Harvey snd Butler HA mamm waa even

greater at 39" C. - Harvey-infected oultures contained HA after the

20th Wour, the Pins) titve at 48 hours being the some as that at 38% ¢, -

‘Butler=infested cultures at this temparatwe contained Bo detectable
HA at sny tm.

" -A temperature of o® C congiderably suprressed the formation of

HA in Harvey-infected cultures as compared with the temperature of
30° Co ‘A low titre of HA was detectable by 48 howrss
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Thus, the time of onset of HA produetion, rate of production and
final yield of HA in Butler<infected cultures was much more sensitive
to suppression by vraised temperatures of mmﬁm than'gas that in
Harvey<infested cultures. Between 350~ 38.5° C, the maximum titres of
HA prodused by the two strains was not greatly different st amy one
temperature. The Qig‘ﬂ!.!iea.nt differences between the pfoduetion of HA
by Harvey and Butler lay in (a) the yield of HA et39.5° C, and (b) tho
time of onset of HA produstion at 37° and 38.5° C, "

The pattern of HA production veflected the general pattern of virus
grovth as reported in Chapter IT in that HA in Butler-infected sultures
wvas move sensitive o temperatures of 37° and 38.5° C than was that
in Harvey~infected cultures. |

It was interesting to find that HA was formed in Harvey-infected
sultures imsubated at 39° C. At this temperature, discrete DA inclusions
were formed (Chapter IIT), but no increase in infectivity was detestable,
Heside, HA was synthesised in the absemce of mature virts production.
It has been veported (Loh and Riges, 19615 Oda, 1963) that poxvirus
HA production 4s detectable only after yroduction of mature ﬁm has
vecurred. However, Bazby (1967) showed that virus produstion oan be
suppressed with or without an accompanying suppression in HA formationm.
Sebiroms uridine (BUAR) and ﬁmu-c suppresses virus synthesis
without a!fwtixig’ HA synthesisj FMR and hydroxyurea suppresses both
virus produstion and HA synthesis, |

The property of HA production has been used as & genetic marker in
analyses of the blologieal charscters of poxviruses and in genetis
studies (Fenner, 1958). 0Oda (1964) exploited the surface position




of HA in the genetic asalysis of the HA marker by combining the
teahniques of plaqua tomtien a.nd HAD. , L

A comparison of the mduction of HA by Harny and Butler viruses
" in Numen ekin/muscle #ibioblasts at & range of incubatien temperatures
‘suggests that HA produstion at & group of three temperatures, 37°,
38.5%, and 39.5° C, might prove £o be & ueeful genstic marker in
differentiating betveen snallpox and slsstrin strains of variola
virus in tissue cultwre. This possibility will be fnvestigated in
chapter Vs

121



CHAPTER V.

Cbservations on the production of haemagglutinin (HA) in human
skin/muscle fibroblast cultures infected with large doses of the Hméy
and Butler strains of variola virus at 37%, 38°, and 39.5° C indicated
that a differentiation between the two strains might be possible based
on the relative capacity fér HA production at these temperatures.

5.1 Some General Considerations

Before comparative experiments éould be performed, it was
necessary to investigate the following points:

a) The relationship between the HA particle and the phenomena of
haemadsorption (HAD) and haemagglutination (HA®).

Only a proportion of fowl have red blood cells (RBC) which are
agglutinable by poxvirus HA, Becawse inagglutinable fowl cells have
been said to haemadsorb to poxvirusinfected cell momolayers (Dekking,
personal comnmication); it was decided to teat the relationship
between HAD, HA®, snd the HA particle.

Variola~infected sell monolayers, potentially capable of giving
confluent HAD, were flooded with suspensions of Jmown agglutinable
and inagglutinable RBC 4n parallel and incubated at 37° C for 1 hours
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The infected monclayers flooded with agglutinable RBC vers found
to give confluent m, vhereas those monolayers incubated with
inagglutinable RBC showed that only ‘# ury small proportion of the
RBC had been adsorbed.

. These reenlta ind:l.eated that each !cvl. hu a certain :sroportim
of tagglutinable! ond ‘imagslutinablet cells in their populetion of
REC and thaﬁ this mpwtim var!.eu with individual birds. '.!!h!.z 16,“.
:18 conai.utent vith the fa.cf: that agg&ntiuable RBC n'on different birds
:givevaryinstitrea ufmmthammtema againat uaingla |
| sntigm. It 18 not hard to visuslize that hen the proportiam of
agzlutinabl.e cells :ln a am pormlatim is low, sny agglutination of
RBC would be obscured by insgglutineted cells and thus pass wndetected
3n o haemagglutination test. S |

whus. on the basis of these results it would seem that a claim
© that inagglutinsble REC hacmedsorb is unfounded. |
Othex vesults $o be veported in this chapter show that no
. haemagziutinating wt&ﬂty was found in the sbamende of HAD. Aceeptm
& tlmahold level tactw for the duteuuea of HAM , the convetse is

| Tt would ‘seem that HAD and HAR are “in situ’ mnd 'in wikvo!
'oxpwowim o!' a aingle Zactor HA.
b) The #omparatin merits of the avaihble methods for HA assay.

Assuming thet a superficisl HA is the acle agent responsidle
both for in vitre haemsgglutination and in situ haemadsorption, three



'mthods of may vm availa.biat
3.) m«:t may u! aui.tab:a dlsmpted cen sus:peuibna by w,
14) ddrect HAD of infested mnolayers,

141) assay of oxyhmemoglobin at U410 mu released from baemadsorbed
BBC, This 48 the quaaeitatiw haemdamtm (QH) method of
Mter (196‘0.

Each method has‘ ,_:Lta inheyent advantages and disadvantages;

| HAD was qualitatively the most semsitive sinke a small nusber of
single~inifected cells in & monolsyer showing HAD were easily detected.
Assay of thefm’tént’bt HAD was ldmited to description of the number and
§ éf: fosi of HAD in ysndom fields of wiew or to the semiconfluence
or confluense of HAD on the entire momolayer. No comparimon of the
quantity of HA produced was possibles

Parsllel HAD assays and HAD assessments showed that where many

small fool of HAD on & cell sheet were obvious, duplicate monolayers
diamptu& by sonioation gave negative resalts even for the undiluted
cell suspension in the HA may;

A compayison af direct HAD with the QH method revealed that the
difference in percentage transmission given by varying demes of. HAD
was less thap could be detaete& by inspection of HAD of molayerﬁ by
eye. Meomolayers with many isolated foosi of HAD gave percentage
transmissions ranging from 75-77 %, whereas monolayers of semiconfiuent
HAD gave transmissions up to 72 %. The difference between mo HAD
and severe foel of HAD wes cnly 1 %, less than the variation obtained
from indiwidusl wninfected tubes. | |
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“Application of the QH method in this instance was therefore
considered wnnecessarily lsborieus and of no sdvantage. |
 The main advantage of the HAD assey vas that sll FA produced was
harvested, whereas in methods involving HAD, no account ¢an be made ‘
for haemsdsorbing eells detached from the glass. The washing of the
gell sheet to remove unadsorbed REC necessary in both diyect HAD and
in the Qi method only increased these losses. |
 HAS was quantitative in spite of a fairly high threshold level
for detection of sstivity; HAD was very sensitive qualitatively.
It wes therefore decided that direct HAD at 24 hours end 48 hours
~ and HAR assey at 72 hours would be the most suitable ways of recording
HA activity of infected cell sheets for comparative pirposes.
The degree of hacmadsorption shown by infected monolayers wes
“scored in the following ways |

: ‘gonfluent HAD  §

. semloonfluent HAD &

: many morging fotd of HAD 3
smmuahm foci of HAD 2
seveyal single HADAng cells 1

g ne HAD 0

ﬁaet#gglumauon was scored as follows:

100 % HA® *
e om0 7
50% 50

X% n 25

troce " 3



¢) The dose-respomse relationship between yirus input snd the yleld of HA.
Before direct ébﬁxp&rison’?a‘ of the HA yields of infected cultures
could be made it was necessary to test the dependence of the !inal |
yield of HA upon the input multiplicity of wirus.
" Groups of confluent human skin/susele fibroblast monolayers in
tubes were inooulated with 5 i 107, 5 x 10°, 5 x 10°, 5 x 10", and
S x 10° pfu Harvey virus/tube and inoubated in triylieste at 37°,
3835" o and 39:5° C for 72 hours. The HA yield in each group of
cultures was assayed by the HAn test. The highest dilution of sonicated,
 harvested cell suspension giving 100 % HA was taken as the endpoint in
the titration, | - B
The results are expressed in figs 20. At each tomperatire, those
virus dnocula (5 x 107, 5 % 165, aud 5 x 10° pfu/tube) expected to
give muitiplicities greater than 1 resulted in a final yield of HA
Which Qi mot vary in spite of a hundred-fold renge in the virus dose.
 Below miltiplicities of 1 (inocula of 5 x 10* 4nd 5 x 10° pra/tibe), -
the finsl yield of HA varfed with the virus dosej iiicreasing proportions
. of susceptible cells failed to become infocted during the ahamtim
of virus as the virus dose was reducad» '
Thus, 88 lohg as each cell of & culﬁure is infected (and this
can be estsblished visually), accurate edjustment of the wirus dome
is not netessary for the comparison of HA production. A cell yroduces
the same quantity of HA whether infeoted by 1 or by 100 vivus particles.
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d) Aggregation of the HA particle _ _

The a1l in titre shown by suspensions of HA on storage, particularly
in the frogen state, has been shown to be due to an aggregation of HA
particles into yolymer complexes (Neff, Avkermamm, and Prestom, 1965).

In experiments to be described, samples thawed in Pesdiness for
HA assay were exposed to 15-30 smeconds of ultrasonie vibeation at 80 ko/a.
The Hi titres were restored to the original lowel after this troatment .
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5.2 Production of HA in Verious Cell Types

Table 2 shows the production of HA by Harvey and Butler in
human skin/muscle fibroblasts at 37°, 38.5%, and 39.5° C as detected
by HAD snd HAR tests.

Stretn -fl‘.'wcanw- BAD (48 hrs) B (72 hre)
_ § : IR /2 4/ 1/8 1716 1/%2 1/64

Harvey 37° 5 5 O S
38.5° b 5 b 4+ ¢ + &« « -
R0 DL N S LR S A

Butler 37° 4 - 3 5 + 8 ¢ r e =

580§° D | & O - e
_»L | o | o - e o e -
HA produstion by Harvey and Butler in human skin/muscle fibroblasts

The difference between the two strains lies in the extent of HAD
at 37° C and 38,5 C at 2% hours, and in the extent of HAD st 38.5°
and 39.5° C at 48 hours.

Although this difference is relative and not abtsoluta, the difference
in performanée over the group of throe temperatures is quite marked,
Butler appears o show no HAD at 39.5” C, but it is known (ohapter III)
that a very small ywoportion of single gells do de&elop HAf the few
positive cells were probsbly uanoticeable in a confluent sell sheet.



The possibility that other sources of tissus may support a greater
_ dirferema in HA preduction at a vange of tauporaturen than was !‘ound
in human sld.n/m!e ﬁbmbm vas next comsidered.

The :ollcwing mc:les ot strains nad ‘.u.aea of eells were screeneds

1) ﬂmauan hument
Matmzm.m, 7 S
eontinm une: Chang con;jwtiva (Chang, 195k)
2) Aﬂan - m!
m:aary straini ¢h$.¢k embryo fibroblasts

3) Raptnm - tuptles
o aouunums linez ma-ﬁ ﬂmmutn (G‘J.nrk aud Knm, ‘!965)

Results « See Table 3

Cell Styain | Vieus/Temp. HAD | HAD HAR ('72hm) |
S %) (2hhrs) | (48 nrs)|. 1 1 1 1 1
o RS RN L 2 - TR - 52
Auness Awnion | Hervey 37 5 5 + + 25 0 w» =
38,5 3 5 4+ ¢+ t &« - =

t - 39.5 2 5 t » = & =

Butler 37 2 5 |+ + B % -
395 _ _0 ; 3 e .-
Human lung “Haxwvey 37 & s PRI YT T T
38.5 b b |+ 4+ 3 + + +
39.5 L | b e + 475 & -
Butler 37 L 5 + 0+ ¢+ F o+
38.5 2 2 £ o »w - a -
39'5 0 0 - e W e - -
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Discussion

From Table 3 it can be seen that Harvey and Butler produced HA
with varying degrees of efficiency in the several eell types at the
range of temperatures tested. |

ce:u.s of rabbit orig:tu. primary :bahbit kidney and centmom
J.:l.ve rebbit sorta, were also wsed. Since variols virus grew poor:ly
in these tissues, experiments in HA production were not very mcushl.
Prinary rabbit kidney and rabbit acrta cells vero not readily available
in the laboratory and attempts to adapt Haxvey amd Butler to rebbit
| tissue were therefore sbandoned.

Tt vas found that the higher titres of HA were regularly obtained
in !mmn foetal iung oulivres, Whereas Harvey prodused good titres
‘of HA at a1l temperatures in this cell strain even at 39.5° C, Butler
mama 14ttle HA at 38.5° and 39.5° C.

- As !mman foetal lung cells supported a greater overall difram-_
Ain t:ho abmty ut Harvey and Butler to produee HA at 3'7°. 38.5 nmd .
 39.5° G, this strain of humen eells was éonsidered to be potentinny
mem in tha dﬂfmmaﬁon between variola mjar and minor straina
with respeak to HA formatiom.



- ” mm ﬁ%ﬁ%‘%

In order to establish whether the moted difference between the

" ability of the Harvey strain of variola major and the Butler strain
 of variola minor to produce HA at 377 38.5%, and 39.5° C was

| ghavasteristic of sajor and minor strains in genmersl, a nusber of
 streins isolated from cases of epidemic and endemic vardiols and kmown
%o be elinioally major or minor were also teswdfor HA st a range of
tevporaturesn.

