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ABSTRACT

Macrophages obtained from animals infected with intracellular
parasites are activated with respecé to their ability to inhibic the )
replication of the'parasite. While normal rabbit!macrophages support
the replication of vaccinia virus at levels of .2 to 3 logs, macrophages

;btained from the peritoneal cavity of rabbits infected 9 to 12 days
earlier with-vaccinia virius are activated and will not support virus
replication.. The fate of vaccinia $irus in activated rabbit macro-
phages was sfudied in order to characterize the abortive infection of
the virus Qichin the activated macrophage. Vaccfinia virus adsorptiorn
waé measured using,radioactivel} labelled virus [and was similar with
‘hgth normal and activated macrophages but was ldwer than, the amount of
virus which adsorbed to Vero cells. Maximum adéorpc@on took place ,
during the first 10 minutes of incubation. A significant amount 'of the
vaccinia virus which had adsorbed to the cells eluted from the cells
during further incubation. Hoqever, the virus glution curves for acti-
vated and normal macrophages were similar. Virus uncoatiag was mea-
sured by infecting with 3H thymidine 1abelled“vagcinia virusland.then
detecting DNase sensitive, TCA soluble counts. Vaccinia virus was able
to uncoat to a similar degree in both activated and normal macrophages.
Maximum virus uncoating took placemone to four hours after adsorption
and was approximately 55%'of'the virus which was adsorbed to the cells.
DNA éynthesis in vaccinia virus infected cells waé détected by Eulse
labélling with 3H thymidine. A burst’of DNA synthesis at 3 to 6 hours
after infection took place in both activated and normal macrophages
infected with vaccinia virus as yell as ;nfected Vero cells.. The pét-

tern of vaccinia virus antigen production in activated and normal macro-
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phages was i1dentical as detected by immunofluorescence apd immuno-
diffusion. Autoradiographs of SDS-PAGE gels of lysates of infected
cells pulsed with 3H amino acids demonstrated that most of the poly- .
peptldes formed within the infected macrophages were identical | How-
ever, at least three polypeptides present in , the activated machphages
infected with vaccinia virus were absent in the infected normal macro-

_phages and at least one polypeptide present in the virus infectéd nor-

mal macrophages was absent in the virus infected activated macgophages.

Pulse chase experiments failed to demonstrate that the differemces in
polypeptide synthesis in activated and normal macrophages infehted with
vaccinia virus were due to differences in posttranslational cyeavage.
Lack of virus particle production in activated rabbit maérobheges in-
fected with vaccinia virus was the major detectable defect'insthe viral
replicatise cycle. Virus particles were detected by centrifuging on a
/contlnuous sucrose gradient cell lysates of virus infected cells la-
belled with radioactive thymidine or amino acids. No virus particles
with the size and density of vaccinia virions were detected in lysates
of activated macrophages infected with vaccinia virusl: Virus particles
were present in normal macrophages and Vero cells after vaccinia virus
.lnfectlon. ' . . . ’ .

It appears‘that the inhibition of production of infectious wirus
in activated macrophages is mediated by mechanisms other than those in-—
duced by interferon. Vaccinia virus DNA and protein were synthesized
in activated macrophages. This is in contrast to numerous prevfous
studies which have shown that no‘vectinia'viral DNA or protein is syn-
thesized in interferon treated cells, PRretreatment of normal rabbit
macrophages with tissue culture interferon (type'I) did not block the
replicationlof vaccinia virus. Pretreatment of normal macrophages with
serum from a poly (I)- poly (C) injected rabbit reduced the replication
of vaccinia virus but the characteristics of the abortive infection
appeared different than in activated macrophages. Therefore, it appears
that interferon is not involved in the inhibition of viral replication

by activated macrophages. ; . ’
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INTRODUCTION

Macfophages play a major role 1in protecting ghe bo&y against,

"{nfectious agents. Several diverse functions may be exhibited in

response to the infecting agents. One of the most vital functions per-
‘ formed by macrophages is the phagocytosis of foreign material. Macro-
pﬂagos ;isq function as one of the principal cells in the inflammatory
process. The macrophage: is necessary in the formation of the specific
immune response to many antigens. Recent evidence has also demonstrated
that activated macrophages may, act alone to destrby some bacterial,
protozoal, éhd viral }ntracellular‘parasites as well as lyse or inhibit

.the growth of tumor cells.

1. Characteristics of Macrophages 5
The macrophage is the mature member of the mononuclear phago-
cytic cell line (Cohn, 1963).’ The macrophage precursor cells develop in
the bone marrow as prombnocytes. 'There they give rise to monocj%es
which circulate briefly. The monocytes randomly leave the blood stream
‘or attach to the wall of the sinusoids where they undergo a transforma-
tion into inflammatory or tissue macrophages -(Yang and‘Skinsnes, 1973;
Cohn, 1975). Theseﬁtissue macrophages may reside for a relatively long
'life span in organs such as thé‘liver where they are called Kupffer ‘
cells, iﬁ the lung where they are knoWwn as alveolar macroph§ge§: and in
the spleen ‘and lymph nodes where they are termed sinusoidal or dendr%tic
macrophages. In the tentral fervous system, the gissue macrophages are
-known as glial cells, in qonnéctive tissue they are called histiocytes,
in bone they are referred to as osteoclasts, and in the peritoneal
cavity they are known as peritoneal macrophages (Cohn, 1968). ‘ '
The maturation from monocyte to macrophage involves both struc-
tural and functional alterations (Cohn, 1975). During the process, the

cell visibly increases in size and takes on a more complex looking cyto-

plasm (Ebert and Florey, 1939)., The éytéplasmic granules (presumably
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lysosomes) increase in number and the levels of dehydrogepases and °
hydrolytic enzymes rise to above normal. The cells also become more
phagocytic (Cohn, 1968). )

Macrophages are not fully mature_din newborn mice (Yang and

Skinsnes, 1973), human (Horsmanheimo and Virolainen, 1974; Sullivan,

1975) and rat (Fieldsted and McIntosh, 1971). The deQelopm@nt of mature

macrophages appears’ to correlate with the appearance oﬁ cell mediated
immune responsiveness (Yang and Skinsdes, 2973). Experiments have shown
that nconatal thymectomy of mice w111 inhibit the formation of mature
macrophages. This was demonstrated by a suppressed .response of the

peritoneal macrophages of neonatally thymectomized mice to intraperi-

toneal infection with Mycobacterium lepraemurium and to granuloma forma-
tion (Yang and Skinsnes, 19%3). \

Macrophaées'are somewhat heterogenous in appearance. The cells
ugually contain an indented nucleus amid a modérate amount of cytoplasm!
Tﬁe cells are lg}ge compared to other lymphoid cells and contain numer-
ous dense cvtoplasmlc granules Most of these dense granules %re\aon—
sidered to be secondary lvsosomes which tontain phagocytized material
and endogenously synthesized hydrolytlc enzymes (Cohn, 1968). The
hydrolytic enzymes are syncheblzed in the endoplaemfb reticulum and then
transferred to the Golgi &pparatus-where they are packaged into simall
Golgi vesicles also known' as primary lysosomeé. _The Golgi vesicles then
fuse w;th a phagosome and release the hydrolytic enzymes into the new1§
formed secondary lysosome (Cohn and Hirseh, 1966):. 1In most cases, bolh
,pinocytié and phagocytic vacuoles readily fuse with both primary and
secondary lysosomes {(Cohn, 1975). However, it has been observed that

phagocytic vacuoles containing virulent Mycobacterium tuberculosis

(Armstrong and D'arcy Hart, 1971) or Toxoplasma gondii (Jones 'and

Hirsch, 1972) do not fuse with the lysosomes of cultured mouse peri-
toneal—macrophaées. This defect in membrane fusion may be responsible
for the survival of these virulent intracellular parasites within thg
macrophage.

The level of lysosomal enzymes within the macroﬁhage\appears to

. . o«
» ‘
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be related to the activity of the macrophage. Increases in the levels

¥ of lysosomal enzymes have been shown in mouse peritonéall@acrophages

after the endocytosis of degradable substances (Pesanti jnd Axline,
1975). Since colchicine (lO—GM) inhibited the lyéosomal‘en;yme induc-
tion by both phagocytic and pinocytic stimuli, intact migrocubules are

thought to be involved in the enzyme inductions. Colchicine, however,

., had no effect on the digestion of phagocytized bacteria. This suggests -

that microtubules are not required for fusion of phagosomes and lyso-
somes (Pesant® and Axline, 1975). '

" The ability of macrophages to phagocytize particulate material ‘
and to adhere to glass or plastic surfaces are two of the most important
characteristics which distinguish thgrmacrophdge from other mononuclear
lymphoid cells.r Phagocytosis has been divided into two phases: attach-
ment and ingestion (Rabinovitch, 1967). The firm attachment of a par— '
ticle to the cell surface does not necessarily lead to its interioriza-
tion. Attachment to the macrophage increases linearly with the concen-
tration of particles present, does not‘requ$re serum oOr divglent cations
and 1is less sensitive to temperature than the ingestion phase. Inges-
tion requires the presence of serum and divalent cations and 'is tempera-
ture dependent (Rabinovitch, 1967). The interiorization of éngibody
coated sheep erythrocytes by mouse peritoneal macrophages has been stud-
ied by Tizard and Holmes (1974) using a scanning electron microscoﬁe.
Initidl Attachment was observed as an area of adhesion between the
macréphage and the erythrocyte. The area of attachment increased as a
ehin membranous process appeared to’flow over the erythrocyte surface

4
until the entire red cell surface was covered. After complete enclosure,

-
l

the érythrocyte appeared to move toward the center of the macrophage
until there remaified only a raised area on the macrophage surface.

Other studies haéé:ghown that when macrophages ingested large numbers of
particles, they interiorized up to 60%Z of their own plasma membrane in

the process (Cohn, 1975). After such intense phagocytic activity, these

‘cells rounded up and ceased further phagocytic or pinocytic activity for

the next 5 to 6 hours. During this time, they began to synthesize
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enough new plasma membrane to replace the amount they had interiorized.

This new membrane synthesis required protein and RNA synthesis as well

as an extracellular source of cholesterol (Werb and Cohn, 1972).

Ph;gocytosis by macrophages 1s an active process and depends on
energy supplied by glycolysis (Cohn 1968). This was shown by the
blockage of phagocytosis with glycolytic inhibitors such as fluoride and

iodioacetate. Particle uptake has also been shown to increase the rate »

of these energ§ producing pathways (Gudewicz and Filkins, 1974).

The coating of particles with specific antibody makes them more
suéceptible'to phagocytosis. 1In vivo studies ve suggested that IgM
may be a more effective opsonin than IgGC gut the role of complement
mediated alteration of the particle in this system can not be determined
under in vivo conditions. Under in vitro complement free conditions,
IgG appears to be a more efficient opsonin (North, 1970). The role com-
plement plays in phagocytosis is still not clear. The component’s pf
complement may act like an opsonin or mav be useful only in stabilizing
the antigen-antibody complex (Humphry and White, 1970).

The microfilaments and microtubules of macrophages appear to
play a nekcessary role in phagoeytosis. Both colchicine (10 uM) and
cytochalasin D (.5 ué/ml) blocked phagocytosis by mouse peritoneal
macrophages (Mimura and Asano, 1976). When'the two drugs were combined
together, they had a syngeristic effect on the inhibition of phagocyto-
sis.

The attachment and spreading of macrophages on a glass surface
has been suggested to'be an attempt by the macrophage at phagocytosis
(North, 1970). Afte; settling on a glass surface, the macrophage sends
out fine filamentous processes around itself. Plasma membrane then
fills in the spaces between the processes to form a thin cytoplasmic
film around the central macrophage (Tizard and Holmes, 1974). Macro-
phagg spreading is favored by slightly acidic pH, trypsin and pronase,
dithiothreitol and divalent cations {(Cohn, 1975).