Several East African variola strains isolated from smallpex
cses in Kenya and Tanganyika were also included in the tests. The
East African strains which had been imolated from mild cases of
smallpox Had been found by Bedson, Dumbell, and Thomas (1963) to be
mintermediate" between trus variola major and miner in two laboratory
tests, Thess strains, in general, behave more like variola major in
| the pock-reduction ﬁeat. but more like alastrim in the chick-smbryo
wirulence test.

| Ttamm:a and Methods - See Appendix)
Results
a) Sereeming in human skin/muscle fibroblast cultures (Figs. 21, 22, 23)

In spite of some internal variation, even among strains isolated
from a single outbreak ('Campbell' and *MeGinty®' from the Glasgow
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smallpox epidemicy laidlaw and Herne, 4950), variola major strains
' from Europe and Asis, and variels minor steains from Burope and
South Amerdes Fell imto two broad groups sccording. to the yleld of
HA produced at a yange of temperatures. ,

Variola major strains gave a good titre of HA at 38.5" C and
often gave astivity at 39.5% 40° ¢, whersss variola miner strains
* produced very littls or no deteotable HA at 38.5° C and none at

39.5° C. Smallpox strains from Africa, both from Kenya and Tanganyika,

membled the varinh major at.m frm Mpe and Asta. Variola
mm' a'bx'a:!.nl i’m Smxth America Memblad those trm Europe with -
| ﬁha meptian of s&min 'Bmﬁ.l-?* which kehaved mors m-.e a m»m.a
' mjeu- mm in HA prodmtim.

hu upper temperature of 40° ¢ vas mazatms.ugwetm
‘ﬂr&m. M :lt pmved to be slightly too hish fw detwtabla HA
produatim even by mi&la m;]ar stra:!.u m; results obtained
vhen strains were tested st 39.5% C as the hdghest to-peratum
_nemd to inmmtu that more HA m demtaua at thiu temmtm‘
‘ A temperntm of 39 5° c m thorafcm mre Mtable ‘than ko" ¢ in
‘ thia tect m m mtimly mo& vhan straiu wers umcned 1:: hmn
mng mcuresa

b) Screening in humsn ltng Sultures (Figs. 2k} 25a,b§ 26)
 When variola istrains were tested for HA production at a range
of incubation temperatures in human lung cultures, the majority of
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uawmmammagmmz :mto two hrudgrcmpa '

~ Most of the umatmmoaumh. ora!mtu mh,
aAat38.§°caaat;7°c auaam:.:airxygoodwm at 39.5° ¢,
© Alastrim strains ganorally only produccd datectabla at 37° C.
 Exceptions were the 'Higgina® and Noon® atram or variola -aaar
and the Plﬂsg«' ‘and 'Brml-»?' atraim of nhatri.ﬂ between uhi&h
there was no aign&tiaant difference in this ssries of tests.
' The results ehowed that humen lung cultures were not aimnmezy
m asmt:hve to differences in HA production of variola major and
- mlnow sﬁraius at the threa temperatures than were humen aldn/muscle
#{broblast eulturess

The African M:raimg when tested in hman hmg cultures. ahowed
a emplete vange of responses of HA production o te@eratms of
37°, 38.5%, and 39.5° ¢ fron &e!initela‘ variola mjmlike to
detinitely variola inopelike,

Both the 'l'angeayikan end Kenyan groups of variols atraina were
pmad in renking order.

Thrce subgroups were created. The first subgroup .Qd;itaihed
those strains behaving 1ike variola major, shoving ﬁi»ﬁamm
~at all three tmperatmaa The sacond aabgrwp cen!:aim& the
intemdiate strains vhich shoved HA produstion at 37° and 38.5° ¢,
but not at :59.5 Co The thm! aubmup sontained those atra.int -
behaving ik vartola minor, showing HA production st 37° ¢ only.
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The members of each subgroup were then ranked weighting a high
~ titre, vhere appucable, of HA at 39.5° C, then at 58.5 C, and then
at 37° C as 1at, m, and %ed chamtem mspmm:y.
The mk:&ng orders with respect to the HA teat of the m graupa
_ of African strains thus cbtained are shown in 'rable b

TABLE b

HA test at 379 38~5. 39,5‘011 Radnction 4n Pock titre

1:: Tumen ltmx

£ 38,3° ¢
(10: titra[35°}~1oz um

Strain Va?.u_e

Enbrye Virulente
D" Valm

Steain Vulué

ewmhw@

* vethirs.

(@ { Mm#“ﬂgﬁﬁmert;;' B

..“(’%“'m’“’&)ﬁ' *5'.5, o

O3k
| o6
Com
|oesr
;v:0062,,’:'. .
| o

Stk

‘Njotho

‘Kibet

. L “‘.“;v‘!.‘ ' ,l . ’ '\"v' : e ‘4 ‘
i

5.6

' 36.5

| Beteta,otuor 6.6
;ﬂi‘f‘.’?mp?m i o

Var.tola Hm

t'dmtm

T swmert) s

T et 65
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TABLE 4 cont'd |
HA test at 372 36 5@ 39‘501 Rndnnt::n in gock titre Ehb’:'y;. ‘g%rﬂmt
(i human lung) (oc) (Log ,“”53553.1,,, titre Dy, Value
,, | 00 I
_st;-a;n‘ | | strein | Value Strain Value
Variola Major (in general)  <0.5 | (general) 4.5-5.5
 Tangenytion Yariela
6/63 263 0. 12/61 5.9
s2/62 | avee | o 6/63 6.0
L) {17/61 1 6/63 0.7 22/62. 64
2/62 12/61 0.8 8/61  6.7,7.0
861 | 8/8 1.0 160 7.4
® 260 32/62 1.3 32762 8.3,8.6
1/61 | e 1.8 |
- Varlola Miner = - (in general) | 2.0 (g_enerai), 6.5 s

The ranking orders of Emst African variela strains (from variola majorlike’
to variola minor-like) with respect to the HA test, the pock-reduction :
teat, and the ohiek-«nbryc virulence test.

Of the K&W straing, 'Semat?, 'Ko‘nco' and 'Njami' behaved
a8 vardoln mscr. and at the other end of the mcale "Mery', *Njotho',
and ‘Kones! behaved as alastrim. The Tanganylkan strains '2/63' and
16/63 were like varicla major, wheress strains '8/61, ¥12/61%, and
+1/61 behaved as varicla minow. Every variation of renction osourred



betwean the Tangamm and Kenyan a‘brains at cpposins ends o! the
rankins arder of atm u:!,th res;peat te the HA taat. |
. Dumbell, Bedson, sud Thomas (1963) and Dusbell and Bedson
(unpublished reaults) have tested wagy of theae atraﬁ.na ror their
behayiour in the pock-reduction test and in the chickuoa’bm virn‘lenee
tasty Their resnltn are alsc listed in Table &, The African strains
can be seen to be either intermediste or like variola major with
respect to the poskereduction test and either i#temdiata qwi m&
 wvardola minor with reapect to the ohick-eubryo virulence test.
Tospection of Table & shows -fghnt, from the :feaulta available,
' mo yegular correlation exists between the raniing orders of the
African strains in the HA' test ena pock-reduction test nor between
the remidng orders in the HA test and the ehick-embryo wirulence
test. For mph. strain '1/61' is definitely like variols minos
in *bha HA and chick v:.mhnee teats, but is deﬁnitely like variola
major in the pock-reduction test. On the other hand, 'Sika' and
“ v2/63 resenbles mic&a major in all three testag‘ and ‘Bedeta’ aud
“*Oduor whiah are :f,.nt‘emmte dn the HA £e3t are like vartola major
in the pock-reduction test and like alastrim in the chick virulence
tests I | |
‘ Althoush Bedam and Dumben (1961) demonstmtea a pesitiva
correllation batwaen the mns m-dex- o!' pmiwau ws.th mpe«t
to wirulence and ceiling tenperaturea u determined in the ¢h1¢k
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enbryo, they later s_howad by hy‘b_ridiution experiments (Bedson and

Dumbell, 196ha,b) that virulence for the chick embrye sand ceiling

" tenperature in the ehick embryo were independent properties.
e behaviour of varicla strains, as illustrated by the Africen

‘straine in human lung cultures, with respect to the HA test would

also seem to be an independent property since no correlation was

found with peeviously determined values foi thess strains for shick

» #iyulence and for sensitivity to temperature of growth on the chick

. CAM . | :

It is diffieylt to imagine that the production of HA is in any

woy a virulente factor, wnless sn ability €o produce HA in human cells

at high temperatures of incubation refleots a temacity of virus-directed

 functions in the febrile human host. |

Discussion
| The wasibmﬁy of a laboratory differentiation of strains of
' yariola major and varicla winer on the basis of HA production at
37°, 38.5°, and 39.5° C 4in human cells of foetal sikin/muscle and
1ung origin has been investigated, o
 Vapiola major steains generslly prodused detectable HA st
37, 38,5, and 39.5° C, vherens variola minor strains generelly
produced HA detecteble st 37° C but not at 38,5° and 39.5° C.
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 Although major and minor strains fall into two broad groups,
group yardation ummim to n#ke the classification of a sd.ngln
variola stralw tested alonme muable, unless the strain in question
gives & resction which is very definitely characteristic of a major
or minor strain. '

Uhere individusl African strains have been tested on two occassicns
in humen lung c¢ultures in the HA test, the vesults obtained each time
were constant for each styain. The HA test would therefore seem to
be another useful mirker in the bBlologicel characterisation of the
Afriesn strains in laboratory studies.



5.4 The Dependente of the Yield of HA on Growth Media Facters

During the cowvse of experiments concerning the production of
HA by variola wirus, it became incressingly clear that the nutritional
composition of the culture medium wsed during infection was importent
in detormining the final yield of HA from infected cells. |

A attempt to stabilize the rapid full in pi of culture medis
during infe¢tion of ¢ell monolayers had involved the use of & Zwitterion
buffer known to be very effective in maintaining a p of 7.4 mnder
such conditions. The buffer, N-2 Hydroxyethylpiperagine-N'.2 Ethane
Sulphonte Ac1a” (REPES) mubstitutes for the normal NaHOO.~3% GO,wiu-sdr
* puffering system used rontinely in tissue culture media. HEPES is
neither taken up by the cell nor metabolised. (Good et al., 1966)

When used &s & culture medium during EA experiments, HEPES-buffered
Eagles Basal Medium (EAG BM) (Bagles, 1955a,b) was found to cause an
almost complete suppression of HA production as deteoted by HAD at
24 howrs and HAR at 72 hours.’ S

' In order to further investigate the produstion of HA under various
types of media, parallel cultures of humer akiu/meld cells ware
infected with a high doge of Harvey and Butler ¥iruses and ineubated
at 37° C under eulture media routinely used in tissus culture.

148

The effect on HA produstion of Parkers Medium 199 (Morgan et a1.,1950) |

pKa » 7,5) obtained from "Calibicohem", Los Angeles, Califormia, U.S.A.
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which had been previously used to maintain an uninfected uéno_lay‘e‘r‘or
human £ibroblasts and which was deficient in some of its constituent
compounds was alsc tested (Table 5)

TABLE 5

Meddum g%nicmﬁa; | Vim'_ (24“,‘;‘23; N g ‘72 m)

nsfa
g

5
+
o+
39 o]
o

- digest ﬁlﬁ‘ X 0,088 | Barvey | 5 o

R
+

lhw digaet S Bukter

wo\n
.

¢

'

'

'

+*
* LT
+ :
t
)

M99 . | 0,088 Hm&? S
| Butler| &

P
EEIE
i
7
'
'
"

§ gt
§
3
: ]
3

e k-

EAG MEM - | o.088 | Hervey P A O S S
= PO

BT - S
»

, Moiﬂ@nmﬁnedtotheupperen&ormﬂwerinm

The effect of various culture medim on HA producticn i.n Harvay and
Bntlmihfected human f£ibroblasts at 370 C. - o



It was found that HA production was most efficient under agles
Minima) Essential Medium (m HEM)} (Eagles, 1959); slightly more HA
vas produced in Butler-infosted cultures than in Harvey-infected
cultures. Frevious use o: 199 oreated a medium vhich was pnor in
sapporting HA ymaucti.on.

As thare are only minor diffmncaa :l.n the #omeutratiou of
aonatituent compormds at.EAG BM aml EAG MEM, it was unlikely that the
conposition of EAG BM was yesponsible for the suppression of HA |
production rather than the presence of the gompound HEPES,

- Omitting liver digest witeafiltrate from medium 199 veduced the
yield of HA of Butler virus siightly.

Subsequent experiments showed that the suppression of HA produbtion
wnder HEPES-buffered EAG BH could be reversed by the addition of extra
bloarbonate (HCUZ) to the medium. Extra HCO] also increased the yield
of HA under medium 199 and EAG MEM. (Table 6)

TABLE &

Meatum|  EX | virw | D e (72 o)
: HCO | (24 brs) 1 4 1
] > ., : N3G B
199 | 0176 Harvey b5 + 4+ + 4 o+ 25
i Butler | '3 + % + + + 50

0.088" Harvey b5 + H + + B -

: . Butler 3 + + + + 4+ 50

cont'd next page
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TABLE 6 cont'd
- BOT | e | HD | EES (72 hre)
Moddwm | gmy? | AWl hwee)| g 1111 1
' _ 2% 8 T8
| o.178 Hmay 5 ++ 4+ 4 D -
B yis | Butler 3 ++ ++ 5 =
| oowt | mewwr |5 Jeeem - o
. | Butler 3 LA IR T -
| osgs | Hervey 5 Pr R e
HEPES- | PR mutler | 3 |44 4 e o -
. m 4 E > e ow e w

“Standard Bicarbenste Comcentration
The effect of the concentration of HCO, in culture media on HA production
in Barvey- aod Butler-infected humen fibroblasts at 37° ¢t

Stuce the concentration of HCO; contained in HEPES EAG BM was
slightly greater than that contaiied in both the EAG MEM and in 199
baed medin ariginally used in HA experiments (0.11 g % and 0.088 g %,
mpeetin‘.*r). 1% was not a deficiensy of Hcc:v3 in the med:lw whieh
was cnmina suppression of HA production under HEPI'S EAG BM.

It 4s possible that, slthough HEPES eamnot be taken up by the
eeil, 4t can exert an effect from without tipon the metabolism of the
‘eell. The fast that the additicn of extra HCO; to HEPES EAG BM
reversed the suppression of HA may indicate that HEPES per se can

'blwk the availsbility to the cell of H<.'$(I):5 in & utilizeble form.
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CHAPTER VI

A Survey of the Aetivity of Several Biologiesl Compounds as Stimulaters
of Variola HA Production in Human Skin/Museéle Fibreblasts at 37° ¢

It was yeported in Chapter V that the eoncentration of bicarbonate
(HCO3) available to infected sells was an important factor in |
haemsgglutinin (HA) production. Addition of extrs mo; to media
reversed the suppressive effect of Eagles Dasa) Medium (EAG BM) buffered
with the Zwitterion HEPES and improved HA yields under Esgles Minimsl
Essentdal Mediwm (EAG MEM) end 199-based wedium. This fact was studied

(Materinls and Methods « See Appendis)

Although the pH of media was wnavoidably altered by addition of
different bicarbonste consentrations (WO;]). serutiny of Table 7
shows that HA production was not directly related to the pH of the
modium. Media of the mame 3R have supported differsnt extents of
HAD and HA titres. _

A exsess of 0,022 g % of HCO} largely reversed the suppression
of HA in HEPES EAG BM; but the yield of HA did not inérease signifisantly



153

between the minimum and maximuws concentrations of extra HCO, added.
Thi.u range, from 0,022 - . 0,088 g ¥ vespestively, elicits a gradod
mmeinﬂhprod&timanWQuedimandinmm. _ 7

Itvmfmdthatinﬁ?nedﬁmtha!&pmﬁmtimhymhrm
‘Wedtaamtwemteut‘atmmco‘;j than that by Harvey. This
situation was reversed, however, in EAG MEM.
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. TABLE 7 cont'd

1

1

1. HCO; m  HA (72 hrs)
€ [Gow)n3dd &3

Vi

0,00 - |
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$

5
o b

+ + + 50 -
+ 4+ + +»50

-~

E
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a0 |

702 6.9
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7.0] 6.
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+ e
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Hosley and Enders (1962) investigating the dependence of the
growth of viwlant &nd attemted m‘:mim of pnnc m um avadlable
Hco:,, mﬁmmm&wucmeomwmiumy
ldauwceucﬂtmainthewmwmo ofﬂ(x} . (meau

somposition wes appendix.) _ |

Infected monolayers were incubated in tm-buﬂmd 199 Pree of
mog in ﬂﬁéttamglusgﬁ tubes (CP) or 4n tm»htfend 199 mmm
HCO; 4a serew-sapped tubes (SC). |

The mothod of Mosley snd Enders was adopted in the investigation
of an sbsclute roguirvement for Hco; in variola m‘m"odw:ma Haﬂe's»‘
and Butler~infosted human fibroblast monolayors were insubated in
tris-buffered 199 with m"s (50) and without me {CP). In the latter
sultures, CO, produced during cell metsbolisa was free to diffuse
avey from the mediun, 1In order to soe vhat effect respiration-produced
50, fixed s HOOy may have on HA producticn, CP cultures were also
ingubated with rubber busgs (CP/RB)j escape of CO, was therefere
prevented, |

The pesults, tabulated in Teble 8, indicated that HCOY da
essential for HA produstion. CO, formed during cell metabolism and
fixed as n%co's in the pedium is aufmient for mose yestoration |
oﬂ.’ m 2mtm'



© PABLE 8

HOOY |ygpy | EAD | Imtétal | b s

| g% | | (Ghwey| @ | WM

8 1 02 dpupres | 2 | 70 | 69
o m‘ |mavey | 0 | 72 | 70
| | eutter | 0 I B R
0,03 |Hawwey | 3 | - %2 | 7
frow  lmaprer | 0 | 72 | 69
Sﬁz LT :

o

ffm of the. wmsmr and sbsente of HCOY - on tke mmtm ot
Ww aud Butiez‘ in m mmbwts {noud

6.2 Tho Influense of Culture Nedia Gans‘ﬁtm nte o HA mmm |

Maammwmhlm&obeﬁmmtbﬁtwmmpm‘

HA praducﬁiﬂn in Malaai.nfeﬁted cultw than 199%86 mm |
. A:.t!wv@z mm's 199 med:lm cmtainu a Gomp‘lete a-ange of m
apidey ﬁtmmu and growth factors, the cemcautmt&m of eertain of
the mential uemmm of the less con:srehemm range present in
mm&ainemm of that in 199,
| Thus it 18 not the abamourkeyumpmmdsﬁoaﬂ%mdiu
vhich makes 3£ a poorer madium with respest to HA production, but
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presussbly the lover €omcentration of suoh compounds.

Tsble 9 lists those compounds sommon to 199, EAG MEM, ana EAG BM
with the approwiate emcentmtim in n;/nm of medivm,

Both EAG MEM and BM are motsbly richer 4n gr'owth factors then is
' 199, Eagles medium also Gontains six times the ‘aéﬁc:onfration of
Slutomine and approximately twice the uoncentratim of the Inamm
nuida, arginine and histidine, than does 199,

199 (o)

TABLE 9

mm(«/ﬁ

 EAG BM (mg/1)

Folis sedd
‘mwm

70
me | 30
60
20

p
20

| s0

_‘ 6,01
| o5

B

FB
(L)

(on)

on)

(o)

126.2
24
252
38.3
52.4
52,4 .
CPBA
%9
33
k7.6
0.2

46,8

Y O P R

362

EXEE ARS8 4

[ CJE QS

105  ¥B

202

aon’h'd next poage

1

7
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) TABLE 9 cont'd o
cmm 199 (w/l)\ EAG MEM (mg/1) EAG BM (mg/1)
Nicotinie acid 0.025 — 1
Nicotinemide 0.025 1 r—
Pyridexs)°HCL | 0,025 1 1
Rivetiavia 0.01 0.1 0.1
Thiamin *H1 0.01 1 1
Glueose 1000 | 1000 aooo

Cmuntmtm im ng/1itre medium ot econstituents sommen to 199, EAG MEM
and EAG BM media. ‘

To establish which broad group of compounds was responsible for
the tenriehment’ of Eaglag modiws, medium 199 gontaining a low
congentration of aco; (0,022 g %) was supplemented with the follewing
stock solutionst

stock solution (1)3 Leamine acids in mg/litre

Arginine (105% Leusine (52) Prenylalanine (sa) '
(24) Ispleucine (52) Threonine (48) Valine (46)
Lysine (58) - Methionine (15) Teyptorhan (10) '

Btock solution (2)1 Le-swino scids in wg/litre
Tyvosine (36) Cystine (24)

stoek solution (3): B vitamins in mg/litre

Cholivie Chloride (1) Pantothenie avid (1) Ribvoflawin (0.1)
Niootinie asid (1) Pyridoxal (1) Thiamine (1)
Inositol (2)
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stosk solution (h):  Folic aeid (1 ng/litre)

| stock selution (8)3 | ammne (0¢292 c/ntra)

The basie medium 199 + 0.022 g % KOO} scild be expected to
support a sinimvm smount of HA produstion, Addition of stock solution
supplements st approximately the coneentration present 1:1 g mm
should elieit an enhanced HA produstion in that group of in!'ected
 éultures indubated with the medium containing the relevant auppa.mnt(a).
Tt was found that 199 supplemented with stoek solution (1) was
slone sble to restare to some extemt the produstion of HA in Harveye
and Butler-infected gultures. Harvey-infected cultures gave a gream-
rnspcm in HA produutim to the addition of extra smino acids than
‘ !ﬂ.&! Butlerainfeated #uitma. Extra growth factors and gl\ttaninc

“ were without effect.

Pyridoxal (vitamin Bs) has been implicated as & compound cnpah‘u
of forming a Peversible eanp*le:: with amino acids :in mw to aaam ,
‘the transfer of amino acids meross the cell wall agedust & concentration
gradient.

Mﬂwﬂﬂl the B ﬁﬁm group &s & ﬁhoh hnd been tmmd tﬁ 'be
M!fwﬁ.ﬂ in enhaneing HA production, it ﬁaﬁ possible that nediua
supplemented with both pyridoxal and amino acids might be m sffective
than medius supplemented with amino acids alon, This was mot found
o be the oase and 4t was soneluded that cue o more amlno acids per 8¢
sccount for the ‘enrichment! facter in EAG MEM,
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6.3 Replacement of ___ga_gw___ Amino Acids

Since the leamino acid concentration of cultm media had some
'éffec‘t ois the yield of HA in m{ect.aa cultures, it was me@mag
to ascertain whether ons or move aﬁtw aam cauld replace nco;
necenssry for HA production. = -

HEPES EAG BM was supplemented with the L-amino scids listed
in Table 10 at their concentrations in EAG MRM. Infected cultures
vere incubated under these media for 24 hours at 37 C and tested
foy HAE (’rahle 10)s | '

E’ABI;E 19

Mua o nmmm(z#m) mmwsmtatem>

mzsmm

mssmm«m.esszg% 3003

\srwﬁa‘

¢ Iethreomine 243
+ levaline 1
sldstidtne 1

0000 s auN O

. V+L¢phw1a1am }‘ 4] |
Mc!maanriuedtoupwmumhyerintnbu

Effect of 8/a Supplemented HEPES EAG BM on HA production in Kmey«- nd
Butler-infectod human ﬁm»m incubated at 37° € Im‘ 2‘! W& L
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It was found that L-'m«a was an efficient veplacement for _
HCOY « lysine and threonine were less effective in that order, and histidine,
valine, wethionine, snd phenylalanine were without effect, The extent
of the reversal of HA suppression was always greater in Hervey-infeoted
eultures than in Butler-infected cultures.

| Thus, pf’ the two amino sedds present 4n a greater ¢oncentration
dn EAG MEM than in wedium 199, only areiniue was effective in replacing
BGOZ’ in eulture media in this instapce.

Suppleuantaticn of HEPES EAG BM uth 0,088 g % moB or with the
molay equi'taienk of arginine showed that arginine was only slightly
less efficient in veversing the suppression of HA farmation found in
unsupplemented HEFES EAG BM (Table 11).

TABLE 11

T veddum | rh:tm nc03 added | Bxtra »m.! “Em (72 e
- ] e w1142

| 0-083¢% | meme s fs? ++ & -

nouie 1005 wit B .4.4’4. b - e

The wlat;!m otﬂ&iemy of HCO ama W& m mtoﬂng HA productim
in ﬁmmy- nfected sells ineubsted with HEPES EAG BM at 37° Cs



.rgi-?s.h Replacement of Bicarbowe by Nucleis & and Related Compounds -

Chaug (1959) showed that HCQE, depletion of nutrient media
suppressed the growth of Coxsackie B1 wirus, polioc viyus, and vaccinia
virus in human conjunctiva and Hele cells, RNA (ysasteextracted),
enzymaticaliy-degraded ENA, and its nuslectides and muclecsides vers
a1 found to yeverse the effects of this depletion & Ewmé‘- neither
the purine and pyrimidine bases constituting RNA nor DNA and its
‘derivatives wore affective in this way.

It was proposed that the yole cfzxcog in this instanee was as |
a precursor of RNA. Depletion of HCOy would result in a disturbance
of cellular RNA metabolism which would gause an :lntcrmptim' of the
synthesis of new protein in the cell. Hemce, HOO depieum sould
lead to a suppression of virus protein synthesis :ln infested cells,

To test the paaamwy that HCO; depletion wes causing repurmmu
on muoledo acid metabolism connected mh variola HA production, .
tris-buffered 199 containing 0,022 ¢ ¥ HCO; was supplesented with
aalt tkym DNA and mthtmted RNA at a eoncentration of

1.23 Pg/n!. mediva, o

. Sinoe Chang found that mm and mmiam bases an such could

‘mwaplm RNA $n this case, it is possible that therc is a pres
requiaﬁa tw ghonﬁwylated Mna and pyriﬂdm hauea or for the
maawe nf. D»ﬁbm. Therefore, tris-buffered 199 vas. a’.’ua suppiemted
© with ATP (1 g/ul) as au example of a phosphorylated base, snd with
Durlbmo (5 mg/nl). | | |
' It was found that DNA, RNA, ATP, and ribese were unable to reverse
the suppression of HA produstiom in the system tested hers.



6.5 Replacement of Arginmime by its Possible Blomynthetie Precursors

Since the Leamino scid arginine has so far besn found to be the
moat effective compound in replasing Hco; for the reversal ét HA
suppression under HEPES EAG BM, yossible precuraors of arginine (see
ﬂg«. 27) ware tested as rveplacements for arginine itself.

Supplementation of HEPES EAG BM with 3 s arginine had deen found
to be nearly as effective as 0,088 g % aco; in supplementing HEPES
EAG BM without significantly raising the pH. ,

For this reason, l-aspurtie asid, citrulline, and carbamyl
phosphate at 3 mM were used to supplement HEPES EAG BM and were
sompared with the activity of 3 mM arginine. The three precutsor
sompouwnids were also tested in combinations (Teble 12).

- TABLE 12
o “ Harvey __ Butler
+ argintae (50 4 34
HEFES EAG + leaspaptic acid (M) [A] 2 1
BX 4 citrulline (3mM) [C] 0 1
a-#a:"bwl phosphate (M) | O [
. fc/P] ,
+38MA+C 1 o
+3mMA S C/P 0 L0
+ 3 A+C4+C/P 0‘ o
naaddits.m 1 0

k
Band cr EAD mmﬂned 40 upper end o.".’ melayer in tubh

The effect of yrecursor compounds in vestoring HA production in HEPES
EAG BM in Harvey- and Butler-infected human fibroblasts incubated for
24 hours at 37° ¢,

=]

1)
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CYTIDINE < WURIDINE ,<___UR!DINE
TRIPHOSPHATE TRIPHOSPHATE MONOPHOSPNATE

ATP
NH; co,

DNA RNA CARBAMYL ASPARTATE /

ASPARTATE ‘ CARBAMYL PHOSPHATE

\

ARQINO SUCCINATE

FUMARATE

CITRULLINE ARGININE
A\
HISTONES
ORNITHINE
GLYCOCYAMINE
FIG. 27 l
A METABoLIC TABLE RELATING CREATINE

ARGININE WITH PoSSIBLE BIOSYNTHETIC
PRECURSORS AND PROBUCTS.