The surface of macrophages as well as monocytes contain recep-

tors for IgG and C'3 (Huber et al, 1968). These receptors are useful in

1
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the binting of immune complexes to the surface of the macrophage (Arend

and Mannlk, 1973). The number of IgG receptors was increased by re-
peated -.t Imulation with complete Freunds adjuvant (Arend and Mannik,
1973). The increased number of IgG binding sites led to increased bind-

ing of noluble immune complexes. The macrophage receptors for IgG can
be redistributed into polar caps and then removed by divalent anti-Ig
antibody (Loor and Roelants, 1974). Complete removal of 511 the surface
immunoglobulin did not oécur. Surface bound antigen such as tobacco
mosaic virus or horse spleen ferritin could also be bound and then endo-
cytozed., However, after four days of culture, a portion of the antigen
still remained at the cell surface. It was not known if the presence of
surface antigen was due to escape froﬁ polar cabping, surface reexposure
of endocytozed material or exocytosis and then reattachment o% the anti-
gen. It appears then that the fluid mosaic model of meﬁbrane structure
apblies to what 1s known ‘about the\macrophage plasma membrane,.

The macrophage secretes many extracellular factors into itls
environment. These include interféron, transferrin, complement, and
collagenas; (Alexander, 1976). Thg macrophage also produces and se-
cretes a large* amount of lysozyme. Under in vitro conditions, 85 to 90%

of the total amount of macrgphage synthesized lysozyme is extracellular

(Cohn, 1975). Activated macrophages produce and secrete plasminogen

activator. The secreted extracellular factdrs may be important in de-
struction of extracellular microorganisms and tumor cells.as well.as in
modifying the environment of tissue macrophages and in influencing the
behavior of neighboring cells.

While lymphocytes have been shown to be extremely sensitive to
x—irradiatio;, most macrophage functions are relatively x-ray resistant
(Geiger and Gallily, 1974a). Unstimulated macrophages from lethally or
sublethally x-irradiated mice had normal rates of phagocytosis and de-
gradation of a particulate antigen (Shigella). The irradiated macro-
phages also had normal or elevated levels of DNA and RNA synthesis. The
uptake of choline w}s enhanced by x-irradiation as were the levels of

acid phosphatase and cathepsin D. However, .the irradiated macrophages



were éotoable to induce an immune response to Shigella. This was demon-
strated by incubating macrophages from normal or x-irradiated mice with
Shigella for one hour.~ The macrophages were washed and injected into
anothdr irradiated mouse ®long with normal lymph node lymphocytes. The
anti-Shigella response was then tested 7 days later and proved to be
absent (Geiger and Gallily, 1974a). Electron microscopic observations
of in vivo irradiated peritoneal macrophages have shown that they ‘are
incaqule of forming close physical interactions with normal lymphocytes
(Gallily and Ben-Ishay, 1974). This failure of irradiated macrophages
to interact closely wigh lymphocytes may be responsible for their in-
ability to induce antibody production. Schnning electron microscopy has
also shown that x-irradiated macrophages are morphologically altered.
X-irradiated macrophages contained numerous small holes in their outer
pembrane (Geiger and Gallily, 1974b3.. Tt is not known if these holes
reﬁresented surface damage or a type of normal surface opening which had
not closed. ’ . " .

When macrophages are cultured iﬁ.iiﬁlﬂ for an extended period of
time, they often elongate, produce long processes iand take on a fibro-
blast-like appearance (Hirt and Bonventre,=1973).z There has been a con-—
troversy as to whether the macrophages have been éransformed into the
fibroblast-like cells or whecher‘ihe appearance of the cells 1s due to
the overgrowth of a few éontaminating fibroblasts. Most of .the detailed
studies of macrophages in culture have supported the theory that macro-
phages change into fibroblast-like cells udder certain in XiEﬁé;nondi-
tions. Early studies, in 1926, by Carrel and Ebeling (1926) of/cﬁltured
chicken blood monocytes grown in plasma and embryo juice, showed that
after one day in culture, the monocytes had increased in size and taken
on a macrophage-like appearance. By four days of culcurg, these same
cells had become long and slender and had lost the undula;ing mémbrane
alsng the sides of the cell. Schwartz (1567) has reported that after
one day of culture ip a rich me8ium containing 50% ascites fluid and 15Z
calf serum, peritoneal macrophages from normal éuinea pligs took on an

elongated fibroblast-like appearance. Cytophilic antibody did not

.
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attach to the cells after they had eloﬁgated. Mouse peritoneal macro-
phages have been cultured for over 200 days in special enriched media

(Chang, 1964; Smith and Gokcen, 1971). Many of the cells produced long

- fibroblast-like processes. Hirt and Bonventre (1973) have presented

photomicrographic evidence that the fibroblast-like cells in macrophage
cultures arise from dedifferentiated macrophages. Peritoneal macro-
phages.from normal guinea pigs were cultured for 4 days wiqﬁ a suspen-
sion of zymosan particle;. Zymosan-is resistant to digestion by macro-
phageohydroiytic enzymes. The zymosan was then removed and the cells
were further cultured in medium containing 20% fresh guinea pig serum.

To test the phagocytic ability of the cultured cells, Staphylococcus

aureus was added for two hours and then the cells were stained. Rt 7

’

days of culture, there was a mixture of phagocytic macrophages and non-
phagocycic'fibroblast§. The fibroblast-like cells contained zymosan
particles which fndicgted that they had once been phagocytic but could
no longer perform phagocytosis. The number of fibroblast-like cells
increased with the age of the culture‘until they became the predominant

cell type.

IT. Role of Macrophage in Inflammation .
Macrophages and éoli%orphonuclgar leucocytes (PML) are the major
phagobytic cells at inflammatéry sites (Dannenberg, 1975). These two
cell types migrate simultaneously from the blood scream-yo the site of
inflammation. The PMN's'are numerous during the first 12 hours but then
die off leaving the macrophages as the predominant cell type during the
remainder of the.inflammation. Monocytes leave the circulation and mi—
grate to the site of inflammation where, under the proper stimulus, they
are transformed into active macrophages.' Chemotactic agents released at
the site of {nflammation appear responsible for much of the cellular mi-
gration. Among these agents are the chemotactic factors C3a and C5a re-
leased during the activation of complement, partly denatured protein
from dead cells at the site of inflammation, and lymphokines such as
macrophage bhemotactic.faccor and migration inhibition factor (Dannen—:

berg, 1975). During delayed hypersensitiviﬁy reactions, the lympho-
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cytes, through the action of .their lymphokines, are responsible for. the
immunological-specificity of the inflammatory response. o

. During short lived acute Inflammations, there is a rapid cell
turnover with a swift destruction of the irritant. During chf;nie in-
flammation, the irritant persists along with a large population ;f
macroﬁhages. Spector and Ryan (1970) have demonﬁtrated that the ipﬁlam—‘
matory macrophage’ population may be maintainedwty three different mech-
anisms. The popul@cibn depended on mitotic dﬁCision of existing macro-
phages, macrophage longevity, and con¢inued migration from the circula-~
tion. ’ |

Dead phagocytes accumulating at the site of inflammation may act
not only as chemotactic agents but a}so as sources of glycolytic energy
(Gudewicz and Filkins, 1974). It has been demonstrated that glycogen
rich leuébcyte Eycoplasmic debris in inflammatory fluid was a potential
source of fuel for maturing macrophages.

The macrophage's main function during {nflammatian is the en-
gulfment and sequesteration or digestion of foreign or altered-self sub-
stances. After phagocytosis and fusion 6f the phagosome with the lyso-
somes, little is known aboﬂt the fate of infectious agents (Dannenberg,
1975). Some types of microorganisms may be killed directly by the mac-
rophage's Iysosdmél enzymes. Lipases may remdve the outer cell wall of
Gram negative bacteria and lysozymes may then dissolve the remaining
mucopolysdccharide layer, Ocher.enzymes may hydrolyze the protein or
carbohydrate outer coat of bacteria or viruses to reveal a fragile inner
coat. Nacrophages are also able to kill intracellular microorganisms by
interfering with their vital metabolic processes. Fatty, acid extracts
from activ;ted macrophages have been shown to be bdctericidal (Kochan
and’ Golden, 1974).

The inflammaﬁory macrophage also functions extracellularly by
releasing hydrolytic enzymes and other substances. These may be impor-
tant in killing extracellular microorganisms, generating fever and stim-
ulating prodyction of more macrbphages (Dannenberg, 1975). These extra-

cellular enzymes may also beé responsible for much of the tissde destruc-

’
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tion seen {n chronic inflammafgry reactions (Page et al, 1974). The
'_persistence of undigestable material_with}n macrophages stimulates the
continuous secretion of substances (Gordon et al, 1974). Recent Experi—
ments have demonstrated that attachment of C3b to mpuse macrophages
‘caused a dose and time dependent release of selected lysosomal enzymes -
from the macrophage (Schorlemmer et al, 1975). Macrophages may also
passively release théir cellular contents including lysosomal énzymés
when they diei

ITI. Role of Macrophage in the Specific Tmmune Respouse

The role of thle macrophage in the induction of a specific {mmune
,response has been extensively studfed during the past ten years. Much -
of éhe experimental work has been summarized in recen£~£eviews (Unanue,
1972, Gott{icb and Waldman, 1972; Unanue, 1975). Everf though the {mpor-
tance of cellular interactions betwéen the macrophage and lvmphocytes in
eliciting 'a complete immune response has been repeatedly emphasized, the
exact role of the macrophage has not been well defined. Many functions,
some contradictoery, have been attributed to macrophages and it {s ﬁot
yet clear'which are the pri%e roles the macroyhége performs in the in
vivo situation. I wonld likeogo briefly discﬁss some of the primary
functions involving the immune response presently attributed to macro-
phages. . _

The action of the macrophage is necessary to form a complete
ant ibody response ‘to many antigens. Mosier and Coppelson. (1968) re-
ported, in 1968, that three cell types were needed for the in iiggg in-
duction of a primary antibody response to sheep red blood cells. One of
the cells was adherent and the ather two were nonadherent. They stated
that the vast majority of adherent cells were morphologlcall& and func-
tionally macrophages. Later it was demonstrated that other antigens

(Brucella abortus, rabies virus, pneumgcoccal polysaccharide) also re-

quired both a macrophage-like ¢ell and nonadherent. lymphoid cells for a -

primary antibody response (Curley et al, 1974).
The major role of the macrophage in the induction of the immune

response appears to be that of antigen presentation to the lymphocytes.

i

- | §
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Antigens which are bound to macrophages are highly immuﬁogenic both in
vitro and in vivo (Unanue, 1972). This was first shown by Unanue and
Askonsas (1968) using a haemocyanin antigen and Mitchison (1969) using a
bovine serum albumin (BSA) antigen. The antigen was incubated with
peritoneal udate cells, the cells washed and then injected into normal
animals. The antibody response was then measured and éompared to that
when only free antigen was given. Antigen boundlto macrophages was
immunagenic in all cases. Further experiments with over 20 différent
antigens have shown that antigens which were poorly trapped in vivo by
macrophages, such as BSA or IgG, were stéongly immunogenic when admin-
istered as macrophage bound antigen. Llarger proteins such as haemo-
cyanin which were readily taken up by tissue macrophages, were not as
immunogenic as free antigen when administered in a macrophage bound -form

(Unanue and Calderon, 1975). When the abiligy of the antigen to be

trapped by the macrophageé was disregarded as in a completely in vitro

system, it was found that DNP-haemocyanin bound to macrophages was about
1000 fold more i{mmunogenic than when given in soluble form.

Mosk antigen which is taken up b§ macrophages is rapidly de-
graded (Mitchison, 1968; Unanue, 1975). Yet immune recognition of the
antigen requires recognition of the conformational antigenic-determi-
nants before extensive-catabolism has taken place. ‘Unanue (1975) has
suggested two mechanisms by which the antig®n could be presented to the
1ymph;cytes before extensive antigen degradation. Firstf small amounts
of antigen may not be immediately interiorized but may remain on the
macrophage surfac% long enough to interact with the lymphocyte. Experi-
ments have shown that though 80 to 95% of haemocyanin taken up by mouse
peritoncal macrophages was rapidly catabolized and eliminated from the
cell; a small amount of the haemocyanin remained on the cell surface.
The membrane bound antigen was immunogenic and could be removed by tryp-
sin or ethylenediamine tetraacetate (EDTA) (Unanue and Cerottini, 1970).
Second, small amounts of antigen may also be released from the cell be-
fore substantial degradation has occurred. This phenomenon has not been

consistently observed with all antigens but does o¢tur with haemocyanin

/
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(Calderon and Unanue, 1974). Unanue and Calderon (1975) believe tﬁat
this mechanism mhy‘be important in the release of antigens from complex
material sdch as bacteria, red blood cells and parasites. »
The physical interaction between ancigsn carrying macrophages

and lymphocytes mﬁy also be important. Antigen dependent lymphocyte
stimulation using !nbred guinea pig cells has been shown to be macro-

//phage dependent (Waldron et al, 1973). Culture supernatants from anti-
gen pulsed macrophages could not replace the presence of macrophages.
This suggested that a close physical contact between lymphocyte and
macrophage may be necessary for the induction'of the response. Using

“two inbred guinea pig strains, Rosenthal and Shevach (1973) have .demon-
strated that in order to produce antigen dependent lvmphocvte stimufa-
tion in the gﬁinea plg, cooperation between 5 histocompatfble macrophage
and lymphacyte was necessary. Antigen bound to allogencic'macrnphages
did not stimulate lvmphocytes and sem{—allogeneic macrophages cooperated
only 50% as well as svngenetc'mucrophn&us. They also reported that in
the gu{hca pig svstem, the macrophage ag vell aé the tvmphocyte ﬁus;

possess the necessary immune respoifse (IR) gene (Shevach and Rosenthal,
\ .

\

|

\

\

r 1973). To explain these observations, they. have proposed that the anti-

| gen recognition sites on the T lymphocytes are phvsically related to the

| sites of macrophape-lymphocyte interaction. If the macrophage lacks the

| IR gene for a gpecific antigen, the antigends binding site will be phys-

| ically removed from the macrophage-lymphocyte interaction site.

| Lipsky and Rosenthal (1973) have described both an antigen inde-
pendent and antigen dependept binding of lymphqcyces to macrophages.
Antigeh independent bihding toék place between macrophages and thymo-
cytes ot column purified 1ym5h node lymphocyres of the same species but .

not necessarily same strain. The binding wds reversible and appeared to

represent a steady state condition between cellular association and dis-

lymphocyte binding (Rosenthal and Shevach, 1973). The antigen mediated

|

|

|

|

\

t . sociation. The presence of antigen increased the degree of macrophage-~
! N ' - 4

l interactions required both macrophages and lyﬁphocytes from syngeneic

I

anfmals. Continued interaction resulted in the stimulacion of lympho-
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cyte DNA synthesis within 72 hours. Rosenthal et al (1975) have pro-
paosed a sequence of physical events among macrophage, 1ympﬁocyte and
antigen which leads to T lfﬁphocyte proliferation. Antigen independent
binding between macrophage and lymphocyte would take place first. This
would gather thellymphocytes around the mécrophage withouq‘conveylng any
type of Iimmune specificity. Antigen dependent binding would then occur
If both the macrophage and lymphocyte poussessed dnti;en recéptors for

the antigen bound to the macrophage.

Other functions besides antigen presentation to #ymphocytes have
been attributed to macrophages., Because the macrophage %an effictentl}
remove and dJdegrade large amounts of antigen, fhey are thought to be use-
ful in preventing tolerance by large doses of antigen. The macroéhage
may also alter the antigen to make it more immunogenic by complexing it
with RNA (Fishman et al, 1973). Macrophages with surface bound antigen
mav‘act as a fbcus for attracting T and B cells which could then inter-
act more efficiently (Askpnas and Roelants, 1974). Finally, some stud-
fes have suggested that macrophages may have a role in regulating the
immune response by secreting regulatorv molecules which can ephance the
response, of lymphocytes to mitogens and ancigens (Calderon et al, 1975;
Wood and Cameron, 1975).

IV.  The Role of Macrophapes in Viral Infections

The {mportance o% the macrophage in combating viral i{nfections
has been dfmonstrated in numerous studies (reviewed by Mims, 1964;
Smith, 1972:; Allison, 1974; Silverstein, 1975). Many of the functions
of macrophages described in the preceding sections are essential to
limiting viral spread and to eliminating infectious virus from the body.
l'he macrophage acts by phagocytosis to remove virus particles from the
blood and body spaces (Mims, 1964). This clearance of the virus by
mdcrophages is an important barrier against virus spread to vital target
organs (Allison,’1972). Virus particles may aIso be rendered noninfec-
tious in this manmer because many viruses are not able to replicate
within the macrophage. After entering the macrophage, many viruses
undergo an abortive replicative cycle with no production of infectious

’
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virus. The macrophaye may also handle the viral particlﬁ}as a complex
antigen and Iinteract wlth lymphocytes in the production of antibody and
the induction of cell mcdfated immunity against the virus. Both arms of
the immune response have been shown to be important in various viral in-
fections. The formation of antibody-virus complexes also serves to en-
hante phagocytosis of the viral particle by the mncrophage._ Studies
have shown that suckliny: mice were protected from death by thé vifus
Coxsackie B-3 when they were passiQoly given diluted anti-Coxsackie
antibody and peritoneal nacrophages from adult mice (Rgger—Zismhn and
Allison, 1973). Either diluted antibody or peritoneal macrophages given
alone did not protect the mice from death,

Although the majority of viruses cannot undergo a proéuctlve
replicative cvyele within the macrophage, a number of viruses can infect
the macrophage and produce new virus. Table I summarizes the viruses
whicﬁ are known to replicate within macrophages of the various animals
listed. - .

Age dependent resistance to viral infections has been related in
some studies to the ability of--the maturing macrophage to abfrt viral
infections. This was first suggested by the study of herpes simplex
virus (HSV) infection in mice. Johnson (1964) found that resistance to
herpes encephalitis in mice developed with age. When newborn mice were
given HSV intraperitoneally (i.p.) they’hied of encephalitis, whereas,
the adult mice were resistant. This age dependent resistance was attri-
buted to the ability of the infected adult macrophages to prevent pro-
ductive herpes virus replication, Further écudies of HSV in mice di-
rectly related the protective feature in adult mice to mature macro-
phages. Passive transfer of adult macropRages protecteé suckling mice
against an intrapcritoheal challenge with HSV (Hirschvet al, 1970).
Herpes simplex virus was later shown to undergo an abortive infection
within adult mouse macrophages. Both viral DNA and protein were pro-
duced in the macrophage but the parts were not assembled Into virions
(Stevens and €ook, 1971).

.

The ability of the mature macrophage to abort viral feplication
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VIRUSES WHIGH REPLICATE WITHIN MACROPHAGES

Virus

Animal

Reference

Aleutian Disease of Mink

Avian Sarcoma Virus
B and C subgroups

Eétromelia Virus *
Fowlpox virus
Friend Virus

Germiston Virus

Hefpes Simplex Virus

Influenza Virus

Lactic Dehydrogenase Virus

Lymphocytic Choriomeningitis

Virus
Measles Virus
Mengoyirus

Mouse Hepatitis VITus-3

>

’

Murine Cytomegalovirus

Pichinde Virus

Reovirus-Type 3

Vagcinia Virus

¢

Vesicular Stomatitis Virus

Wesselbron Virus

Yellow Fever Virus

adult mink

‘embryonic and
adult chicken

adult mice
adult chicken
.adult mice

newborn and
adult mice

newborn mice

adult mice

adult mice

adult mice

neonatal human

adult mice

adult mice "

(susceptible
strains)

adult mice

adult hamster

adult mice

adult rabbit
and adult mice

adult, human
adult mice

newborn mice .,

adult monkey

Porter et al, 1969
Gazzolo et al, 1974

" Roberts, 1964

Pathak et al, 1974 .
Levy and Wheelock, 1975
Olson et al, 1975

Johnson, 1964
Hirsch et al, 1970
Stevens and Cook, 1971

Shayegani et al, 1974

Brinton~Darnell et al,

21975

Mims anhd Subrahmanyan,
1966

Suliivan et al, 1975
Eustatia et al, 1972

Bang and Warwick, 1960
Eustatia et al, 1972

Selgrade and Osborn, 1974

Buchmeier and Gangavalli,
1976 *

Eustatia et al, 1972
Tompkins et al, 1970

. Edelman and Wheelock, 1967

Eustatia et al, 1972
Olson et al, <1975
Tigertt et al, 1959

—revl”
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and its reBation to‘age-dependent resistance has béen studied in other
animal;virus systems. The resistance of adult mice to Coxsackie B—;-
virus has been attxibuted to both the abortive replication of the virus
within tﬁe‘adult chrophage and the maturing of the humoral imfune sys-—
tem (Rager-Zisman and Allison, 1973). ' The age dependent resistance of
mice to Wesselbron virus, a group B togavirus, correlated with the abil-
ify of the adult peritoneal mékropha%es to destroy the virus (Olson et
al, 1975). Peritonegl exudate macrophages from Z1 day old mice pro-
tected suckling mice against an intraperitoneal challenge by Wesselbron
virus. The severity of measles infection in children less than one year
of age has been recently related to the abildty of measles vi;us to in-
fect neonatal monocytes (Sullivan et, al, 1975). Peripheral blood mono-
cytes from human cord blood were more than 10 times as susceptible to
infection by measles virus than adult peripheral blood monocytes.

The resistance of mice to intraperitoneal infection by'rabies
virus is age dependent and indirect evidence suggests that macrophages
may be involved. Intraperitoneal injections of India ink, silica, and
anti*macrophagé-serum reduced the resistance of adult mice to {i.p. in-~-
jections of rabies virus (Turner and Ballard, 1976). It was not clear
whether rabies virus underwent limited replication in éuckling peri-
toneal macrophages. Rabies virus is thermolabile and could be inacti-
vatedi,under the culture conditions. The titer of rabies virus decreased
in cultures ¢of both adult and suckling micé macrophages; however, the
decrease in titer was 10 fold ffiore in adult macrophages. )

The increased susc¢eéptibility of suckling mice to murine cyto-
pegalovi}us (MCMV) was pajkially related to the action of the macro-
phage (Selgrade and Olson,§1976). ‘freatment of mice with silica in- .