GREATINE PHOSPHATE
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From the table it can be seen that aspartic acid (énotherj Teanino
acid) can replace arginine to some degree. Citrulline and carbamyl .
phosphate, alone or in combination with aspartic seid, had little
effect in this series of experiments. Nothing was lmown, however, .
about the efficiency of uptake by the cells of these compounds from
the meddum, It may be that wery little citrulline and/er carbamyl .
hosphate was taken up by the cells and that lack of reversal of HA
suppression reflected this possibility rather than a lack of activity
as arginine precursors in this system. An sltermative possibility
was that arginine in wirue«synthetic pathways is synthesised via a
different Toute.,



6.6 Replacement of Arginine by Possible Blosynthetic Produsts
a) Creatine and Mphneraatiua

Cyeatine snd ita phosphorylated form phosphodreatine are found
in high soncentrations in muscle tissue. Creatine phosphate is the
phosphogen or storage form of phosphate amsociated with high-emergy
bonding in vertebrates. During the astive contraction of muscles
the phoephooreatine 4evel fulls snd the compound is pesynthesised when
the muscle 1s at rest. The specific function of phosphocreatine in
mussle gells 18 to re-phosphorylate ADP €6 ATP in the reaction

Phosphocreatine + ADP ATP 4 Creatine

which is mediated by the ensyse ATR-creatime transphosphorylas
Arginine 1s involved in the cellular synthesis of drveatines

 (frou protetns) (fron arginins)

el mens RS S o,

o CH,,CO0H

e e (ereatine)

P



If the srginine roquirement for phosphocreatine produstion in the

skin/susole fibro‘bmst ean is 1ncreaaed during the variola m

infection, then in suyplyﬁ.ug the end produst 1t should be pmm.

to restore mxmmed HA in the absence of additional armixm
HEPES EAG EM was supplemented with oreatine and mpmmutm
(‘.t‘abh 13) a'l: a cmontratien of 1 s,

. mBIE3
Meddum Supplej prlement ' &% e EAD _
_ ;-t—arsinm Bt 3
HEPES EAG *matm 1 2
BM + ereating.P 2 :
o mmadditim_ | 1 o

B&n& of HAD ‘confined o upper ‘end of mlayet in tube,

Effect on HA production in Harveye and Butler-infected human fibroblasts

of arginim md mmtmu produsts creatine and rhocphmtm

'X'tw :mum show mt aeithai* mwn m phéuphour?eathe were
,Wzy nrﬂ.cim in rettm HA mtmg thwaz an in the sase

- 4 the m&mm dizcussed in the Mm ae&tina, nothizxg was

knm abuut the uptake of thwg eompounda into tha host um. .

b) nutm (cxm W&tﬁm sms e:my. pbls 0. 2, 1966)
o mm.a are mteixm found in elme mmatim w:tth mcleice
acids dn the ¢ell and which contain an unusually high rreportion of

167



the basie smine w&da. Mtﬁmtion smaiea have auggum that
L !siatums are a group of & uuma nuu‘her of mjow protsm with

possibly a muber of minor fractioms'. A ‘.lqsiwr!.ch and argin:lna- :
rich Mstone fraction have been deseribed in the above work where
sevaral mndamantal funotions for histones have also 'been mggested.

During the cel&mr syntheals of both argin!.ne*rﬂh and lysinee
rich histones, the pool of Arginine and lysine 4n the cell must be
particulerly heavily drawn upon. Indeed, Pleg snd Esgle (1958) found
arginine and Jysine to be intorporated into cellular proteins to a
sk higher proportion than were other amino atids end that only treace
quantities of these two amino acids were detectsble in the amino asid
pool of several types of humen ¢ells, The reserve of the free arginine
sould be depleted in 24 hours 47 not mpleniahad;

 Bearing in mind thet orginine amd, to & altgxti;y lesger mant.
lysine have already been implisated as mmm fastors at least for
vivus HA m&mtﬁm in infected ceiia. the poasibmty thut arsinm-
and lysine-pich histones were involved in the fate of these twe amino
acids waa investigateds Arginine~rich, lysine-rich, and erule
nistones ware fested as replacements for extra n‘cos and arginine
in !av«ow-ing an enhansement of HA production.

HEPES EAG BM was anpplemted with orude histone (type II) amd
with pmma armm»rs.ch {type IV) and minmh (type 1II)
mm feactions at concentrations of 4, 0.1, and 0,01 ug/ui medivie,

. R

*Obtatned from Sigma
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Wwéinf&teﬁ cultures of human fi\;roblas;ts were incubated at 37° ¢ ‘
under these medin and tested for HAD at 2k hours (Table Wy
Medtws | Supplememts | HAD (2 hva)

sy | wositive controls: + 0.088 g %

| HCOL |

+10.5aM | &
arginina

w.stom ameanmtim
) ﬂg/nl 0.1 n.g/ma. 0.01

HEPES EAG | "‘*“* ¢argme-mhh1am 3 5 U
,+zaasm~mumm 1 & | %5
cmde msme o 1 5 1&-5 _ 2

i

The effeot ez rgininewrs 'h. mm-mh, and orude histonss on HA SRS
wuction in nwy«a.nzmea husan akin/mls cam mmam at 37“ Co

The multﬁ ahcwed that ez‘g:h:ina%#h hutm tmn efﬁd‘nﬁ in
apmm m:o and argin:&na as x-eqmmnta for HA prodmf::lcn. lysine«
rich Mntom wag less efxeeﬁve. cmxe wtm was anghﬁly move
atfaetive thaa Z(wine mtma Bt a 6oneenmﬁm cf 'l nx/mi. mhably
due to its ﬁemtent of the argin.inenrieh !!*aetimu ’ ’

The poanﬁm» that the histones tmse being used as sources
of arg:w.na and lysine rather than as substitutes Yo these compounds
was not :lnmtigated‘u
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However, the HA produced by histome stimlation was different
to that stimilsted by arglniney the HA very rapidly sutoagelubinated
sihen stored in suspenaion and aausmi a vety coma acglntinatim of
ehiak red blood gellss These characteriatics are Like those shown
by vacstnia HA prodused in calf isoue (Rondle, umpublished results),
ﬁalt tissue HA in g high«titred suspension autoagglnﬁ.uates in |
6—-‘? hmmi on standing #a give a suapenaim of little haemlutinatm
aéﬁﬁty, and also sauses eoarse sgglutination. The histones used
to stimidate HA production by variola wirus in human cells had been
weymd from calf thymus extracts (obtained from Sigma, Iondom).
s:tme the physical properties of cals thymis histmeuutmlnted
HA differed in at lenst two ways from m‘sinine-aﬁmﬂated HA, and
sinee these two characteristies are also typical of HA produced Sn
oalf tissue, this is strong ovidense that histone is vsed ss swbh in
eabming HA prndwtxou and not as a sourca of its coumonent aming
apids. |



6.7 4 Gemeral Discussion of Results desorited in Sections §.1-6.6

‘The investigatdons reported in this chapter were ot designed to
” alfi) o -dataiied study of the nutritional. and bic;sﬁthgtié»!‘equitm
. of variola-dnfected gells in the prcdnction of HAs But, hawving ngted
© that the donstituent status of nutrient culture medin 4id seem %o bc
- dmportent in determining the development of HA 4n infected cultures,
the oxperiments donducted were more in the nature of a preliminery
“suryey of the ai.tuaﬁion, and of the several poséibla apj:moachas whieh
might be made in investigating it ‘for those avenues whiﬁh promise
worthwhile explorations | | | |

Ia riejaling with the response of the virus-cell interaction to
variations in the constituents of culture medis, HA production was
uged as en indication, rather than as an actual measwrement in terms
of wirus growth, of the suscess of the virus replicatory cyele wnder
such conditions. |

Parallel HA assays and infoctivity titres were uot routinely
carried out, but where they were there wos evidence that a suppression
of the infectivity yield atcompenied suprpression of HA produetion.
Table 15 lists two examplen.

It was therefore likely that Hi suprression under media
defisient in various veapeats veflected a suppression of the virus
~ growth cycle as a wholes

171
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. MBIE 5
' St | Infectivit HAD
Medium Supplement Virus Ttttre 7 (2b hours)
I - . (72 hra-pt/el)
199 0.176 g % BCO; | Harvey 5 x 10° 45
0.088 # v " 1.6 x 105 45
0,022 n n " 8 x 10* 1
0,176 g ¥ HCO; | Butler | 9.9 x 10° 3ok
0022 " ® n 1.3 x 10* o
HEPES 1 ng/ml wg-htstl.» Harvey 6 x 10 5
- 001 %mt. " <5 'wa 1

m;ggfm of varium eultm uédia m: Xg;’god stion “;.!%%

Experiments concerning the variation n [HCO5] of media wers

. interpreted with some reservations . In varying the :aco; of

culture media, unavoidable changes in pH cecurred and it was difficult

' to aissociate mtmz;y those effects due to variation of the {300;]

and those due to pH differenses. Adjustment of the pH of medis only

introdused the possibility of other inherent alterations, the extent

~ of which would be wnknows and vhich may even be on the [HCOZ] itself.
The supplementing of media with gmino ascids and other biologically

active mpom may also have effested a mutritfonsl or metabolie

 exporimental cell sultures. Since nothing was iaown ebout the
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efficiency with vhich compounds used as supplements wers taken up
- dnto the ¢ells, worksble concentrations of these compounds Were
chosen on various arbitwm bans: o

‘However, in spite of proviscs, the mzcaﬁm axe that Hcog ,
dcyhtim ﬁ.tul:t is fmdaﬂantai in :I.ta effmtsg aad ‘that arginine
and aubaequenﬂ.y the metaholiw and éellular Mtim o hiatcnc are
probably effected by this facter.

There is much doctmented ewidence ooncerning the depsndence of
virus growth in hoat cem upon the mma ot' uertain aaim acids
in the culture medium,

Rous, Bonifes, and smmsor (1963) showed that arginine was
mnmmwmtrwwmwzmhmmaem; |
in the yresence of wginine. virus grwth oonld take plana 1a eells
mutnimd in a balenced salt-solution with glusoss and glntme
&5 the sole sources of earm, nitrogen, and energy. '

Taskeraley (1963) tested the dependence of herpes ai.uplex
virnas (HSV) growth in human cells upon amino acids. Elemaaina ,
' acids were required for optimel growth and the x-eqmaent ror arginine
was absolutej wirus yroduction and CFE did not ocour under wsini.nm-
defisient media, Tankersley likemed the suspension of HSV growth in
arginins«deprived cells to the wirua~cell relationship :ln latent
infections., |

Inglis (1966) investigated the smino ac¢id requirements for ifhe
growth of ESV, wyaccinia, and coxsackie B, in Byy gells, peying
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particulsr attention to the possible nutritional control of latency
of infection. The HSV/RK.‘} system required both arginine and histidine
for the mﬁdﬂﬂﬁm of infectious virus, but histiﬂino-demient Bedia
permitted the dewmﬂt of a CPE and presumadbly sn incomplete
grovth cyole: Thus, arginine was aghin found to be an absolute
requirement for both the initiation of CPE and virus production.
A vageinia/BK,, systen shoved no absolute requirement for arginine.

Ia the absence of arginine and xys:l.ue.virns progeny was yrodused even
though in & greatly reduced yield. The arginine snd lysine requirements
fo¥ the GW&O%; system were intersediate between thcé‘e ot

tﬁe HSV/RK13 system and the mmﬁ system:
" Ina ompia‘kels unrelated system, Charles and Broadbent (1964)
| showed that CO, mutants of Bewrospors which were unable to utilise
coa in certain synthetie pathways were unsble to do so becouse of
- disturbauces on loci controlling sarbamyl phosphate metabolism. The
_growth of mutants could be stimulated by the addition of ¢itrulline,
aspartate, arginine, uwridine, or adenine depending upon the mutant
concerned. This indfeated that CO,, was gonverted into garbasyl
shosphate f& use in two pathways, one for the synthesis of pyrimidines
and ome for arginine synthesis, two carbamyl phosphate-synthesis
~ engymes being involved. _ ,

An inter-reaction between HCO; metsbolism and arginine synthesis,

and o deperidence of virus synthetic pethways upon arginine and lysine
have also been indicated dn fhe‘stndy of the effects of supplementing
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eulture media with mpeet to the onhancemnt of HA wodueticm m
mx-ao and more baaic apprmh wnuid be to study the camity :tor »
virus mwt:h s.n tem of virus production under conditions of arginine
and lysine daplatiam Such & study is merited. If; would be _Q.ntamating
in th:us connection to esteblish how far histone can substitute for
‘arginine or lyuim when these gompounds are ebsent from, rather than
their being uwed to enrich, the culture media. Ancther rewarding

: imatisation ‘wcnid‘,‘be to track the fate of 330; in _in!eaﬁed_ gells

by mesns of c"‘amam bicarbonate in radicactive tracer experiments.

- This is the only way in whigh tjhe. sequente '

nca; oy BYEATANG ey Bl at oMY

can ba aonﬁrmd o dietpmed. 'mm fate of lyaine in infected ceiis
eou!.d afuxe be established in tracer experiments.

It would have 'bm interaating to 2ind that the uuem-aupply:l.ns
mm ;m mcle t:iasue was invoived :l.n the fate of argiainu in the
infoeted ¢en‘ Om of the cmaal i.’eatms af aml:lpez in men is
the mcle !‘atigna an& canagsa seen during the ‘early mtages uf the
diamm Alastrim m'odueaa thia effect to a much 3.wse:- extent than
dopa Mq}.& y&:jor. A qmtitative difference in tha arginine
requiremt for ét‘eatine synthesis in Harvey- and Buﬂez*—infocted
cells woum hava w great signiﬂoma. | | .