"creased the éusceptibilitf of CBA mice to i.p. infection with MCMV and
led to increased titers of virus in the livers of the mice. Transfer of
adult macrophages increased the resistance of suckling mice to MCMV in-

fection. However, these experiments also revealed that silica treatment

of the CBA mice did not render them as susceptible té MCMV as the more

g8
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susceptible and untreated C57Bl1 strain. The trangfer studies did not
support the theory that‘the macrophage was the singular leading factor
in the resistance to MCMV., Although thé.growth of MCMV in newborn
mag}ophages was not examined, the growth of MCMV in adult macrophages in
both the resistant CBA and more susceptible CR/Bl mice displayed a simi-
lar level of infection. Examination of the effects of silica dust on
Mareks disease virus, another membef of thenherpes virus group, did not
reveal an increased susceptibility to disease as that shown with HSV and
MCMV (Higgins and Calnek, 1976). )

Strain\depenSent }esistance to virus infections has also begn
related to the fate of the virus within the macrophage (Allison, 1974).
There can be variations in both the strain of the virus and the strain
of .the animal. The growth of virulent and attenyated virus strains in
macrophages was first studied by Bang and Warwick (1960) using Mouse
Hepatitis Virus (MHV). They demonstrated.that the virulent strain MHV-3
could multiply in mouse macrophages while the avirulent strain MHV-1 did
not. Roberts (1964) produced similar findings using two ectromelia
virus strains. The highly virulent Hampstead mouse strain of ectromelia
virus was about 10 times more infective in mouse péritoneal macrophages
than the attenuated Hampstead eggtstrain. Viral strain differences have
also been shown with Avian Sarcoma virus (ASV)(Gazzolo.ggﬂgky 1974).
Subgroups B and C of ASV were able to replifate in both éﬁbryonic (yolk
sac) and adult chicken macrophages whereas subgroups A and D did not re-
plicate. The abjlity to replicate in the macrophage correlated with
morphological and sugar uptake changes in the infected macrophages.
However, the authors did not relate the fate of the various ASV sub-
groups within the macrophage to the transforming ability of the virus in
the animal.

A correlation Between.mpuse strain and the fate of the macro-
phage was also reported by Bang and Warwick (1960) in their study of
MHV. Using a virulent strain of MHV-2, they demonstrated that the re-
sistant m;use strain (C3H) demonstrated no macrophage destruction while

the susceptible mouse strain éPrinceton) was vulnerable to macrophage
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destruction by the uvirus. The susceptibility trait was shown by genetic
crosses to be inheritable. Other studies have revealed that a correla-
tion does not always exist between the virus-macrophage interaction and
the variation in animal strain susceptibility. Roberts (1964) reported
that the difference in mouse strain susceptibility to ectromelia virus
was not related to.the abiiity of the virus to replicate within the
macrophage. The same held true for MCMV. Although CBA mice Qere more
susceptible to MCMV than C57B1 mice, there was'little differenqe in the
growth of the virus within the two strains of peritoneal macrophages

(Selgrade and Osborn, 1974). Recent studies with Pichinde virus in ham-

" . sters have also revealed no correlation between the ability of Pichinde

virus to grow fin peritoneal macrophages and the course of the viral in-

fection'in LVA\ and MHA ﬁamsters {(Buchmeier and Gangavalli, 1976).

Allison (1974) has suggested that if a virus can multiply within
the macrophage but cause ﬁo cytopathic effect (CPE) in the animal's )
cells, thisuleads to uwiral persistence. Several persistent or slow
viruses ‘have been shown to multiply in the macrophage. Lactate dehfy-
drogenasg virus (LDV) causesia life long viremia fn mice with no clini- °
cal signs of illness (Brinton-Darnell et al, 1975). The macrophage
appears to be the principle site of LDV replication. Primary macrophage
cultures yield more infectious wvirus kpan cultures from any other tybe
of mouse tissue. The replication of LDV in‘the macrophage causes no
obvious cytopathic effect (CPE). Lymphocyéic choriomeningitis virus
(LCMV) is a persistent virus in mice. Macrophfﬁcs taken from 16fected
mice contain the virus. Tt was also shown that macrophages taken frdm
LCMV carrier mice are resistant to infection by ECMV whereas normal
mouse macrophages are susceptible to LCMV (Mims and Subrahmanyan, 1966).
The etiological agent of Aleutian Disease of Mink has ‘been shown to re-
plicate in ghe macrophages of mink (Porter et al, 1969). Immunofluores-
cence studies of Aleutian disease virus infected mink have found viral

antigen in the cytoplasm of splenic and lymph node macrophages and of

" Kupffer cells,

. ~
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V. Heterogeneity of Macrophage

Investigators studying the macrophage do not agree on the role
of the macroghage in thé induction of the immune response and in the
elimination of infectious agents and tumor cells. Some investigators
feel that the macrophage is only a scavenger cell with the sole func-
tion of removing ;ntigen from the system and preventing tolerance due to
antigenic overdose, Other investigators believe that the mécréphage is
capable of enhancing the antigenicity of antigens either by simple
attachment to the macrophage surface or by some type of antigen process-
ing. Other investigators feel that the macrophage also releases nutri-
tive factor; which provide the necessary environment for responding lym-
phocytes (Rice aﬁq Fishman, 1974). The macrophage is also reported to
eliminate tumor cells by‘Hoth cytostasis and }ytolysis. These diverse
functions attributed to macrophages make it érobable that the macrophage
population is not functionally uniform and that the diverse functions
are due te a functionally heterogenous population of cells (Walker,
1976).

It is possible to separate peritoneal exudate (PE) macroPhages
into several populations with varying functions. Using b;vine serum
albumin gradients, Rice and Fishman (1974) separated rabbit PE cells
into three subpopulations of macrophages. One population was highly
endocytic but produced no immunogenic RNA, Immunogenic RNA was tested
for by incubating the cells with T2 phage, extracting the cellular RNA
and then adding it .to spleen cell cultures. Aftér 4 to 5 days incuba-
tion, the cultures were assayed for neutralizing antibody. Another sub-
popﬁlat on of macrophages displayed little endocytic activity but pro-
duced immun;genic RNA that gave risé to both 7s and 19s antibody.

Walker (1976) has separated rabbit PE cells on ficoll gradients into
subpopulations of cells which yielded immunogenic RNA that induced the
production of either.lgG 6r 1gM antibody. The cellular subgroups dlso
induced different antigen binding classes of antibody. Walker summa-
rized what is known about heterogenous macrophage populations by stating

that it is-unclear whether macrophage functional heterogeneity is due to
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the degree of cellular matu¥ation, to a differentiation between cells,
or to multiple origins of the cells.

VI. The Activated Macrophage - General Description

Confusion surrounds the terminology associated with the acti-
vated macrophage. 1In this thesis, I shall refer to an activated macro-
phage as a macrophage which has a heightened capacity to-.destroy intra-
cellulqﬁ organisms. The term activated macrophage has also ‘been used to
descri§e a macrophage which has undergone certain morphological or bio-
ché;TE%T‘changes or a macrophage which is cytotoxic for tumor cells.

Although a correlation among these diverse characteristics has been

N .
demonstrated in a few cases, it has not been examined in a majority of

the studies reported here. Macrophage activation ghould not be confused
with the induction of cells into the peritoneal cavity by the injection
of an irritant such as mineral oil, starch, thioglycollate, or proteose
peptone. Macrophages obsained in this manner are normal as regards
their ,ability to destroy intracellular organisms.

George Mackaness (l§62) was one of the first to describe acti-
vated macrophages. He found that the susceptibility of normal mice to

death caused by Listeria monocytogenes was due to the ability of the

bacteria to survive and multiply in the mouse macrophage. Convalescent
mice, however, were resistant to Listeria reinfection. This was shown
to. be due to a change in the mouse's macrophages which made them resis-
tant to Listeria. The appearance of the Listeria resistant mac;ophages
correlated with the onset of delayed hypersensitivity. However, the
macrophage resistance lasted omly three weeks while the hypersensitivity
persisted, Mackaness also reported that passive transfer of‘ﬁiSteria
immune sera did nét protect against Listeria.

Additional studies have sﬁgwn that resistant macrophages (later

termed activated macrophageg) may arise during infections by other

microorganisms incluﬁing Toxoplasma gondii (Ruskin and Remington, 1968),
Besnoitia (Remington and Merigan, 1969), Brucella (Mackaness, 1964),
lymphocytic choriomeningitis virus (Blanden and Mims, 1973), ectromelia
virus (Blanden and Mims, 1973), Mycobacteria tuberculosis (Simon and
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.Sheagren, 1971) and vaccinia virus (Tompkins et al, 1970). In all of
these infections, the microorganism can replicate in the normal macro-
phage but not in the activated macrophage. The resistance of the acti-
vated macropﬁage is immunologically nonspecific and even crosses phylo-
genet ic boundaries (Mackaness, 1964). Man& investigators including"
Mackaness (1964), Ruskin and Remington (1968), and Remington and Merigan
(1969) have shown that macrophages activated by a specific bacterium re-
sisted other intracellular bacteria as well as protozoa and viruses.
Protozoan activated macrophages were resistant against intracellular
bacteria and viruses (Ruskin and Remington, 1968; Remington and Merigan,
1969; Ruskin et al, 1969) and virally activated macrophages resisted
viruses as well as’intracellular bacteria (Mackaness,ll970; Tompkins
et al, 1970; Blanden and Mims, 1973). |

“The rate of development and duration of the activated macrophage
depend on the type of infection. Activated macrophages appear rapidly
(4 days) in acute infections where the infecting -agent reaches large
numbeqs quickly. Chronic infections such as tuberculosis and brucello-
sis stimulate a slow rate of macrophage activation (Mackaness, 1964,
1970). The duration of the activated state depends on the persistence
of the inducing antigen (Mackaness and Blanden, 1967). Shéftly after
the infectioys agent is cleared from the host, nonspecific macrophage
resistance disappears and is followed by the loss of specific macrophage
resistance (Mackaness, 1970). Some type of immunological memory is
associated with macrophage resistance (Mackdnegk and Blanden, 1967).
Activated macrophages reappéar more rapidly dqring reinfection with the
same organism but are induced at a primary rate if reinfected by an un-
related organism, '

Several morphological and biochemical characteristics have been
associated with in vitro cultures of activated macrophages (Roberts,
1964; Mackaness, 1970). Activated macrophages are reported to be larger
than normal macrophages and fo contain increased numbers of phase dense
lysosomes and cytoplasmic vacuoles. They attach to glass more rapidly

and have increased spreading ability. Activated‘macrophage§ have also
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been reported to exhibit an increased mitotic rate, respiration raté and
.digestive capacity with a high level of acid hydrolases. Stubbs ég_g;
(1973) found that activated macrophages from mouse peritoneal cavities
had a normal content of DNA and protein but had an increased glucose
oxidation rate. There have been conflicting reports concerning phago-
cytic ra#tes in activated macrophages. Activated macrophages have been
reported to exhibit an enhanced rate of phagocytosis for such particles

as dead Mycobacteria (Roberts, 1964) but to exﬁibit no increase for

other particles such as starch and €andida albicans (Ruskin et al, 1969;
Stubbs et al, 1973).

VII. Induction of Activated Macrophages

Early studies with activated.macrophages suggested a relation-
ship with the immunological delayed hypersensitivity reactiQn. Both
activated macrophages and delayed hyperseénsitivity arose at approximate-
ly the same time in the animal and both could be passively transferred
with cells but not serum (Mackaness, 1964). Only lif}ng nonadherent
spleen cells were effective in transferring the act ivation .of macro-
phages. Treatment of lymphocytes by sonication, mitomycin C or anti-
lymphocyte serum reduced or blocked the induction of activated macro-
phages (Mackaness, 1970). -

In vitro studies have confirmed that the induction of activated
macrophages is mediated by lymphocytes (Patterson and Youmans, 1970;
Simon and Sheagren, 1971; Krahenbuhl and Remington, 1971; Bast et al,
1974). The experiments were performed by incubating immune spleen cells .
and the specific sensitizing antigen for 72 hours with a normal mécro—
phage monolayer. The monolayer was then washed to remove all nonadher-
ent cells and the test organism was added. Intracellular growth of the
bacteria, protozoa, or virus was then monitored. Only sensitized lym—
bhocytes which had been incubated with their sensitizing antigen were .
able to mediate changes im the macrophage which led to increased anti-
microbial activity. ‘ -

Further experiments have suggested that it is the T cell or lack

of it which 1s influential in macrophage activation. An early indica-
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tion of this was the finding in 1?68by Hirschet al (1968) that mice
injected with anti-theta serum (ATS) had increased morbidity and mor-
tality to vaccinia virus. Later studies demonstrated that ATS treated

mice were also more susceptible to mousepox virus (Blanden, 1970) and

»Listeria (Pearson and Osebold, 1973, 1974). Mice made T cell deficient

by thymectomy and lethal irradiation were not capable of developing re-

sistance to Listeria (Blanden, and Langman, 1972) or of resisting chal-

lenge to a heterologous bacteria (North, '1974). BSth specific and non-

specific resistance, however, were restored by an infusion of syngeneic

thymocytes. Spleen cells treated with ATS plus complement were also in-

. capable of transferring resistance to Listeria (Lane and Unanue, 1972).