~ Even so, » lack of poaitiw eﬂdence for phoammaatim

:Lma:lnmt does not necessarily rule aut thw poseibilitys the mm
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 may have been tested in the wrong vay. If arginine is required in

 large aounts for a pertioular pathusy in virus eynthesis, end histons
prodwetioh my be mm aiwh a pathway‘.v then in infected ‘cells the
arginm mlly required !‘or ‘yhosphoereatine production would be
| ":'f redirected for another purpose. Atcording to the degree of avidity

- of the virus synthetis pethivey for argluine, or to the greater demand
for this p@aemur multing from more extensive 'dms growthg nore
- 1emx argin&!xe 'm:ld be made wnavailsble for emversicn into -
mlmcfaawm" A m. weakly cmpetﬁive vith the normal cen
. requirement for arsinim or which can enly undergo u.ms.tea mwth
:h! the host, wuld thax‘efate baw lm effect on the normal !hnéﬁming
of the mussle them a wirus stramslr conpetitive for arginine or
| vhieh 48 groving extensively in the host. Supplying the end product
of phosphocrentine vould elieve the need of phosphocreatine in
mscle colls but would in wo way satisfy the requivemeat ‘!’oi arginine
in the dap&iwd virus-specifie veaction(a). Supplementing media
wieh ph«yhmmatha a3 a replacement for arginine may mt be mcted
to revorse HA supyreasion.
variﬂh 'mja? could then, by éreating a greater metaboliec imbalance
in the host, cause more seriously detrimental sffests than eould
Avginine~involvement and lysine-involvement in virus-specific

hiﬁfme Mthesia mld We some interesting possibilities, One of
the functions proposed for histones is to protect transcribed sRNA




from the action of cellular nusleases, (Busch,and Bemner, 1966)
‘Those RNA<ases goded for in the early stages of the virus oycle
and which sre not vsed in the expression of their coded function until
Aater stages of the eyele would be pa;r\sicul'arly vuluerable to damage
by ENA-use but for the protective astiwity of associated histone.
 Tn cells depFived of availeble bicarbonate, arginine in the
intragellular pool and in the culture medium would be mpid!;y exhausted
in blusyntheses, This ¢ould result in & deFiciency of arginine for
the production of mew virus-coded histome; virus mRNAs may thus be
laeking in the normal complement of mmtixe histone. Professor
K. R. Dusbell has suggested that mRNAs governing the expression of
the property of HA mduction, being inadequately 'mﬁected and being
used late in the virus cyele, could be lost s a pesult of nuclease

activity. Mo I-IA could be WWedo Even if the wRNA wm tmlr Blighﬂa'

damaged, the toded message might still be unintellipgibles Supplying
& histone of extra-viral origin may serve to stebilize expaued mmm
but mey do 8o in such & way 88 to slightly alter the coded messagee
A HA of rather different phyaical properties ceu:m result,

Etpeﬁmtal resuita obteined do not connict with euch en arsmentt

Many apeculatim e.m be made coucemius the etiect upm tha

Host cell and aubaaquently upen the i.utaet crsaniam oi‘ the reqmﬁim

for virus mthets.e pathwaye of pa-ecmor matex-iala also essential
to the normal :hmetiming of the hoatu
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Several promising aspeeta'of this question have been reviewed
* here and are hdicgtﬂo of a wide scope for future research into
tlip preblem of how the symptoms of smallpox ufegtim of man might
be caused.
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CHAPTER VIX
Geners). Conclusions

The fonmihg conclusions have been reached as a result of the
experimmtal work reported in the text of this thesis:

1) Both the Harvey strain of varicls major and the Butler strain of
variola minor are able to grow in human skin/muscle enltures at
35°, 37°, and 38° C, but not at 39° C.

2) The optimal temperatura for growth and release of mature virus in
- sultures of human skin/muscle ﬁ%obiaueu is 35° C for the Butler
 strain of variola minor, and 37° C for the Harvey strain of variola
major,

3) The release of mature virus from the host sell is more efficient in
Hapvey-infected cultures; in Butler-infected cultures the formation
of Mtraaenular virus and partidularly the relemse of extracellulas
virus 18 sensitive to temperatures of 57" C amd 38° Ce

i) Between 35° and 38° C there is little differemce in the net yields
of iInfectious vivus from single ¢ycles of infection of Harvey and
- Butler virus in humen skin/muscle culturss at eny one temperature
of incnbatim. Initi.al delays in the formation and release of
Butler virus meke & difference between the growth of Harvey end
_Butler in these uem apparent aueing mltipie cycles of infection.

5) Both Harvey and ﬂutier viruses cause a CPE in oena af lmm sku/mah
fibroblast enltvres ot 35°- P c mcmm ‘infested with virus
during the absorptian period at 25° C, Hemece, virus causes CPE in
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the obaence of the production of mature infectious progeny.

6) Small doses of Harvey virus ésuse a spreading CPE in monolayers
of human skin/muscle fibroblasts at 37° and 38.8° C, but not at
39.5° C. Small doses of Butler virus cause & spreading CPE at
37° Cy but foci remain confined and non-necyotic at 38,5° C5 no
CPE 4s indused at 39.57 C. The difference in the vigorousness of
growth can be attributed to differences in efficiency of releaae of
 wirus by the two strains at these tomperatures.

7) Increase in the temperature c:'l’ incubation of variola-infected humen
akin/muscle fibroblasts reduces:
a) the number of dells in a culture in which virus LNA inclusions
developy and in vhich HAD developsj '
b) the number of wirus DNA inclusions per ¢ellj and
- ¢} the mumber of c¢ells in which DNA inclusions 'mature' and become
diffused in the cell cytoplzem.

8) Variola-infected humsn sldn/muscle fibroblasts showing the same
advanced degree of inolusion formation may or mey not have prodused
HA.

9) Onse virus DNA inclusions are established within an infected ¢ell,

each inclusion develops independentlys the inclusions dn a aingle
eell may be seem to be at various atages of development.

40) The development of DNA incluaions and HA 4n ¢eils in Butler-infeckd
‘human skin/mscle cultures is more temperabure sensitive than that
in ¢ells in Haney-—iufacted cultures of the same cella. '

11) The diftereme between the yroportim of Harvey- and Buler-infected
¢ells which contain few imclusions per cell and in which ¥irus DNA
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inclusion materiel has become diffuse s grester in chick esbyyo fibroblast
eultures at 37° and 38,5° C than in human fibroblast cultures at the

same temporatures. The difference in inclusion development seen in

Baryey- and Butler-infected chick embryo cells suggests cne ieason for

the daifference in pook mductim of the CAM of tho chick emhryo at

38.5 c betwoen the two strains,

12) Treatment of Harvey-infected busan slin/muscle cells with 107> ¥
‘hydroxyurea reduces the mumber of virus DHA inclusions devalo;;ina
in $nfective cells, reduces the number of cells in whieh DNA inclusion
makerinl has become diffusie, but does not Pedute the number of cells
capable of developitig DNA inelusions in s culture. This concentration
~of hydrexyures reduses variola virus production to 1/10 and HA
production to -3 of that in untreated contrel cultures.

13) Two temperature-induced blocks in virus DNA synthesis ave predisted.
an 'esrly® bloek prevents the onset or a vefy early stoge im DNA
production, thus blocking the "initiation" of fastories of viru

" synthesisj a ‘late! block inhibits the orgusisation of DNA inte
,manlmas and thus blocks virus maturation.

11;) Virus antigens are formed in wariola-infected human skin/muscle
fibroblast cells at temperatures ranging from 35°- 41° C. Antigen
detocted by complement fixation tests and by fluorescent antibody

studies develops in the sbmence of detectable DNA synthesis. It
is therefore possible that wirus-specific proteins can be synthesised
4n the sheence of new virus DNA synthesls, ‘

15) An area, wnstained by the A0 stain, lying lateral to and displacing
tho wucleus in variola-infected human cells contains a site of
variols virus synthesis as shown by FA studied, This area becomes



retir:ﬁ;ate concommittantly with the merging of virus DNA dnelusiomsy
both progesses preceed the spreading of flusrescence from these sites
and from & perinuclesr ares to involve the cytoplasm in general,

1) F}.masuént antibody studies have shown that virus antigen develops
in variola«infected human skin/muscle fibroblast cells st temperatures
&t which the NP and HA antigens do not develop. Thus, the CPE
seen at temperstures in vhich mature virus is not produced is caused
by an incomplete, or sbortive, virus growth cycle.

17) Infection with variola virus of skin/msele fibroblasts at non-
permissive temperatures for wirus growth results in the absence
of matwre or immture virus particless Ileciron microscopy bas
revealed a system of grey masses reminiscent of’ #iroplasm surrounded
by a sembrans which sometimes shows a epiked surface. The menmbrasies
may possibly represent a grotesquely misassembled virus membrame.

 18) There is ldtile difference in the productiom of complement fixing
antigen in Harvey- and Butler-infected human skin/muscle Fibroblasts
incubated at 35°- 39.5° ¢, although thero is an imdt{al delay in
‘that produced at 39.5° C by both strains. The complement Fixing
- antigen produced in Hervey virus at 40% C 48 suppressed campared
vith that at the lower temperatures of inéubations

19) Twoe aiutigenie cowponents are formed in Harvey-infected human
| skin/muscle fibroblast cultures incubated at 37° and 38.5° C and

in Butler-infested oultures incubated at 37° C which are detectable'
&s lines of precipitation by gel-diffusion against a hypeiimmune
antivmcinia antiserum, Thes compontents were not detected in km;y-—
infected cultures at 39.5° C and in Butler-infected cultures at

- 38.5° and 39.5° € 1n thie series of experiments. One line cnmmt
was ident.if:.ed with the t3¢ componant of variola LS unt:lgen. ‘

""""
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20) Haywey and Butler viruses differ signiﬁeantly with respect to

a) time of onset of HA production at 39° and 38.5 C, und

b) the yield of HA at 39.5° ¢ ‘ , ;
in human skin/muscle fibroblast cultures, The onset of HA |
production during aihg1e~step growth cycles of Butler wirus is
increasingly delayed at 37° and 38° €, very 1ittle HA being
produced at 39.5° C. The onset of HA production during single-
step growth cycles of Harvey wirus is not so sarkedly affected .
at these temperatures, and an appreeisble yield of HA is attained
at 39,5°C. Therefore, HA production at 37°, 38.5°, snd 39.5° ¢ is
considered to be a possible marker for the biologlcal charscterisation
of variola ¥irus strains.

- 21) Heemagglutination and haemadsorption are in yitro and in situ
manifestations of a single factor, haemsgglutinin, The inapglutinmble
tella of & populatim ct fowl Ped blood tells were not Yoind to
h&mﬁﬁﬂ!‘h. k

22) Where the infective miltiplicity is greater than ome, the yield
of HA obtained in variola«infected human skin/muscle fibroblast
cultures is independent of the multiplisity of infeution.

23) Harvey and Butler virus, tested for production of HA in humen
skin/muscle fibroblasts, humen amnion, humen lung, humsn conjunctiva,
turtle fibroblasts ThIB,-75, and chick embryo fibroblasts, produced
HA most efficiently in human lung cultures. The Harvey strain
produced HA at 37°, 38.5° and usually at 39.5° C whereas the Butler
strain produced HA at 37° C only. |

24) Variola major and mincr strains tested for HA produstion at 36°- ho® ¢
in human skin/muscle fibroblast eultures and at 37°, 38.5°, and
39»5" C in humen lung cultures formed two broad groups consistent
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with the elinical classification of the .straiixaa African variola

strains tested for HA production at 37°, 38,5%, and 39.5° ¢ 4n

. buman lung cultures fell into three main groups, those resembling
variola major, those like variola mivor, and thome which gave am

- intermediate response.

25) The ranking order of African variola strains with vespect to HA
production in human lung cultures at 377 38,5%, and 39.5° C was
not eorrelated with thelr ranking orders with respect to the poek

_peduction test and the chicl embryo wirulence tests of Bedson,
Dumbell, and Thomas (1963) and of Dumbell and Bedson (unpublished
results) .

26) At optimal temperatures of incubatiom, the yleld of HA prodused in

. yariola wviruseinfected human skin/muscle cells depends on the ' ;
availability of bicarbonate to the infected cells Varded concentraﬁm "
of bicarbonate in the eulture medium used during infection elicit
a graded responme with respect to the yield of HA produced.

27) learginine snd orginine-rich histone; and to a lesser extent
espartate, I-lysine, and lysine-rich histone can replace bicarbonate
in reversing a mediwn-imposed suppression of HA production in ‘
varicla~infected lumey slin/muscle fibroblast oultures.:

28) A possible fundamental synthetie pathway in variola-infected cells,
gqc; sty pPEANENG wemewy argindnie<trich histones, has been cuggeated.

29) Calf thymus histone-stimilated HA resembles vaceinia HA produced
in palf tissue in at least two ways: both types of HA rapidly
. avtoagglutinste on standing, and both cause a coarseagglutinatien
of sensitive fowl red blood cells, !



30) e funetion of histone Per se to bicarbonate-starved variolainfeoted
eells is thought to be the replssement of that: ‘histona, not

synthesised in such cells due to a lsck of precursor materisl,
vhich i essentizl for the protection of 'long-term' mRNAs fyom =
the deleterious effects of cellular nmucleames. The transiation
of WRNA coded for HA may be prevented in bicerbonate-starved, and
therefore histone-lacking, variola-infected cells, It is possibie
that the addition of histone from an extornal source stabilises
the WRNA but with a slight alteration, according to the cheracteristic
of the histene tised, to the doded message

Im :mpuéatiuﬂa of these tind!.ngs have been discussed !’ully‘iu
the Felevant sections of the texts

In mmsim‘ the finding that the virus-directed functions of
the Butler strain of variola minor are appreciably more thermosensitive
than are those of the Harvey strain of varicla major is consistent
with the fact that the optismm tempersture for wirus growth and
release in human siin/muscle fibroblasts was found £o be 35° C for
the Butler strain and 37° ¢ for the Harvey strain of variola virus.

The abi!ity of virus of the Harvey atrain to initiate ramnt
:uzfecti.m in human eells in vitro through prompt release of mature.
virus, coupled with an abflity to spiemd wvigorously even at 38;5 Cy
is mely to favour an overwhelming and penetmﬁns Mectian in ¥ivo
as is seen 1n olassical smallpox in unn. Bras (1952) reported the
results of 177 post mortem examinations on patients who had died from
smallpox i Djakerta in 1949, Gross lesions of the micosa of the
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respdratory and digestive tragts, liver, kidneys, testicles, and
1ymph mdea. in aadition to those of tho skin, were uouenly found .
on tha other hand. the slovw release of mttn'e xmsenr virua and &
marked sensitivity to temperatuves much in extess of 35° C of ¥irus of
mmtieratrainmwinginﬂmmmnnemmﬂdbe likely to |
restrict virus growth in wivo to the cooler, dermal regions of the
body, and to result in a more slowly spreading infection easily controlled
or eborted by the natural defence mechanisms of the host. Such 18
seen in alostrim in man, Ribas (1911), Jorge (1924), and de Jong (1956)
- haVe agroed on the benign and superfioisl nature of alastrim. Patients
are only hdaﬁately 311 and rareiy deivelop somplications or maem'
of internal disordes indicating thut the internal organs are not
neriausiy involved, if at all, |
Studies on the rolé of biologleal compounds .‘m Mpumting varioh
ﬁm mwth in human uus in v:u:ro have auggeatcd that prmmbr |
materials necessary for the normal functioning of the hoat ¢ells are
requi»iﬁmaa for virus aynthetm pathways. s.'mae 3.1: seens :mcely
that there is a requirement !or eellular arginine for the synthesﬁ.a of
hiatons essent:lai Zor the ata’bimation of vim-coded nmm. then a
m. mgmy coqpetitﬂe tor macnrsw material or wh.teh :I.s grow:!.ng
leu vill be aﬂd for the precursor az'gim.ne, and as a reanlt,
will mtheaiae adequate mtecti.en Loy aRNA !rom the actian o:(’

cenulm- nuoleasas‘
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It is possible that mRNA so stabiliised will confer on the
virus a higher optimum tempsrature for growth than will the mRNAs
i“a“ those viruses iass avid for the precursor material neceasary for
‘Matone synthosts, |

It this is so0, there is an interplay between the nutritional
requirements of & wirus during infection with the thermostsbility of
the virus-dirested functions and, consequently, with the efficiensy
of the growth of & virus in its host.
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Note 1% Viruses

1. Virus Strains

The following invaluable and comprehensive range of variola
strains was kindly supplied by Professor K. R. Dumbells

a) Vardola Majer:  Harvey, Hinden (Middlesex, 1946)

MeGinty, Campbell (Glasgow, 71950)
Tevel, King (Merseyaida, 1958)
Noon, Young  (Yorkshive, 1952)

miggins - (statfordshive, 1948)
‘Kerachi 1 & 2  (Paldaten, 1961)
Madres 1 (Sherma) (India, 1961)
Madras 2 (Shuku Mia) (India, 1961)
Boabay (Indsa, 1961)

b) Variola Minors Wirkel, Plugge, de Haas, de Jongh (The Hague, 1956)
(Alastrim) Bragil 1, 3, 7, 8, 9 (South Ameries, 1959~1961)
Venezuela 2 (South Ameriea,; 1959+1961)
Hedthwaite (Lancashire)
Hovtridge  (Italy)
Butler (Roohdale, 1953)
Jones, Pinson, and Bell {(Pirwingham, 1966)

&) Bast African 1) From Kenya: |
Variolas Bedeta Nafuna . Njotho  Helder
Arogo  Jabuya  Semat  Odhismbo
'Kibot Oduor Wathird  Kangt
Kones S4ka Hary »
Musee Njami Kengo



2,

u) From Tansaxwika (1961-.1963)
e 12/6
22/62 17/61
2/63 :
8/61
32/62
6/63

d) Vaceinia:  lister Institute Strain (egg passaged)

Diluents and ww

&) Glass Mubly-diatﬁled watar Mfer«l with yhcap!nta - :phoaphate
bufter (ionie atmnstk e.m) $o pH 7.2 (PBDH) wae used as a
suspending medium and diluent for inoculation n!‘ virue onto
the ehoricallentole membrane of chiok enbryos. |

b) nmm. aaline bu!i’ered umz phcaphd’ke«phnaphate butter (ionic
stram}; om) ta yﬂ 7.2 (PBSA) was used as & ampending md&m
and 4iluent Zcr S.naauhtim of vim into tissue mtm.
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0) 70 % glysercl (sterilised by autoelaving for 5 mtnutes at 10 b/ag.dn.)

buffered i:i‘th phosphate~phosphate bni'ter‘ (ionie strength 0.0%)
ta o 7.2 (PBG) was uaed in the g'apuraﬁan of virus steck
mpemim othey !;han those of Harvey and Butley ﬁruaaa
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E_z:ati of Yirus m

- Fortile hena' egge were obta:tned ecMamally a'mu A;splehy
Farms 1td., Ashford, Kantandwmmmteausafcma
Wcatemtte“ incubator with hourly rocld.ng for 12 days.

The eggs were cendled for viablility on the day of use and were
grepared for inceulation of the cherioallantole membrane (CAM) by
the method of MeCarthy and Dmball (1961)a |

V:!.rus strains mmbly diluted in PEDW were inoculated in 0.»1 ml
aliquots into groups of epgs in order to heavily infect. the cAM.
Those mbmeu of viable embryan showing uanﬂuenﬁ grcmh a!ter
three days incubation at 35.5° C were excised and plased aseptically
into umiversal containers. |

Sterue PEDW (1 ml) was added per membrane in the preparation
of stock suapensim of the Hayvey and Butler stm&nm 1 m)l PBG was
added per membrane in the preparation of gtaak mpmions pt all
other virus strains used. | o

The membraaes were shaken vigo:waly in the suspen&ing uedim
with sterile glus beads to velease the ﬂm from the mmbme tissue,
The resulting suspension was centrifuged st low speed (1000 rpm for
10 winutes in an MSE bench centrifuge) to sediment cell debris. The
supernate was carefully removed and constituted the stock susponsion
of virus. | | -

' Glycerol suapenaicns of vs.rns were stored __1_:_:_ _‘t_p__tg_at éébb-c in |
bijou bottles. . |
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Aliquots of virus suspension (0.1 ml) in FBOW were dispensed into
bijou bottles and stoved at =65° C until needed., Singe the majority
of experiments to be deacribed involved the use of the Harvey and
Butler strains, it was considered preferable to store this virus as
aliquots rather than as aiingle suspension in glycerol at -20° C to
be used repeatedly. The meed to dilute out the glycercl before
inoculaticn into tissue culture was eliminated, and alsc continual
exposure to large temperature fluctuations resulting in subsequent and
unlnewn losses in infectivity titres of the stoecks was avoided. |
PBDW suspensions uwsed in an undiluted form were brought ¢o physiological
jsotonicity by the addition of 1 part x 10 coneentrated saline to
9 parts PBDV suspension.

Assay of infective wirus

Stock suspensions and hgrvested experimental tissue culture
fluids were mssayed for infective virus on the CAM of hens' eggs
propared for inoculaticn by the method of McCarthy and Dumbell (1961).

Az a routine prosedure, two suitsble 10-fold diluticns in PEDW
were made from the materisl to be titrated, and 0.1 ml aliquots of
these dilutions inceulated into groups of 3-4 eggs per dilution. The
eggs were sealed with a paraffin-wax/vaseline mixture, gently rolled
%o distribute the inoculum wniformly, and incubated at 35.5° C for
3 days, The CAMs were exocised, and the pock count for each membrane
made, Infestivity was exyressed es poskeforming units (pfu) per ml
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of undiluted virus suspension or harvest fluid. ‘ et
' The plusvirus particle ratio was assumed to be equivalent: fornll
virus strains used. Crutekshank and Bedson (unpublished results) have
found the particletdnfectivity ratio to be 611 - 10:1 for wariola
major and alastrim viruses tested on the chiek CAM,
In the experimental work described in this thesis, it was

necessary o know the infectivity content of the incewls of Harvey

and Butler vix'ua used. Virus incculs of two infectivity titres were

' regularls useds

&) "large doses of virus" o 10 pfw m/iuoenlun. and
b) "small doses of virus" = 300 pfu virus/inoculum.

‘Experiments with all other wirus strains were mot so eritical. As long

as inoculated cell monolayers were exposed to an infectivh multiplieity
greatey than one, accurate adjustnent of input infectivities cemtained

1in dnceuls vas not neeaasary Dilutiona of 1/10 (diluting out the
PBG) of Stock virus

, mpanaim m'mded 041 ml mquots of fnoculs
of & aufﬁeimt‘.’q nm titre Tor vae. |



Note 21 Tissue Culture

The following culture media were used for the routine growth and
madntadnance of tissue cultures

a) Growth mediums Eagles Minimal Mentiul mdium or Parkerts
199 medium
-+ 10% uninactivated foetal calf merum

+ 2% of a b % solution of Sodium Bicarbmta
. "gaged" with cga to M 7.2 :

+ 100 w/ml penicilitn
+ 100 yg/ml streptomyein
+ 1 pg/ul  tylosin

%) Magnteinance mediums Bogles Minimal Fesential Medium or Parker's
199 medium , |
+10 % liver digest ultrafiltrate
4+ 2% of a b4 % Sodium Biwbenate solution
“gased" with CO, to W 7.2

* antibiot.tca as in growth medium (a)

The buman skin/muscle fibroblast cultures used for the .a'{'.udar o?
the grwth of Harvey and Butler, during which samples were assayed for
infectiﬁty. haemagglutinin, and complement-fixing antigen, vera
grown end maintained on tulture media based on BAG MEM. Chick embryo
‘fibroblasts were grown in EAG MEM eontaining & 3 % bicarbonate solution.
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A1l other routine timsue culture was grown and maintained in 199-based

media,
cell 'Straﬁ.nn' ins
'rha tollou:tng mmy em. stra.tna were :m&t:tated in the I.aboratorys

Human Foetal Skin,/ﬂuacie Fibroblasts
Hnnan Foetal Lung Cells
Chick Emdryo Fibroblasts

 The tollws.ng eell strains were ohtainec‘l as established tissue eulturest

3.

Hmncmsamativa e I
H Amndon | &MW%M%. Glasgow

ThIB,~75 Turtle Fibroblasts - Dr, Clark, USA (Clark & Karzon,1965)
Human conjunctiva and human amnion cultures weye provided seeded in
tubes and on coversiips veady for use. TRIB,-75 cells ‘wers sube
gultured in the laboratory before use. |

Culture Mothods

a) Initiation of primary cultures
Skin/muscle tissue mnd the lungs were removed mseptically from
riormal human foetuses of 12-17 weeks geatation to provide tissue for

the propagation of gicin/mwcle fibroblast cultures and lung cultures

respectively.
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| 'J.'en«-day old chicken embryaa were remove& asepticany from fertile

eggu. deeapitated. and :!‘reed of mcera to provide tissue tor the
rropagation of primery ehick esbryo fibroblasts.

Esbryo tissue from these three sources was treated ss follows:

Tissue fragments were washed in PBSA eontaining 100 w/ml |
penieillin and 100 y&/ul streptomyein, and then trypsinised in
100 ml aliquots of a 0.1 % (human tissue) or & 0.25 % (chick tissue)
trypein solution in saline in a vaterbath maintained at 35° C. |
starile; teﬂcn-coated magnets placed in the trywiniaation flasks
and used in conjunction with externsl potating magnets kept the trypein
 solutions and tissue in constant agitabian. After 30 minutes, the :
supernate was decanted and replaced by a fresh 100 ml aliquot of
trypein. Trypsinisetion was repeated until the required amount of
el aﬁspeﬁéim had been obtained, or until the t‘iéaué:' supply was
exhausted, The cens 4n the decanted supernates 'were sedimented ’oy
o ’eenmmgation at 1000 ypm for 10 minutes. Cell penets wez*e o
‘suspended in 10 ml growth medi\m mnus calf serum. ' o

Susyensﬁ.aas of chiek em‘brgcs fibroblasts were aubjected ta a
viable aount. and dilute& with completa growth medium to g:l.ve aoncentrutiona o
of 2.5 % “106 aena/ml medium. Aliquots (1 ml) were dispensed into |
tubes, The tubes were gontly shaken to ensure &n even distribution
of cells, and inoubated at 37° C for 24 hours until confluent
monolsyers had formed. The monohyera vere then raady Zor use in o
virus studies. | | |



The volume of the suspemsions of human skin/muscle fibroblasts and
human lung cells in growth medium minus calf serum was wade up to
80 ml with ﬁampiet’e growth medium., The resulting suspensions wers
dispensed as 40 ml aliquots into 12 ox medical f£lat bottlesy The
bottles were gently shaken to ensure even distribution of the cells,
and left to incubate undisturbed for 48 hours at 27° C. After 48
" hours the bottles of cells were fed with fresh growth medium where
needed, and subcultured for use in virus studies, and foy the continued
propagation of the cell strain, when the monolayers had become
confluent,

b) Subenlturing of cell strains
(human sldn/mscle fibroblast cultures, human Tung "ma'lﬁure'sg and
ThB,75 turtle fibroblast cultures) :

To one eonfluent 12 o 'bottle of gells, 2 ml of a 1% trypsin
aolutim wag added and left in contact with tha aell aheot for 30
aec:m!a and than carez‘uuy decanted, The residusi ﬂuid waa sufficient
to complete cell stripping within 1-3 minutes at yoom tex peratm.

" Vhea ﬁhe ¢ell sheet began to break up, 2l of growth ‘medium
mints calf serum wan added and the cells gently resuspended. The
| mpem.ton was made up to 80 ml with complete growth medium and
dispensed as 40 ml aiiquots :m 1202 bottles for’ continued propagation
of the cell atrain. It monoh\vers in tubes for vim atud:ies were
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required, then the mll auspensim wera nade up to 10 ml with
¢omplete growth mdiun sand diapenned as 1 ml a‘liqu&ts in tubem

. Coveralip cu:l,tmu were xmpared by seeding 0.11 ml cell
auapmsions yor toveralip.

Bottles and tubes were gently shoken and incubated at 35—-3?° c

and refed vhen necessary until confluent ponolayers had formed.

Since it meemed important to use céns in & similar mmm'
condition for each experiment (Smith and Sharpe, 1960), those mono-
Asyers which had attained confluence overnight were used fop ¥irus
studies. :  | |

| Beeame of cell clumping, it was difficult to perfom a

:neaninsful viable can. comnt prior to each seeding of molayeran
Therefore, 88 a standard moeedure, 10 tubes were sesded from the |
contents of & 12 oz confluent bottle of cclls. 'I‘he Beediug rate
was ‘estimated to be approm:;ﬁately 3x 'm’ eells/ﬁubew‘

&) Cnltures of cells (humon amaion, humen eonjuncuva) received

through the poat ready for use were Mcnbated overnight at 37° c after

~the transit medium had been replaced by fresh maintainance medium,
This procedure allowed the cells to stabilize before use in virus

stﬁdieﬁ i
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k. Qlasswave

Soda~glass 12 on bottles and basterlological test pubes to be
used for tissue oulturs were washed in "Pyremeg", rinsed in tap water
and several changes of gless double~distilled water, dried and sterilized
by dry heat, Bottles were screwegapped using silicone-rubber washers,
and tubes were stoppered with non<toxie rubber bungs. |

Soda-glass coverslips (1" x 2") for use in eytological studies
were rinsed in absolute alcohol and steriliged by dry heat.

5. Incubators

Extensive use was made of temperatures ranging from 25°= 41° ¢
for the incudbation of wqbtéd oultures and uninfected controls during
~ the experimental work.

The following arrangements were mades

25° C « g constant fempsrature yoom maintained at 25° C by thermoe
stationlly-controlled infravred heat lampe. ‘

30% 35% - a thermostatically controlled large-capacity incubator in
vhich air cireulation was pamintained by a fan, The incubator
tesperature was adjusted to the required temperature and he
constanoy of temperature was checked by observation of
thermometers plaged near the incubated materials.
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36"- 40°C - thermoeleetrenically-controlled 'Leec! incubators
provided with fans for efficient air circulation.
~ Incubator temperatures were monitored using an electrical
temperature recorder with display~chart (Grant's Instruments,
Canbridge)s Inpubators were kept in an ambient temperature
ot 25° C and were opened only when experimentsal work mede
this necessary, This step ensured that the teuparatm
'nuetmum vas less than 0,5° ¢,
M“ C «a auu fanmpemted inoubator with a temratm #uetuation
~ from 41° to 42° C. The bulbs of thermometers imversed in
10 o2 bottles &ontaining vater and a Yquid paralfin seal
were placed in strategio positions in all indudbators, and
~ tempsratures were checked regularly.