The surprising finding was that even though spleen cells taken from mice
which were adult thymectomized, lethally irradiated, bone marrow recon-
stituted (ATx-BM) could not transfer protection to Listeria, the ATx-BM

mice did not show increased susceptibility to Listeria infection (Cheers

and Waller, 1975; Zinkernagel and Blanden, 1975). Two different groups

of workers have recently demonstrated that the macrophages of ATx-BM

mice are always activated, even before infection (Cheers and Waller,

1975; Zinkernagel and Blanden, 1975). Because of their activated macro-

phages, the ATx~-BM mice are more resistant to infection by Brucella and

Listeria than normal controls. The macrophages of Ebngenitally athymic

"nude" mice were also shown to be normally in the activated state. Both

groups of workers suggested that the activation of macrophages 1in the

absence of T cells could be explained by either of two theories: 1.

Bacterial phospholipid extracts are able to nonspecifically activate
macrophages (Faune and Hevin, 1974); these bacterial products might

leave the gut and nonspecifically activate the ma¢rophages, 2. 3 cells

have recently been shown to produce various lymphokines. One of these B

cell factors might be responsiblehfor macrophage activation. A recent

report by Meltzer (1976) supports the theory that bacterial products are

responsible for macrophage activation in untreated nude mice. Peri-

toneal macrophages from conventionally raised nude mice were nonspecifi-

cally cytotoxic to tumor cells in vitro. Peritoneal macrophages from

b
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nude mice raised under germ free conditions, however, were not tumori-
cidal in vitro. This suggested that macrophage activation in the nude
mouse is dependent on enviropmental stimuli and is not directlyﬂf@lated
to the absence of a thymus.

The activation of macrophages by stimulated lymphocytes appears
to be mediated by (a) lymphocyte produced soluble factor(s) or lympho-
kine(s). Such a soluble factor hds'not yet been isolated from the serum
of immune animals, possibly because it circulates at very low concentra-
;ions. Blanden and Mims (1973) have suggested that a blood borne factor
might be one way of explaining the activation of peritoneal macrophages
which are far from the initial site of infection.

In vitro experiments have definitely implicated a soluble factor
~rel.eased from sensitized lymphocytes as the mediator of macrophage acti-
vation in culture (Patterson and Youmans, 1970; Krahenbuhl and Remington,

1971; Simon and Sheagren, 1972; Klein and Youmans, 1973; Nathan et al,
1973; Adams et al, 1973; Klein ot al, 1973; Bast et al, 19745 Sethi et
al, 1975; Borges and Johnson, 1975). he experiments involved culturing
sensitized spleen cells with their specific sensitizing antigen for up
-to 72 hours. The cell free supernatant was then collected and added to
a normal mgcrophage monolayer for an additional 72 hours. Macrophage
activation was thea assayed for by growth inhibition of intracellular
organisms or by morpﬁologlcal or physical mgthods (amount of adherent
cell protein, level of glucose oxidation). The time required for the
CWé incubations often varied among different laboratories., A recent re-
port on the activation of human monocytes by Toxoplasma has even re-
ported the production of an active supernatant after only 15 minutes
incubation and the activation of the monocytes after a two hour eipo-
sure fo the supernatant (Borges and Johnson, 1975). Active supernatants
were not produced when sensitized spleen cells were incubated without
their sensitizing antiggp or when macrophages were incubated’with only
antigen but no lyﬁphocytes.
Supernatants from nonspecifically stimulated lymphocytes also

activate macrophages in vitro. Godal et al (1971) found that either 3
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to 4 day or 6 to 7 day old culture fluids from rabbit mixed leucocyte
cultures caused proliferation, vacuolation, gliant cell formation, and
fusion when incubated with a rabbit macrophage monolayer for three day§.

The intracellular growth of Myvcobacteria was also inhibited. No changea_ -

were seen In cells cultured with fluid from control leucocyte cultures.
Culture fluid from Conconavalin-A stimulated l;mphocytes were able to
activate both guinea pig and mouse macrophages (Klein and Yéuégns, 1973;
Nath et al, 1973). A macrophage activating factor was also found in the
supernatants of phytohemagglutinin (PHA) sFImuIatcd spleen cells taken
from a mouée which had 12 days earlier received a skin allograft (Caraux
et al, 1975). No activating factor was found in PHA stimulated spleen
cells from nongrafted mice. The authors felt that this was the first
indirect evidence that a macrophage activating factor was produced in
response to graft antigens by animals carrying allografts,

Evans and Alexander (1971) have described a soluble factor which
renders macrophages cytotoxic to tumor cells. Specific macrophage arm-
ing factor (SMAF) is produced by immune T cells when they are cultured
in the presence of specific antigen. Macrophages treated with SMAF be-
come armed against the specific inducing antigen. If the macrophages
are treated with SMAF plus Specific antigen, the macrophages become non-
specifically activated. SMAF has been separated by gel chromatography
into two molecular weight preparations (Evans et ﬂi' 1973). The sizes
of SMAF in the mouse are E0,000 to 60,000 daltons and greater than
300,000 daltons (Evans et al, 1972). SMAF has been shown to bind in a
specific manner to the target cells used to sensitize the host. These
target cells were then killed in the presence of normal macrophages.
SMAF will aiso bind to normal macrophages which then become specifically
cytotoxic (Evans et al, 1972; Pels and Den Otter, 1974). The activity of
the cytotoxic macrophages could be removed by trypsin ufeaCmént.

Macrophage activating Eaccor has been associated_with macrophage
migration inhibition factor (MIF). Present evidence suggests that mac-
rophage activating factor may be indistinguishable from MIF. David
(1975) feels that in all probability macrophage activating factor and
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MIF are Ehe same material. MIF rich fractions from lvmphocyte culture
supernatants have been able to .activate macrophages (Nathan et al, 1971;
Krahenbuhl, and Remington, 1971: Adams et al, 1975; Nath et al, 1923;
Nathan et al, 1973). The fractions wefc usually separated using Sepha-
dex G 100 or G 200. Nathan et al (1973) have performed the most inten-

sive studies on the various lymphokines and have not been able to sepa-

rate macrophage activating factor from MIF but are able to éeparate

macrophage activating factor from both macrophage chemotactic factor and.

lymphotoxin. Both macrophage activating factor and MIF eluted from
Sephadex G 100 at a peak molecular weight of between 35,000 and 55,000.
This molecular weight excluded both antigen-antibody complexes
and cytophilic antibody (Dy et al, 1976). Macrophage activating factor
dlso had a significant peak in the region where albumin elutes. Both
macrophage activating factor and MIF had a bouyant density in CsCl which
was greater than efther chemotactic factor or lvmphotoxin. .Jhe bouyant
densitv of macrophage activating factor was 1.427 to 1.320, Macrophage
activatinh factor and MIF were both sensitive to neuraminidase while
chemotactic factor and lymphotoxin were not. The bouvant density and
neuraminidase sensitivity of macrophqﬁe activating factor and MIF are
consistent with a glycoprotein composition. Prenase treatment of mouse
macrophages prevented the activation of macrophages if appiied bgfore
the activating supernatant but not after the addition of macrophage
activaring facvor (Dy et al, 1976). This supgested that macrophage
activating factor acts to modifv the macrophage rather than to be pas-
sively carried by the macrophage as a surface molecule.

Both macrophage activating factor and MIF appear to exert thelr
effects without being consumed by the macrophage (Nathan et al, 1973).
This was ansured by culturing an active supernatant with macrophages
for 3 days with no decrease in the activity of the supernatant. This {is
in variance with the findings that SMAF coats the macrophage as well as
the target cells and disappears from the supernatant after-a short
period of incubation (Pels and Den Otter, 191&). A further difference

between the two activating substances is that SMAF can be removed by



.

trypsin with the abolition of the activated state.

’ A variation in the in witro time course response to macrophage,
act {vating factor and MIF was the only dissimilarity between the two
found by Nathan et al (1973). Macrophage migration inhib{tion can be
measured during the first 24 hours of culture with macrophages. Macro-
phage activation will only appear after the macrophage has peen cultured
for three days .with the fa tor. The authors concluded that macrophage
activating factor and MIF are the same factor but that their various
effects have different times of response.

.\ There have been three reports of the lack of association between
macrophage activating factor and MIF. Klein QL‘EL (1973) reported that
cultured spleen cell supernatant inhibited the incracelluiar growth of
Mycobacterium tuberculosis without tﬂe inhibition of macrophage migra-
tion. Different media, however, were used for MIF and macrophage acti-
vating factor production and nelther method nor data for the measurement
of MIF was presented. Simon dnd Sheagren (1672) were able to detect MIF
without macrophag; activation. Thev used lvmphocvte supernatant pro-
duced by the incubation of splecﬁ cells with antigen for 24 hours and
then added it to the macrophages for another 24 hours before assaying
for macrophage activation., Other studies have reported that macrophage
activation is slower to develop than migration inhibition and generally

<takes 72 hours. [lhe third report, by Osebold et al (1974}, described
the induction in mice of enhanced resistance to Listeria without the
development of delayed hvpersensitivicy. A diffusion chamber contain-
ing Listeria was placed in the peritoneal cavity of mice. When tested
later, some of the mice dtd not develop delayed hyvpersensitivicy as
measured by footpad enlargement 24 hours qfter challenge. These same
mice« had decreased hortality when challenged with lethal doses of Lis-
teria. A statistical.analysis of the data was performed but the signi-
ficance in death rates was not readily apparent. One should also note
that enlargeme&c of footpads at 24 hours may not be the best méthod of
measuring delayed hypersensitivity in mice.

The roles of interfe}on and antibody in the increased resistance
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of animals to intracellular organisms have been investigated and both

interferén and circulating antibedy have'been ruled out as the cause of
$a

macrophage activation. Several interferon inducers given to mice 18

hours before challenge with Listeria or Salmonella tvphimurium did not

reduce the death rate whereas mice previously infected wich Toxoplasma
gondii were resistant (Ruskin and Remingcon,.l968). Remington and Mor-
gan (1969) found that mice persistently infected with eitherfkﬁg&ﬂégmg
or_&;ﬁggﬁié were resistant to Mengo virus for up to one year. Inter-
feron was not felt to be a factor betause protozoan infections .induce
interferon praduction only during thelir early stages. Humoral antibody
was ruled out because the ability to activate macrophageé has never been
transferred by passive injection of serum from resistant animals (Miki
and Mackaness, 1964; Ruskin et al, 1969; Remington and Meéigan, 1969;
Mackaness, 1970). In vitrgo incubation of immune serum with macrophages
had no effeoct on the intracellular growth of Listeria (Miki and
Mackaness, 1964).

Although cvtophilic antibody has been suggested ad a possible
mediator of macrophage activation, there is no reported evidence to sup-
port this hvpothesis. Since macrophage activation cannot be passively
stransferred with serum (Miki and Mackaness, 1964; Mackaness, 1970), the
cytophilic antibody would have to attach very avidly to the macrophages
and would have to be present in a free state only in very small amounts.
Macrophages have a surface receptor for the Fc portion of an antibody
molecule and can bind antibody in vivo, nIt ts possible to elute this
cell associated antibody from macrophages by gently heating. Ueda and
Nozima (1973) were able to elute anti-vaccinia neutralizing antibody
from the peritoneal macrophages taken from vaccinia virus sensitiéed
mice. Cell bound cytophillc\antibody‘could possibly enhance the macro-
phage binding of specific dnt{gen but this does not explain the nonspe-
cific effect of activated macrophages. Tizard (1971) has hypothesized
that cell bound antibody complexed with antigen may activate the macro-
phage's enéyme systems which would lead to enhanced killing ability
against any intracellular organism. Few experiments have been performed

-
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&
to examine this or any other role cytophilic antibody may have with the
induction of activated macrophagés.