Note 33 ‘(chapter II)

1. Multiple~step Growth Cycle Experiments
Confluent momolayers in tubes were inoeulated with wirus at the
rate of 300 mm/em. The virus wus allowed %o adsord for two

hourn im the M&t&m stato at the tenperatm of :anubatiw for the
experiment to follow. The inoculum was removed sl the coll shech

washed with warm PBSA to Yemove unadsorbed vivus, One ml of maintainange

mediun was added to each tube,and the tubes were plased st required
#uperatm tor incubation. ‘Dupua‘ate tubes vm sampled for each
wirus strain at 4 hours (baseline) and thoreafher every 24 hours from
the time of infection for six days. During saupling, the supernates
 from each pair of tubes were removed and pooled. Ope ml of fresh.
maintainange medium was added to the remaining eell sheet :m each tube,
The cellular and supernatant has-vests were then atmd at -20 ¢ \mtil
titrated for infected mo

On the day of. mfectiv&ey«nasssy, the specimens were thawed.
cenular rraotim ‘were subjected to two further eycles of freexing and
ttaving to u'beratc ceuular vim, ‘any mulayer atiu main.ing |
 sttached o the glass being removed and resuspended in the wedium by

plpetting. Paire of uftlmr fractions were pooisd. Both the supernates

and tho cenuw susyensiens mmv then aoniﬂated ror 30 seconds
, (mectm:mie tanks Headland, Londong operational A= 80 *o/d) o break
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down Mll debris and to diurupt any viral aggregates. The samplea wm

then titrated in esau at auitahh dﬂuﬁm. and the titre of cell-»
assoolated and free, extracellulayr virus contained, mpectivaly,
the cellular snd supernatant fractions was ealenlated,

2, Single-stop Growth Cycle Surermstants

' Confluent momolayers in tubes were inocculsted with virus st the
rate of 10° $u/tube in order to expose all the gells o virus during
the sbserption perioda ‘The virus wes adsorbed for two hours in the
stationary sﬁau &t the tomperature of inoubation of the experiment.
The incoulum was removed and the cell sheet washed three times with
wara PBSA to remove unadsorbed ¥irus, being of & significent qmm;r.
One ml of min%ame wediun was added to each tube and the tubes
placed at the hmpm‘hm of ineubation,

Dupmmte tubss were sampled for each virus atrwu‘ at four<hourly
intervals after infection until 28 hours, and at 36 &nd 48 heurs.
The gellular and aupemtnnt frastions of each sampling were trested
and sssayed for infestious virus in the same way as descrided for the
miltiple-step growth ¢ycle samples. | o
" The celluler and supernatant samples harvested during the single-
atep grmth cycles were nlso assayed for domplement-fixing antigen
and for haemlntiuin (sce Note 5)
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Note %: (chgptgr III)

1. . Observatiom of CPE

" Confluent mmlnyers of human ak.tn/mcle #ibroblasts in tubes
were inoculated with 0.1 mi Harvey and Butler virus suspemsion
contedning (s) 10° pfu/tnoculum and (b) 300 pfw virus/dncoulum, The
virus was sbsorbed for 2 hours at 25° C, the inoculum was removed, and
1 ml of fresh maintednance medium vas added per tube. Tubes were
then incubated in duplicate at the required temperatuve;

Those tubes inoculated with a laxge dose of Virus were then
cbserved four-hourly for 2\ hours using a Vicker's microscope adapted
for phase contrast micrescopy by the addition of the mcmhy apperatus.
Those tubea mculated with & small dose of ¥irus ware obuamd by
phase contrast ﬁemaopy twice daily.

2, Cybtochemical Methods
Huzen conjunctiva and human amnicn sells (cbtained from FLOW

Iabomtoriea, Glasgw). human sld.n/nuscte ﬂmb:laata and ehick
enbryo ﬁbrobhstt were growa to uniconﬂuenue on sterile 1" x >
cmrniipn. and were infected with 106 m/cmrsup. The
fnoeulun vas absarbed for 2 houre at 25° c, renoved, aud 1 -b.mam

ndded to eaah tube in which the ﬁoverslip cultm was eonta:!.ned.
culturag were incubated at the required temperatures and harvested

for sytochemical studies as required.



a) Am.am Orange Staining nethod for Nucleiﬁ Ae.ws

. cwersiiza ﬂultm'es were ﬂashed brieﬂy in PBSA . 7.# and i’ixed
in abaal\ttu aléahol tor 10 dnutam stains.u vas carri.ed put in a

0.0 % somtﬁ.on of AMdim Oram-a(i (AO) in !‘Iwn?aino‘u ei.trate« |
vpbmﬁute 'hnftar pa 2.6 tor 3 lumﬁea; cweraupu were then mhed
'rapmy in stx changes of chvaiue'n bufter ™ 2,6 and mounted 4n
20 76 rhﬂaphatwbutfmd shcml pB 7.&. Prepara‘bim \verc saalui vi.th

patd vamish and mninoa toz- the pﬂscme of cytoplasme m o
zualuu.m m:m: the ultraﬂolat niemco:pe and m«»mrmn am

| A:hr atainins w:l.th Ao, meoatam ampcmnta et aoih

bnuorma ﬂam-red‘md m««muning aoupcnnnta ﬂmmaé appiwmen. |

sme fml m hloaa cells (REC) eontui.n nucled whs.eh 8tain |
green iu A0 traated Waﬁim. mmmtim by w«:em cmmli.p
oultures of aggmam:.e fowl REC oan also be studied by A stalning.
cmraup tha are nwded vith a1 % mpemim of aggluts.nable
REC and :lmnbated for 1 hew at 3? ﬂ v:!.th weaaaional ‘agitation to
resuspend mdaw‘bed RBC. The epversliya are then washed well in
PBSA, fixed, snd stained $a tha usual way. |

) Fluorescent Autibody Samdwich Techniqus for Staining Virus Antigen

 Coverslip cultures were fixed in acetone for 10 minutes, airwdried,
washed thoroughly in PBSA, and redried by blotting, The coverslipe
were placed in & moiat chagiber ﬂnodad with two draps of a 1/10
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dﬂution nﬁ,' a hneﬁfmme.anti.mainia antiaaruﬁ. snd incubated for
30 minutes st 37° Cs
o Prapnraum wero then waahad u tour changos of PBSA for a tetal
time of 15 minutes and ware replacad in the moist ehamber.

| cm:alipa were flooded with two arope o! nmsamoummd
anﬁ.-rahbit slub’tﬁ.:m (sheey Mgln - ebtained from Progreasive Laboratories
Ina., Baltimc:'e. U.S.Au8 cat. 1o, 928) and :*e-:.neubatea for 30 minutes
st 3°¢Cs | - |
© After & further washing dn four chenges of PBSA for 15 minutes,
coverslips vere mounted in 20 & phosyhate-buffered gyeerol y 7.4 and
examined uum an ultraviolet Mght-illuminated Wsem and oil-
imrsim lenes |

Araaa at virus antigen flucresced brightly 30119%&%»

agaimt a bnekground of dim m«-speeiﬁe nuamcema given by aenmr
c;rtapiwu :l.n the absewe of ﬁm antigen. |

a) &j‘ m ien of w :.‘IM

thtﬁmim awdias were made by counts.ns the number, and
caloulating the percentage, of naswsdsorbing sells znd cells ommnmg
meimimim in Mwm cmﬂip enltw-ea imubated et a ranga ,
of tenperatms nnd utninaﬁ uith AO: The nuaber and yemenwe o:l’ N
"‘aans contain.tng x mber of DNA inzinss.m waa ulao ealculatad by
iemting th.a Mer or BNA imluaim in infected cem. Frequem
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polygons (m&‘o{‘ﬂﬁ) vere eonatruéted from these ﬁaulta emesaéd
in percentages, Hydroxyurea obtained from Sigma, London was vsed in
tha'fe;'\iéxﬁtitatﬁe studies as deseribed in the text,

a) Galour Photomphy

. Photograghs were mads as transparencies wsing Kodachrm A -

(ASA 40) and Extathrome (ASA 125) high apeed film for artificial ight
groduced by Kodsk Itds using Gillet and Sibert (Lomden) photographis
equipment for use with microseopes. The TV-light mtmi.natim BOUrce
was turned to meximwum beightness giving 1/10 to 1 nsht nit reaching
‘the £1lm plane in the samera, Exposures reuged from 1.3 minutes using
Ektachrome zm and 25 minutes using Kodaghrome II As
_ - Prints wara prwesaed from the resulting trmmmias by

Kodak Ttda, 3em1 Hempatead,

, 3. E:.eetrm m

: culﬁures c!’ humm sk:lu/mscle !ibmblasts grown to contluence in
48 hours :m I’em dishes were prepared using a g.rowth medium consisting
of ¢
- Easles Hinimal Essential Mediw
+ 109 ttyptose-phosphate broth '
i 5 10 % foetal calf servm :

+.2% of & b % bicarbonate aoluti.ou gassed w:tth 002
‘ ta a pH of 7.4 o , ,
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'l‘he cultures were :barectea with variola v:lm as described in tha
text using 199 +. 10 % M.vor dtgest +2 % at P h.h % bicarhnnate solution
as umme uadium and wora prepared by Dre. J. G. cmkahanh ror
ammn alumcm in the fellwmg vagz

Intected mnolayem and \minfected contro! nonolayera wera vashcd
inmoceaSeluﬁmnAmdmwed mtheglmaurtamwuha o
wm :panem" The pcmts at auspended cem weru rixed mmediately
5.n 5% M&l&eﬁwﬂu in 0.1 H phosphatu burter. mhml mrnisht
aacodwlatt hutfan snd wt-»!ixed in buffered euuim tetﬂuﬁdm The ’
¢ell samples were passed through graded alschols (20 %, 50 %y 70 %, 90 %,
and sbsolute aloochol) and embedded in wpelymm& mtbacz:rxate
(1 part methyl:d parts butyl) vhich was then polmerised m'emﬂt at
¢ Cs

" Sestdons of esbedded samples were cut on the model ¥T Porterbloun
ulteamiorotene and were examised in the Slemens Hlmoscops 1 at
mriaatm ot 2000 » 20,000 xs Photographs were made o!" interesting
' ﬁems of tiaw. | |



Note 5: (Chapter IV)

1e cmlenen Mﬁi on Tests
‘The method used for t};e complement fixation tests was based on that
124d dewn by Bradstreet and Tayler (1962).

(a) Materialm

sﬁahdard antisem - a hypez—.!.mune ant:!.mcinia ra‘bbit antiserum used
at & dﬂuﬁeﬁ of 1/320, the optimal titre of the
_ontiserum a5 determined againat o etandard ant:l.gem
preparad ts.mm Earrw-mfechd thick eukm CAMs.

tenz antigen - ﬁm'»hwly ceuuiar and supemutant aanplee harvested
-during the course of aingzmtep growth eycles of

" Hayvey snd Butler viruses in humen skin/iuscle fibroblasts
(o0e mt« 3)- ‘ ~

| coup:bemnt o giiné pig complemnt stored st -5$ c and used et mso‘
o (RD&MGM& dome)s

Red blood aam map red blood dells utwed in Alaavm anticnagulemt
and preservative solution, washed three times in
muantmdeetoah%supmion ‘

Diluent « ~ CaeMg 'buftm& diluent designed for the camplmnt fixation test.
(b) Method:

A un:tt volune of O.1 ml was emphyed throushcut the taat. The
| nei:lwd of 1ong Pixation was used, Bach test sntigen was dispensed in
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dnpl:x.cate in the undiluted form and in doubling dilutim tm 1/2 to
1/64 :m two adjacent rous of walls in pex-spex "aaglutination trays" '
Unit wi\mes of standard antiserum at its opﬁm um (the test serias)
were ndded to one row of antigeu diluum. and m&: 'mlumes ot diluent
(the control series) were added to the second row. Agy enbde
souplementary activity contained in the test entigen materisl was
thus detected and measured in the control series snd could be taken
intic agcount when the final peadings of the tests were made. |
Cmpimﬁt at a tcnc#ﬁﬁration of 333)50 wos tm‘a&ded‘ to each well,  '

Control wells in which complement, or sntigen, or antibody had
been replaced by diluent were sot up along with & ¢ell control containing
3 unit volumes of diluent and to which only sensitised gells vere to
be added later 1:: the test. A complement titration, in'iblm. wells
cm’&a.’ming O.EHDSG. 1HDgns 8nd SHD, complement and two voluzes of
diluent in each well replacing test sntigen and standard antibody,
was made to #Wo that the working concentration of aomplemernﬁ of
ﬁnso had baan minta:lnod and used in the tests

Plates were ‘covered to prevent evaporation and were stored
' overn:lght ae h‘b Cs A 4 % m;)enaion of sheep RBG was sensitised with
an eq\tal volume af haemlytic gorum at its oPt:lml senas.tisins |
| concantratim snd placed in a waterbath at 37" C for 10 minutes to
complete tho aeﬂtﬂ.ﬁi&atim of the celle. 'J.‘he sensittsed eel‘.ln were
then atored cvernight at 4° c. |



- On the day of the test, platea ier:e‘ warned in & 3’7&:0' imubam
fm- w"ﬁnﬁﬁes‘ Semitiaed eells were rei:urnad to the wai:erbath st
wcrwmmmy | o | j

One vo‘.lume of sensitised cells was delivered to each wen. Platea
were s.ueuhatea at 37° ¢ for 30 minutes with shaking at the begimﬂng.
‘n’ter 15 n&nutes, and at the end of mwbats.on. The ceus were allowod
to settle at 4° ¢ befare x-eading the results of the test, N '
. The vesults were graded according to the degree of fixation of
acuplemtw mdpoint was taken as being that dilution of teat
antisenwhxuhsave%%?.m&ion (56% Jmﬁa) orareadingof?.aa
aaared by the mathod af Bmdstveet and mlor.