. Macrophages may be activated by both immunological and nonim-
munological methods.

qobtained from animals after finfegction with a wide variety of microorgan-
isms. Activated macrophages are also produced after “passive injection
of sensitized syngeneic lyﬁphocytes plus their sensitizing antigen. It
is possible to producé activated macrophages in 21£i9 by. treating them
.with lymphocyte supernaéanté produced either during an imﬁhnological-re—
action such-as lymphocytes reacting with their sensitizing antigen or a
mixed ieucocy;e reaction or duriﬁg a nonimmunological reactién such as
treac%ent with éonconavadin ‘A, Activated macroph;ges can also be pro-
duced in a'nonspecific ménner-by treating cells either in Xizg'or in
Xigig with endotoxin, lipid A or double stranded RNA (Alexaqder and

Evans, 1971). 1In vitro treatment with a low molecular weight peptogly-

. » .
can isolated from Mycobacteria will.also activate macrpphages.
- " .

VITI. Activated Macrophages and Viruses

The activated macrophage has been studied in relation to only a

few viral systems. These limited studies have confirméd that macro--

phages activated in a viral system possess similar characteristics to

those in a bacterial or protozoan system. Influenza virus has the capa-

city to replicate in.the peritoneal macrophages of normal mice but not
in macrophages taken from mice immunized with influenza virus either

intraperitoneally or nasally (§hayegani et al, 1974). Nonspecific acti-

“w
vation was demonstrated by immunizing the mice with Staphylococcus

aureus and then challenging the peritoneal exudate cells in vitro with
influenza virus. The production of influenza virus specific antigen W8
markedly lower in the bacterially immunized cells than in the normal

cells} however, it was glightly higher than in’the virally immunized

cells. Similar results were obtained with Fowlpox: yirus in chicken

peritaoneal exudate macrophages (Pathak et al, 1974). Peritoneal macro-"

phages taken from chickens infected with Fowlpox virus 15 to 20 days

- previously were resistant to infection by Fowlpox Virus "as well as New-

~ ]
s

As described earlier, actigatedJmacrophages may ‘be’

-

r.l
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castle Disease virus and the bacteria Salmonella gallinarum.

<+

The interaction between virus jand activated macrophage has been

most intensively studied with vaccinid virus. Vaccinia virus can repli-
cate in normal PE-macrophages of rabbits’ (Tompkins et al, 1970; Avila
et al, 1972) and mice (Ueda and Nozima, 1973; Koszinowski et al, 1975)
but.not in PE.macrqphages taken from vaccinia virus immune animals.
Av%la gﬁ_gi'(lQ?Z) reported that vaccinia virus activated rabbit macro-
phages demonstratpd vaccinia virus specificity and were not refractile
to challenge by myxoma virus. I do hot believe this to be a general
phenomefion and suggest that, it may be due to the time the cells were
taken after the initial infection with vaccinia virus (4 to 6 weeks
after the first inoculation and 1 to 2 weeks after the second).: Titer-
ing of infectious virus has shown that vaccinia virus adsorbed equaliy
well to’activated and normal macrophages (Avila et al, 1972). Activated

macrophages did not lose their immunity to vaccinia virus when exten-

. sively washed (10 times) with Hanks Balanced Salt Solution or after

~— e
trypsin treatment (0.25%) for 20 minutes at 37°C (Schultz et al, 1974).

IgG displaying very weak neutralization to vaccinia virus could be
eluted from the .activated macrophages by heating at 37°C. This elution

id not alter the activation of the macrophages. Activated macrophages

id lose their immunity to vaccinia virus when they were cultured for 7
ays at 37°C. Koszinowski et al (1975) working with vaccinia virus in-
cted mouse PE macrophages has suggested that the presence of TgG anti-
vagcinia antibody on the ‘surface of .activated macrophages is in some

cas responsible for the increased' clearance from the medium of free
vaccinia virus. \yThe clearance of vaccinia yirus from the medium by
macrophages taken from mice injected 3 times in 14 days with vaccinia
virus could be blocked with anti—mqﬁse Igh. Similar treatment of cells
taken. from mice injected only once in 6 dayq did not block viral clear-

ance. ‘ -
»

IX. Vaccinia Virus ‘

Vaccinia virus is the type specles of the*viral group Poxvirus.

‘It is a member of the subgroup vaccinia of which cowpox, ectromelis,

L4

»
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variola, rabbitpox, and alastfim‘are also members *(Joklik, 1966). Vac-
Icinia virﬁs is a large irregular shaped virus approximately 270 nm by
218 nm (Moss, 1974). Electron micrographs of thin sections of vaccinia
virus reveal a well defined outer membrane which surrounds a dumbbell
shaped core and two oval'shaped lateral bodies wh{Eh lie on either side
of the core (Joklik, 1966). The outer membrane is lipoprotein in nature
and unlike other viral envelopes, is synthesized de novo by: the virus
(Fenner et al, 1974). The viral core consists 8? a protein membrane
surrounding the virion DNA and internal proteins. The virion nucleic
agid is double stranded ‘DNA which may be cross linked a& both ends “
(Geshelin and Berns, 1974). The molecular weight of the DNA has been &
estimatéd to be about 150 x 106 (Joklik, 1968b). This corresponds to a
coding potential of around 160 proteins with a molecular weight of
50,000 each. The vaccinia virus core also contains several viral en-
zymes: a DNA dependent RNA polymerase, a polyA polymerase, a nucleoside
triphosphate phosphohydrolase, a DNase and a protein kinase (Moss, 1974),

“The replicative cycle ¢of vaccinia virus is thought to take plaée
entirely in the cellular cytoplasm although recent findings suggest that
some viral DNA may be synthesized in the cell nucleus (La Colla and
Weissbach, 1975), Most of the newly produced vaccinia virions remain
cell associated and under laboratory conditions are released only after
mechanical disruption of the cell. Vaccinia virus infection éauses
cellular cytopathic effect (CPE} (Joklik, 1966). The initial CPE, after
1-1/2 to 2 hours of infection, is cell rounding and is most extensive
after infeﬁtion with high multiplicities. The second type of CPE con-~
sists of cell fusion and becomes evident after the onset of viral DNA
synthesis. )

The first step in the initiation of vaccinia virus infection, is
the adsorption of the virus to the cell. Adsorption of virus to the
cell is rapid and is dependent on Mg++ ions (Joklik, 1964). The virion
enters the cell by the process ﬁf cellular phagocytosis (Moss, 1974).

" Within the phagosome, the outer membrane is rapidly removed and the
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viral core is released intq the cellular cytoplasm (Joklik, 1968b). This
first stage of uncoating is not prevented by inhibition of RNA or pro-
tein synthesis. The secénd stage of uncoating involves the release of
the viral DNA and 1is prevented by inhibition of RNA and*procein synthe-~
sis or by ultraviolet inagt!&ation.' It takes place after a 1/2 to 2
hour lag period which is {ependent on the multiplicity of infection
(Joklik, 1964). It appears that during this lag period, thé core asso-
ciated RNA polymerase transcribes a message off the core enclosed viral
DNA for a’'viral uncoating protein which is necessary for complete vac-
cinia virus uncoating (Kates and McAuslan, 1967a). The extent of vac-
cinia virus uncoating is never 100% and is probably closer to 50%
(Joklik, 1964). e B

The production of vaccinia virus RNA is divided into early and
late phases. The early synthesis of viral RNA occurs during the first 2
hours of infection and is probably made entirely in the infecting virion
cores (Moss, 1974). The amount of RNA produced is dependent on multi-
plicity of infection and cell type used. The early RNA produced is pri-
marily 10s to lés and includes information from approximately 14% of the
viral genome. The rate of early RNA synthésis declines as viral DNA
synthesis begins and progeny DNA is released from Fﬁc cores. The burst
of late RNA synthesis takes place 3 to 6 hours after infection and 1s
dependent on viral DNA synthesis. The entiqé genome 1is transcribed from
the progeny DNA. Both early and late viral FRNA contain polZ(A) of 100
to 200 nucleotides in length (Nevins and Joklik, 1975).

Vaccinia virus DNA synthesis begins '2 hours after infection and
is complete by 6 hours after infection when virion formation begins
(Joklik and Becker, 1964). The shut off of viral DNA synthesis appears
to be under some type of protein control because it is not related to
the disappearance of template or the depletion of precursor molecules.
Continuous vaccinia virus protein synthesis is necessary for viral DNA
synthesis (Joklik and Becker, 1964; Kates and McAuslan, 1967b).

The synthesis of early and late vaccinia viral proteins is under

transcriptional control. The early and late proteins, however, cannot
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be divided into enzymatic or structural functions. Structural protéins
are formed both-before and after the onset of DNA synthesis (Moss, 1974).
'Thirty different structural polypeptides have been identified by SDS-
polyacrylamide gel electrophoresis. Vaccinia induced nonvirion enzymes
are also synthesized. These include thymidine kinase, DNA polymerase,
several DNases, and a polynucleotide ligase (Fenner et al, 1974).
Several viral proteins undergo posttranslational modification. At least
three major proteins are cleaved from precursor proteins (Katz and Moss,
1970a;Pennington, 1973; Moss and Rosenblum, 1973). Other proteins are
glycosylated or phosphorylated (Moss et al, 1971; Pogo et al, 1975).
Vaccinia virus morphogenesis has been studied most extensively
usiqg tbe electron microscope. At 2.to 3 hours after infection, granu-
lar or fibrbus dense areas appear in the cytoplaém (Morgan, 1976).
These have been called viral factories and are the site of viral compo-
nent synthesis and assembly. At 3 hours, arcs and circles of membrane
begin to appear in the factories. .Some of the circles contain small
dense nucleoids which are the viral DNA molecules. Virion cores form
from these nucleoids. With the addition of the lateral bodies and the
outer limiting membrane, the maturing virion migrates away from the
factory into the cytoplasm where most of them remain until cell lysis.

5

X. Purpose of Study

Although it has been known for some time that macrophages play
an important role in the defense against viral infections (Mitchison,
1969), the mechanismé by which macrophages limit virus replication have
not been examined. The limitation of virus replication in other cell
types has been shown to be mediated by interferon; however, a rolghfor
interferon in triggering the interference to virus. replication in macro-
phages has not been demonstrated. The present study was, therefore,
undertaken to characterize the abortive infection of vaccinia virus in
activated macrophages and to compare the findings with those expected if

the abortive infection were inhibited through interferon.



MATERIALS AND METHODS

L cells e

A continuous line of African‘green monkey kidney cells 2 ev&it’
was used for growth and titration of vaccinia virus. The celld_drere
grown in Eagle's modified Minimal Esserntial Medium (MEM) supplemented
with 10% heat inactivated fetal calf serum, 10mM glutamine, 100 units/ml
penicillin, 100 ug/ml streptomycin, 10 mM hydroxyethylpiperazine N-2
ethansulfonic acid (Hepes), ph 7.2, and 0.15% NaCQ3.

Primary rabbit kidney cells were prepared by overnight trypsini-
zation with 0.5% trypsimgsat 4°C of sma}l’pieces of kidmey taken from 2
to,.3 week old rabbits. The cells were seeded in tissue culture flasks
and grown to cénf]uency in MEM medium as described above.