5, ‘mp o ’raaté :
a) mwut!.on of Antw

1) QMMt mnolaym of human skin/mau fibroblasts grown in
12 o& medical flats were infetted with ‘lo pfu per bottle of virus of
the Hax'vey and Butler strains, Absorption was cah'ied out at 25° C for
2 hours and the inoculun vemoved. 35 81 of maintainande medium was
| addedper Mttle,-and eme bottle of infected cells for'gach“m
strain incubated at 37°, 38.5%, and 30.5° ¢ for three days. ' The bottles
and contents were then stored at -»50° G;}ﬁgtn the day on which the.
antigens were to be prepared. |



~ The bottles were thawed at roon,t';emramd and the eell mlayeu
resuspended into the supernates using "rubber policemen™. The antigen~
centaining materisls wers then dialysed in 8/32" Viak:lntubing against
disti11ed vater at 4° C with daily changes of distilled water for
seven daya.
 The comtents of the dialysis sass were tramsfered to 250 wl
centrifuge pots cayped with viskin tubing futo vhick had been cut &
slit. The antigen-comtaining seolutions were then shell-fromen in a
uixture of acetone and solid coa and dried wanﬁﬂi‘k from the frogen |

" state in an "Exal-Virtis" iyophilisation apperatus. Wien the "Pireat"

gavge for total gases and the "Genevac" gauge for dry gases gave the
Seme reading indicating that all moisture had left the fropen samples,
the drying process was complete. I o

~ The lyophilised #ntigeu material was harvested and the separate
samples HS?.. H38.5, H39.5, B37, B38.5, and B39.5 were made up to a |
toncentration of ‘lw/ml in salines A concentration of the anugenia
mter:lal of apprmte]q aemey-told had been effected.

m Contentrated suspensions of Harvey virus in PBDW prepared from
the iufec!:ed CAM of hens? eggs and separated from gellular debris as
-dmribe& 4n Note 1.3 were used as concentrated peeparations of
Mﬂ!& aolubla a;lt:lgena, Prom egg after adjusting to isotonieity with
10x eoncentrated }Baline.

2
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(w.) Egg jprepmtioas uf Harvey soluble antigen in bi:]ea bottles ,
were incubated at 55° C for: 2 hours in a waterbath ‘Eo praﬁde wepmtim
of heatea vars.ola salub&a antigen.

b)  Preparation of the Ouchterlony Flates

5 ml aliquots of a 1 % solution of New Zealand YDavis' agar in
salinie containing 1 part in 10,000 of sodium axdde and stored in the
fluid yhage et 56° C were dispensed into 2" petrd dishes. The sgar was
allowed to gel in the petri dishes at room temperatute, and when cold
end #enly set an isometric pattern of wells was ¢ut into the agar
b i in dlameter snd & mn apart using @ perapex tesplate and a
stainless steel cutter shappened fiom the inside, ,

Aptigen or antiserus vas added to the wells as required until the
menisens just disappeared. Plates were left to develop for 24 to 48
hours at yoom temperature and then exsmined fof lines of precipitation.

3, Haemagmlutination Temts

' Fresh fowl cells, coldected in an equal volume of Alsever's
citrato~dextrose anticosgulant from birds with imown poxvirus '
mﬁgmezm«»mzm RBC, were used, Before use, the RBC were
‘'washed thrae times 4n PBSA and made up.as a 1 % suspension containing
1 % rormal heateinactivated rabbit aerum to stabilise the red cells
and to prevent non-specific auto-agglutination.



A unit volume ct' 0:25 ul was naed thrcmghout the teat. The
dli\lent vas PBS .

Ganuiar and supemtant snmpm calleate& from singlmtep growth
_ mlts ot Hamy and Butler virua in human aldn/unscle fibroblast o
cultures (see Note 4) and stored at =20° G were thaved and ultrasonicat.ed
for 30 aeconds to diape:me aggregates of EA whieh are known to occur on
a’cormg in the frozen state (Neff, Ackermann, and Prestou, 1965).

Banples ware dispensed in the undiluted form and &5 daubling
| ’mmons fron 1/2 to 1/64 in yovs of wells in perspex "agglutmation
trays"

A aample of knm haeuagglutinin titre wes also diluted as a
'positive eontrol, uninteetad cell mater:lal was dilute& as a uegati\fe
contral, and wells containins d:uuent only (to which RBC were to ve
added) acted as cell controla, _

- One w:m of 1% RBC mpemton vas added to each well and platea
1nauhate& at 37 ¢ for 1 howr with shalking before incubation, after
1%, 30, and is ninuteﬁ, and at the end of incubation in order to
resuspend the RBC.

Plates were left at room temperature for 1 hoursand the results
were recorded when the cells hed settled. 100 % haemagglutination was
recorded as '+%, and an estimate of lesser degrees of haemagglutination
(95 %, 50 %y 25 %) and trace (t) haemagglutination was noted.

Spot haémgglnti.nation-inhibition,tests were performed on positive
samples on samples giving doubtful results in order to confirm that



haemagglutination as specific. Duplicate dilutions, from wndiluted
to the highest d4lution kuown to have given naemsgglutination, wers
made for each sample to be tested. Onme meries of dilutions was
iucubated for one ha‘ﬁr' at room température with 1 ua‘:l.t' volume per ,
well of a 1/6# dilntiom of 0 hyperimnne antivaceinis rabbit antinem.
the other series of dﬂutim with one wolume per well cf diluent as a
positve contml. One volume of 1 % suspension of RBC was then added to
each well, and the platés were incubsated as de&gﬁbeﬂ for jthe B,i';taight-
forward haemaggmtmaﬁm tcsh o

If positve haemgginbﬁ.ﬁatim reactions are spaciﬁc for wirus
haemgglu!:in:m. then antigen :!.ncnbatea with sntiserun shows no
haemagglutinatim os. compared with the expected titre gi:ven by -the positive
control. Immne sera fail to inhibit haenaggintmtian if this is
nnn«spac&fic.

A&thoush :S.t was :I.mpossible to conduct all haemagglutinin essays
on the same day with RBC from the same fowl, conditim for the
titiétign within each group of growth samples were cm&aﬁt, @d
positive controls of known titre were included dn each group of
samples 60 that valid gomparisons of vesults cbtaisied on different
occassions could be mades



 Note 63 (Chaptew v

T Axsaaz or Haemasglu
a) Baamlﬁtinaﬁon test - (aee method desaribed :ln l‘\Tote 5.3) '

The eell monolayer of each vsamplyd culture \(as,’muspendm‘l into
ite supernatent, subjected Lo 30 seconds ayanieaﬁieh, and like paim |
of aﬂtw& \ia#ers.'ai pooled, ,Th"é”, ¢mtitut§d the test antigens and =
were diluted for HA sssay. |

b) Haemadsorption Test

0.2 ml of & 1% suspension of sgglutinable foul REC in saline were
sdded to the culture medivim of the monolayers in tubes to be tested
for haemadsorption (HAD). The cultures were incubated with the BBC
at 37° C for 1 hour With occassiomal shaking to resuspend wnadsorbed
RBC. Honolayers were then earefully washed twice with werm PBSA, =nd
1l of frosh mAlnteinance medium was added to each tubss Cultures
waré examad by phsse cani:mt ﬁiﬂmeopyg and an estimute o!' the
extent of HAD. if any, wes mades

&) Daénit:tﬁﬁvé Haeﬁfadﬁmm Method (Fiuter, 1964) o
0.2 ui of 8a1% wspenaian in uaiim of agglutinable fowl RBC
m added tc the mtm sedinm of mehyers in tubes to be taated. :
The eultures were ineubated at 37° ¢ for 1 ‘howr with occassiunal
‘ahaldng to ﬂmpend unadsorbed RBC, supemtes of tubes were decanted
énd monolayers were washed twise with PBSA, 2 ml of distilled water
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vas added to each tube o lyse the adsorbed HBG. After 10 minutes,
iihei! haamolyais vas complete, tﬁheé ﬁeré piaced'in a waterbath at
57° C for the mixms of contents by conveetion to ensure a wuniform
aoncentration of haemglobin without uuduly disturbing the cell
monolayers. - -

The abeorption and percentage tranamission given by the resulting
haemglobin solutions wes determined in a Beckman apectrophotometer at
'n wavalensth of k10 &p ‘at which po.mt mhaeugiabin shows a ma:dm
peak.. 'I'he resulta of the &ifferﬁnt aampies wm cmﬂd

2. mmmsﬁﬁae grlubinin in Various Cell Types

Ccmtiuent tubemnolayer cultures of the various cell types
described in the text were inoculated with 106_ pfu virus/tube of the.
Harvey and Butler strains of variola., Absorption vas carrded oub ab
» 2§° ¢ tor 2 hc‘auxzs;‘ the inoculum was removed, and 1 pl frash maintainance
medium was added to éaeh tubes Tubes were then ‘l‘)hoed at: the
appropriate temperature of incubation in groups représentiﬁg each virus
and each eell type. ’

The haemadsorytion test was applied to cultures from each mup
samyled at 2 and 48 hmn‘a, end the baemagglutination test to cultnres ’

aampla& at 72 hom.
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ng vm&a Strains & Buman Wmie Fibroblast Cultures
Mtnrcs . _

Confluent tube monolsyer mms of human suu/mm fibroblast

Solls and human lung cells were infected with 0.1 ml sliguots of 1/10

| dilutions ot‘mghntima glyserol stock anapetwa.m of variola virus
uf'tréina stored at «20° ¢, Sush inocula were sufficient to give en
infective miltiplicity of greater then ofie in eooh monolayers Abserption |
was carried out at «25° ¢ #or 2 howrs, the inosulum removed, and 1 ml
of fresh miatainme medium (Note 2.1) addeds Tubes were plaged in: |
duplicate at the sppropriate temperatures for incubation, After 3 dnya.
the cultures were harvested and prepoved for assay of the haewag
content (Notes 6.1 and 5.3)s |

. The following virus 'atrains were useds

L Higgins, Gamrbau» mam:y, Lovel, King, Hinden, Young, Bombay
: “3”, Shayma {Madyas 1), Shum Mia (Madrsn 2) ¢ Karachd 1, Kevachi 2

Brazil 1, 35 7+ By 9, Venozuels 2, ‘¥Winkel, de Haas, Bell,

e ]
Jemes, Hartridge, Halthwaito

Tanmik& 1 2/63; 22/62¢ 32/62

Kengn  { Njai;ha‘. ‘Bedeta

\:2& lunﬁcellst

wa jor {Higgiu; Hﬁ.adeu, Im'éi. King, Noon. Bombay




| miney {Plugge;-.ywinkgl,s;ﬂaithwaite, Brazil 1,7, Venmexuela 2.

TanganyLka {6/63; f/m 8/61, 12/51, 1‘7/61 22/62, 32/62. 2/63

Kenya {Kibet. Bedeta. Wathir:l.. Njotho, -Semat, Jabwa. Odhiasbo, Koaes.
o S:tkn. Max-y, Ke.ng.l. N;jamig Amso, Kange. Mwee, Od\wr. Hel&er, Nafuna

b,

o

Experd ments w:ith:thi'ee basic culture media

&) materials

. Eagles Minimsl Fssential Medium, =

_ 44 % Sodium Bicarbonate solutinn | sbtatned fron W
umf digeﬁt; mrmmm '

- W'ﬂ ‘*99] - obtamed from tho. Ltd.»

‘Eagles Dasal Medium, ‘buffered with HEPES (See uote 7&1&.&)0 was

wade up from the constituent ingredients adcording to the formila
for Eagles Basal Medium, and gontained 0,11 g ¢ bicarbonate.

"aed" 199 + 10 ¥ Liver digeﬁt altrafiltrate was prepared by

inovbating 199 + 10 ¥ liver digest ultrafiltrate with a molayox'

of mstabolising uninfected human skin/muscle cells tor & days.

" b) Mothod | |
Goutluent mnolayers in tubea\ ot human nkin/muscle fibroblasts were
infected vi.‘bh ‘10 pra per tube or vim of the Harvey and Bntler straine.

Abaorptim was carri.ed out for 2 hcmra, the inoculum removed. aml 1m

af the apwepm.ata culture medium aa described in the text added to eaeh

tube before incnbating at 37° c.

_ Infected cultures were aampled' at 24 hours "!‘c‘rvihe haemadsorption

test snd at 72 hours for the hassagglutination test.

Wemm cﬁcg Mﬂdon I
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Note: 7 (Chapter VI)

1.  Materials for Nutritiomel Studies
e) Basic Medda

‘Esgles Minimal Essentinl Medium, Eagles Basal Medium, and Parker's
199 medium obtained as describved in Note 6.4 were used as basi¢ medin.
The folloving butfering systems have been used to buffer the basie media:
1) 2 % of a b4 % sodiunm bloerbonate solution with a gaseous phase of
- 5% €O, in sir (the bicarbomate concentration was reduced as required).

u) 0.646 g/‘mo 1 medivm of HEPES (K-E«hyaremthﬂwpemmmw-a- b
_ethane sulphonic acid) (Good ot 8l 1966) s ﬁEPES-bnffered Eagles
Baszal Medium contained 0.11 g % bi.ca;fbcnataa

141) Tris (hydroxymethyl) aminomothane buffer at a final concentration
of ¢,01 H- .

o The baaic wedia were supplemented as described in the text with ‘
’the i‘ollowing blological compounds:  (obtained from Sigma, London)

I-aming acids (1listed in text) Grade A
Bwitamins (listed in text) Gz'ade A

Calf thymus DNA o ' :
Yeast extract BNA %alf Thymus gismet ;
type II crude tone ‘
}‘Ademam Mphoaphata o (type III lysine-rich histone)
. Deribose " (type v .arginine-rich histcme)

Mtrulune (Grade 1)

Carbamyl, yhosphate,

Dilithium salt

CreatinesH,0 (practical grade) .
Phosphosreatine hydrate, sodium salt



b) Experimental media of Mdsley‘md&;defs (1952).

‘Hedivm for:

) screwapped cultms'

10x concentrated 199 1wl

13,3 solution NeHFO,+12H,0 = 6,1 ml
1 ¥ tris erf 0.1 al
bty NeHCO, solution 05 ml
Distilled Water - 83 nl
ﬁNKcldrapwisetot gn-z;o‘

(44) eo;to@-pmssed»

RE ¥

0.1 ml
041 ml
8.8 m1
B 7.2

cotton-plwged culturee were :hac \ba!:ed in a hmmt&ed atmaphereo

2 Hethnd

connuent mmchyers :tn tubes of humn s!d.n/mnsele fibroblasta

were inceulated with 10 pfu per tube of virus of the Hazvey and Buﬁler

atrains. Abserp‘l:ion was carried out at 25° ¢ for 2 hours, the inoculun

' 're:wvedg ana 1 ol of the appropriate experimmtal meclium addea to

each tube n described in the text.
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