Rabbic peritoneal'exudate {PE) cells were harvested from the
peritoneal cavity 3 days after an intraperitoneal injection of approxi-
mately 40 ml of sterile minera{ oil. The rabbits were bled by cardiac
puncture and then killed with An injection of sodium pentabarbftol. The
skin lying over the peritoneal cavity was cut away and ah incision was
made in the peritonéal wall. The peritoneal cavity was washed out with
seve(él rinses of HBSS. :The PE cells were then washed tw{ce with cold
HBSS by centrifugation at 12,000 rpm for 10 minutes each at 4C. A sam-
ple of the cells was diluted in 0.1%® trypan blue and placed in a hema-
cytometer for counting. Only the large and medium sized cells which
excluded trypan blue were counted. ,

Peritoneal exudate macrophages were activated in vivo by infect-
ing normal rabbits with vaccinia virus (Avila et al, 1972). The rabbits
were injected with a total of about 1 x 10 PFU of vaccinia virus stock
in a total of six sites on their shaven backs using a 26 gauge needle.

Vaccinia lesions first appeared 2 days later as red areas. Small vesi-

cles formed at the inj$$tion sites by 4 to 5 days after infection.

33
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IT. Animals

Young adult New Zealand white rabbits of both sexes were ob-
tained locally and used throughout the experiments. They were housed in
individual cages and given food and water ad libitum.

"IIT. Vaccinia Virus: Preparation 6f Stocks and Titration of Virus

Virus stocks of the WR strain of vactinia virus were grown in
primary rabbit kidney cells (PRK) or Vero cel%s. The PRK cells yielded
a virus stock which titered between 2 to 7 x 107 PFU/ml while a virus
stock prepared in Vero cells contained about one half log less virus,
Confluent monolayers of cells were {nfected with approximately 0.1 PFU/
cell of virus. The virus was allowed to adsorb for one hour at room
temperature and MEM plus 2% FCS was added. The cultyres were Incubated
at 37°C for two days after which the cells were then freeze-thawed twice
to liberate the virus. Cell debris was removed by low speed centrifuga-
tion and the virus containing supernatant was dispensed in small vials
and stored at -50°C. Tritiated thymidine labelled vaccinia virus was
produced by the addition of 1 pc/ml of'3H thymidine (20 ci/mmole, New
England Nuclear) to the medium after virus adsorption.,

_ Virus titrations were performed on confluent monolayers of Vero
cells grown in 60 mm dishes. Ten fold:dilutions of the virus suspen- -
sions were made in cold Hanks Balancéd Salt Solution (HB9S). Two tenths
ml of the dilutéd virus wgs pipetted onto the Vero cells and allowed to
adsorb for 45 minutes at room temperature. Four ml of MEM + 2% FCS was
then added to each plate. The plates were incubated at 37°C in 5% CO2
for 2 to 3 days until the virus plaques were visible. The media was
then removed and FAA fixative (see Appendix I) was placed on the cells
for 1 to 5 minutes. This was paured off and the monolayer was stained
with 1% crystal violet in water. The excess stain was rinsed off with
water and the plaques were counted.

IV. Virus Purification

Vaccinia virus was purified according to a method described by
Joklik (1962) and modified by Katz and Moss (1970b). Virus infected

cells and culture medium were frozen and thawed to lyse the cells. The
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cell debris was then removed by centrifugation at 1500 rpm for 10 min-
utes. The debris was resuspended in a small amount of the supernatant
and sonicated for 30 seconds at full power in the cup of a Bronwill Bio-
sonik IV sonicator to further release the virus. The debris was again
sedimented and all of the supernatants were pooied. Virus in the super-
natant was pelleted through a 36% sucrose cushion by layering in a 30 ml
Oakridge tube 25 ml of supernatant over 5 ml of 36% sucrose in 0.01 M
Tris, pH 9. - This was spun at 25,000 x g for 60 minutes. The superna-
tant was carefully removed and the pellet resuspended in 0.5 ml of 0.01
v Tris, pH 9, The resuspended pellet was then layered on a 25% to 40%
continuous sucrose gradient (0.01 M Tris,pH 9) and spun at 14,000 x g
for one hour. Forty drop fractions were collected by bottom puncture
and thé optical densities at 260 nm and at 280 nm were recorded. The
’fra§tigqs containing the virus peak were pooled and diluted in 0.01 M
Tris, pﬁ 9. The virus was then pelleted by spinning at 25,000 x g for
one hour 4and resuspended in a small amount of buffer. The last two cen-
trifugations were repeated to obtain very pure virus for use in antibody
production. To estimate the amount of purified virus obtained, the fol-

lowing formula was used: 1,00 0D unit =1.2 x 1010 elementary bodies/

260
ml (Joklik and Becker, 1964). - ¢

V. One Step Growth Curv¥es of Vaccinia Virus

Activated and normal rabbit periton®al macrophages were col-
lected and washed twice in HBSS. The cells were counted and 2.4 x 107
cells were resuspended in a small volume (approximately 0.4 ml) of HBSS.
One ml of vaccinia virus stock was added to give a multiplicity of in-
fection (MOI) of 2. This mixture was incubated on ice for 30 minutes
with frequent shaking. After the adsorption period, unadsorbed virus
was removed by adding 50 ml of HBSS to the tube and pelleting the cells
at 1000 rpm for 10 minucg§. The HBSS was poured offland the ceéls wvere
resuspended in MEM + 10% FCS to give a cell concentration of 10 cells/
ml. One ml aliquots of cell suspension were placed in culture tubes and ’

incubated in a slant position at 37°C in a 5% CO2 incubator. At the

sample times, duplicate tubes were frozen at =50 until ready for assay.
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Cell samples were freeze—thawed twice to release intracellular virus
before titration,

The virus growth curve in Vero cells was performed in a similar
manner. Confluent monolayers of Vero cells were trypsinized with 0.25%
trypsin-EDTA to remove the cells. The cells were then washed, counted,
and resuspended in a small volume of HBSS to which vaccinia virus was
added at a MOI of about 2. The medium control consisted offmixing 4 x
107 PFU of vaccinia virus with 25 ml of MEM + 10% FCS, distributing one
ml aliquots into tubes and incubating them. Duplicate tubes were frozen
and assayed in parallel with the cell.cultures. The duplicate tubes

from each time sample were pooled and assayed on Vero cells.

VI. Adsorption of Vaccinia Virus to Rabbit Macrophages

Forty million PE cells or 2 x 107 Vero cells were suspended in
4.5 ml of HBSS and placed in an ice bath. Five one hundredths ml ef
purified vaccinia virus labelled with 3H thymidine (about 22,000 CPM,
7.5 x 108 PFU) was added to the cells and the mixture quickly dispensed
in 0.3 ml aliquots into tubes sitting in a rocking ice bath. The tubes
were continually rocked Iin the ice bath until the sampling time when 20
m]l of cold PBS was added to triplicate tubes to stop the adsorption.
The cel}s were washed by spinning at 12,000 rpm for 10 minutes. One ml
of the supernatant was counted by mixing with 10 ml of scintillation
fluid containing 10% (Biosolv, Beckman) BBS-3. The pellet was dissolved
in 0.5 ml of 20% BBS-3 in water and then counted in 10 ml of scintilla-
tion fluid containing 20% BBS-3. The mean number of counts in the pel-
let, in the supernatant, and in the total tube were calculated from the
triplicate tubes at each sample time. The results were expressed as a
percentage of the number of counts present in the pellet over the couﬁts
present in the entire tube:.

VII. Elution of Virus from Cells and Virus Uncoating

The experiments’to study the elution of vaccinia virus adsorbed
to cells were performed in conjunction with the vaccinia virus uncoating
experiments. TForty million PE cells or 2 x 107 Vero cells were mixed
witﬂ 0.05 ml of purified vaccinia virus labélled with 3H—thymidine
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(25,000 CPM). The cell-virus mixture was dividea into 6 tubes and the
virus allowed to adsorb for 30 minutes in a rocking ice bath. Unadsorbed
virus was removed by washing with cold phosphate buffered saline (PBS)
and the cells were resﬁspended in two ml of MEM + 10% FCS. The tubes
were incubated at 37°C. At hourly sample periods, the cells were pelleted
and a one ml sample of the supernatant was mixed with 10 ml of scintil-
lation fluid containing 10% BBS-3 and counted. The suscept{bility of
the eluted virus to the activity of DNase was tested by adding Q.15 ml
of DNase (0.5 mg/ml) to one ml of supernatant, incubating for 30 minutes
and then precipitating with 0.2 ml of 507 trichloroacetic acdd (TCA).
The cell pellet was used to assess vaccinia virus uncoating.

The cell pellets were resuspended in 1 ml of .01 M NaPOA, .01 M
MgClz, pH 7.0 buffer, and frozen and thawed twice. The samples were
divided into two 0.5 ml portions. One portion received 0.1 ml of DNase
(0.5 mg/ml) while the other porciod;?eceived 0.1%ml of the .01 M NaPOA :
MgCl, buffer. The tubes were incubated for 30 minutes at 37°C and the
amou;c of digested DNA determined by preciplca;ingyeach sample with 0.2
ml of 50% trichloroacetic acid (TCA) and then counting a sample of the
" supernatant and the TCA precipitate. The percentage of specific 3H thy-
midine counts released into the supernatant by the DNase was calculated
by subtracting the number 6f counes in the buffer supernatant from the
counts in the DNase supernatant and then making a percentage of 'the
total counts in each tube.

VITII. Virus DNA Svnthesis

4 Vaccinla.virus DNA synthesis was studied by pulse-labelling at

various times after infection wlith 3

H thymidine and then assaying for
the appearance of TCA precipitable counts. The procedure involved seed-
ing 5 x 106 PE cells in 35 mm cell culture dishes and incubating for one
hour at 37°C. The cells were then infected with either 0.5 ml of vac-

7 PFU/mlS or 0.5 ml of MEM + 2% FCS and incu-
bated for 30 minutes. ' The inoculum was removed and 0.5 ml of MﬁM + 2%

FCS was added to the dishes which were again placed at 37°C. At hourly

cinia virus stock (7 x 10

intervals, the cells were pulsed for 5 minutes with 5 pc/ml of 3H thymi-

]

¥
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dine. After the 5 minute labelling period, the medium was removed an&
the cells were scraped into one ml of cold reticulocyte standard buffer
) (RSB) ard allowed to swell for 10 minutes on ice. The cells were then

rupturaed by ten strokes of a Dounce homogenizer. The nuclear and cyto-
plasmic fractions were separated by spinning at 800 x g for 5 minutes.

The nuclear and cytoplasmic fractions were then separately precipitated
+ by the addition of one ml of 15% celd TCA. The precipitates were col-

lected and counted using scintillation fluid containing 107 BBS-3. ‘

The synthesis of vaccinia DNA in Vero cells was examined in a
similar manner. Confluent monolayers of Vero cells in 60 mm dishes were
’infected with one ml of vaccinia virus (7 x 107 PFU/ml). The cells were
pulsed with 2.5 uc/ml of 3H thymidine. Only the cytoplasmic fraction
was TCA precipitated and ,counted.

IX. Analysis of Vaccinia Virus Infected Cqlls bv Polvacrvlamide Gel

Electrophoresis

Seventy-five million PE cells were infected with vaccintia virus
at a MOI of 2.5 for 30 minutes on ice. The cells were then washed and
resuspended in 12 ml of HRBSS. Four ml aliquots of the cells™ere placed
in 60 mm cell culture dishes and incubated for 30 minutes at 37°C to
allow the macrophages to adhere to the plates. The medium and any non-
adherent cells were then removed and 4 ml of MEM containing 1/10 amino
acids ‘were added to the, plates, ’

" To detect vaccelnia virus specific poalypeptides synthesized at 0,
2, 4, 6, and 8 hours after infection, the medium was removed at the sam-
ple time and 2 ml of amino adld free MEM containing 25 uc/ml of 3H amino
acids (New England Nuclear) was added to the plates. The cells were
then incubated for 30 minutes at 37°. After the labelling period, the
medium was removed and the cells were solubilized in 0.5 ml of slab gel
sample preparation buffer and then frozen. For the pulse-chase experi-
ments, all the cells were pulsed with 25 uc/ml of 3H amino acids for 30
minutes after 6 hours of incubation with:-virus. The 3“ containing
mediym was then remaved and 4 ml of MEM plus 10% FCS was added to the

plates which were incubated for various chase periods. The cells were
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then solubilized and frozen as described above.

Polvacrylami{de slab gels contd{Aing sodium dodecv] sulfate (SDS)
were prepared and run according to the procedure of Laemml{ (1970). The
gel consisted of a S%‘stacking region and a 12.5% separating region. -
The gel was run in dn\apparntus containing Tris:glyginc buffer plus 0.1%
SDS. Dissolved samples were boiled for 2 to 3 minutes and ten lambda of
bromphenol blue was added to 0.1 ml of the cooled sample which was thgn
aﬁplied Eo the gel., The gels were usually run at 100 volts for approxi-
matelv 15 hours at 23°C. After running, the gels were immediately
placed in 0.25%7 Coomassie Blue slab gel staln and stained for 2 to 3
hours at room temperature. They were then destained in several changes
of slab gel destain until all nonspecific stain was removed, '

. Gels containing 3“ or 1&C labelled snméles were prepared for
fluorography by the procedure of Bonner and Laskev. (1974). Basically
this involved soaking the gel«dn two changes of dimethvl sulfoxide
(DMSO) for 30 to 60 minutes each and then placing the gel in a solurion
of 185 2,5 diphenvioxazole (PPO) in DMSO for 3 hours. The gel Qas then
rinsed in water for 1 to 2 hours and dricd onto a piece of filter paper
using a Bio Rad Cel Slab Dryer. The dried gel was placed on a sheet of
RP=X-Omat film (Kodak) which had been preexposed in a darkrvom (for 10
to 1% seconds) bv placing it 19 inches from a red satelight. The film
and gel were held together in a press and stored at -70°C for 4 to l4-
davs. The films were developed in an automatic x-=rav film developing

1

machiune.

X. Virus Particle Production

The production of vaccinia virus particle§ was assessed by re-
plicating the virus in the presence of radiolarclled precursors of pro-
tedin or DNA. The distribution of the radiolabel in conginuous sucrose
gradients was compared with that of marker vaccinla virus. About 9 x
107 rabbit PE cells were {nfected with vaccinis virus at an MOI of 2.5.
After 30 minutes at 4°C, the cells were washed with 50 ml of HBSS and
re;usponded in 20 ml of HBSS. The cell sus;cnsion was equally distri-
buted into two 100 mm plastic cell culture din:cs. The dishes were

incubated at 37°C in a 5% CO2 incubator for 4% minutes to allow the
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macrophages to adhere to the dish. The medium and any nonadherent cells
were then removed and 5 ml of the appropriate medium containing radio-
active label was added to the dish. For labelling of proteilns, medium
consisted pf Eagles salt ,solution plus one tenth the normal amount of
amino acids to whigh_l puc/ml of 14C amino acid mixturemfNew England
Nuclear) was added. DNA was labelled using MEM+2Y FCS to which 5 uc/ml of
3H thymldine was added. The cells were fncubated at 37°C for either 8
hours or 22 hours and the plates were then frozen at -50°C until used.

Vero cells in 100 mm plastic culture dishes were infected with
1.25 x 107 PFU of vaccinia virus in 0.5 ml.\ After adsorption far 30
minutes, 5 ml of the appropriate medium was addéd and the plates were
incubated at 37°C for efither 8 or 22 hours at which time they were
frozen.

The frozen plates contalning the radifoactively labelled infected
cells were thawed and the medium plus cell debris was transferred to a
12 ml confcal centrifuge tube., The cell debris was removed by spinning
at 15,000 rpm for 10 minutes and the supernatant was placea in a 30 ml
Oakridge tube. Approximatelw 20 ml of 0.01 M Tris, pH 9 was added to
the tubes which were then spun at 18,000 rpm for one hour to pellet any
vira] particles. Each pellet was resuspended in 0.4 mlt of 0.0t M Tris,
pH 9 plus 1% FCS. Twenty five lambda of purified 3H thymidine labelled
vaccinla virus (virus marker) was added te the resuspended pellets la-
belled with 1l’C amino acids. The resuspended pellets were then placed
on’'25% to 40% sucrose gradients and spun at 12,000 rpm for one hour.
Twenty five drop fractions were collected by bottom puncture. In most
experiments, the entire fraction was mixed with 10 ml of scintillation
fluid containing 5% BBS~3 and then counted. For the experiment in which
vaccinia virus antigens ‘were detected by complement fixation, 0.025 ml

of each fraction was removed for counting of radiocactivity.

XI. TImmunological Procedures
-3
A. Antisera
Antiserum to vaccinia virus was raised in rabbits. This was

performed by initially infecting rabbits subcutaneously (SC) in the back

N
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with 3 x 107 PFU vaccinia virus and then by repeated intravenous (i,v.)
injections of purified vaccinia virus. The initial i.v. injection wés
given on day 13 and it contained 5 x 108 particles while subsequent i.v.
injections were given on days 20, 27, 55, 74 and 113. The subsequent

injections consisted of S x 108, 5 x 108, 4 x 109, 5 x 101O‘ﬂnd 2.5 x,

1010 particles respectively. éq@ples of serum were collected prior to
each Injection nndlthc animals were exsanguinated 18 days after the
final injection. Antibodies were detected by immunodiffusion using ly-
sates of virus infected cells as antigen. Three rabbits were {mmunized
and the serum which produced 8 immunodiffusion bands agailnst virus anti-
gen and no bands against control cell antigen was selected for use in =~
the experiments,
B. Immunodiffusion

Antigen used for immunodiffusion was prepared by seeding approx-
imately 2 x 107 activated or normal PE cells in a 60 mm plastic cell
culture dish and incubating one hour until the cells formed a confluent
monalaver. One ml of vaccinia virus (3.5 x 107 PFU/ml) was allowed to
adsorb to the cells for pne hour at 37°C. One ml of MEM with elther 2%
NRS or 2% FCS was then added to the cells which were incubated at 37°C.
At various times the mediunm was removed from one plate and the cells
were scraped into 0.5 ml normal saline. The cells were frozen and
thawed and then sonicated before use as an tmmunodiffusion antigen.

Microscope slides used for immunodiffusion were precoated with
agar dbv placing one ml of 0.57 agarose (Sigma, electrobhoresis grade) in
water on each slide and allowing the agarose to dry to a thin film. A
thin layer of 1% agarose in borate buffered saline (BBS), pH 8 was
applicd by taping both ends of the precoated slide with 3 layers of
marking tape. A clean slide lightly coated with silicone grease was
placced on the taped slide and hot agar was pipetted between the two
slides to completely fill the space. After the agar hardened, the plain
slide was removed and a plastic template was placed on the agar surface.
The template wells were filled with the test antigens and the antiserum.

Any alr bubbles were Qemoved with a small needle. The slides were then

-
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plaéed in a humidified chamber afd left at room temperature for 3 days.
The‘w;lls were refilled after the first day if the level of sample had
dropped. After 3 days, the slides were prepared for staining by remov-
ing the template and rinsing in PBS for one day with frequent changes of
the PBS. The slides were then air 'dried and stained for 15 minutes in
Coomassie Blue stain for immunodiffusion slides and destained 10 to 15

.

C. 1Indirect Fixed Immunofluorescence

For immunofluorescence, cells were mixed with 2.5 PFU vaccinia
virus per cell and the virus was adsorbed for 30 minutes. Unadsorbed
virus was removed by washing with HBSS and the cells were resuspended in
MEM + 107% normal rabbit serum at a concentration of 1 x 10? cglls/ml.

Aliquots of cell suspension were placed in sterile 20 mm shell vials

"which contained an 18 mm round coverslip. These were then incubated at

¥

37° with 5% C02. At intervals, the coverslips were rinsed in three
changes of PBS for five minutes each. The coverslips were air dried,
acetone fixed for 10 minutes and again air dried. The staining proce-
dure involved wetting the coversl&ps with PBS and placing two drops of a
1/100 dilution of the rabbit serum on the coverslip which was then incu-
bated at 37°C for 30 minutes in a humidified incubator. After incuba-
tion, the coverslips were rinsed twice with PBS. A dfop of a 1/40 dilu-
tion of the fluorescein conjugatedHIgG fractioned from goat antirabbit
gammé globulin (Cappel Lab.) was placed on the coverslips which were
again incubated for 30 minutes at 37°C in a humidified incuéator. The
coverslips were then thoroughly rinsed in PBS and mounted in Tris buf-
fered glycerol, pH 9. The coverslips were examined using a Leitz O;Cho-
lux microscope with BG 38 and KP 490 excitor filters and a K 530 barrier
filter. Photographs were made on Kodak High Speed Ektachrome Film

(Tungsten) using exposures of two minutes.

XII. Interferon .Studies o -
Intérferon was prepared in two ways. Tissue culture interferon
was prepared from a secondary culture of rabbit kidney cells and was a

gift from Dr. Jan Desmyter. The interferon had been induced by infect-

A
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ihg secondary rabbit kidney cells wi;h Newcastle Disease §irus (NDV) and
then harvesting the culture medium at 24 and 48 hoursn The culture
fluid had been lowered to pH 2.0 and incubated for 6 days to inactivate
all the NIV, clarified by centrifugation and then restored to pH 7 with
NaOH. Poly (I)-Poly (C) induced serum interferon was produced in an
adult rabLit by the intravenous injection of 8 mg of Poly(I)-Roly(C)
(MILES). Five hours later, the rabbit was sedated with Nebdtal and .
bled. The serum was removed from the clotted biood, filtered through a
0.45 micron filter and frozen in small vials at -50°C.

The interferon preparations were titrated in rabbit kidney (RK)
cells using vaccinia virus and vesicular stomatitis virus (VSV) as
challenge viruses and in normal rabbit PE cells using vaccinia virus.
Primary rqbbit;kidnéy cells were prepared as described earlier and
secondary cultures of these cells were seeded into 35 mm dishes and
grown until éonflqgncy. One ml of the interferon preparation diluted in
.MEM + 27 FCS was added to the RK monolayers and incubated overnight at
37°C. The cells were then washed twice with warm HBSS and infected with
either 0.1 ml of vaccinia virus (8 x 106 PFU) or 0.1 ml of VSV (3 x 107
PFU). The virus infected plates were incubated one hour at 37°C and the
unadsorbed virus removed by three washes with warm HBSS. One ml of MEM
+ 2% FCS was then added to each, plate. Three plates were immediately
frozen to give a zero time value and the remaining plates incubated
overnight and then frozen. ‘Vaccinia virus was assayed on Vero cells and
VSV was assayéd on BHK-21 monolayers using an agar overlay medium.

Interferon' titrations with normal rabbit PE cells were performed
in a similar manner except in cell culture tubes. One million freshly
harvested aud washed PE cells were seeded in each cell culture tube and
then incub.ated overnight with the appropriate interferon dilution. The
cells werv washed with warm HBSS by centrifugation and then infected
. with_Oal m! of vaccinia virus (8 x 106 PFU) for one hour. The cells
‘aae;e fﬁgn washed three more times with HBSS and thep one ml of MEM + 2%
FCS was aldded to each tube. The tubes were incubated overnight and then

frozen. Triplicate tubes for each interferon dilution were pooled and

~ D
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the vaccinia virus titer was assayed on Vero cells.

XIII." The Action of Peritoneal Cell Lysates on Vaccinia Virus

Normal and activated peritoneal exudate cells were.collected
and washed by the usual procedure. A 20% suspension by volume of each
cell type was made in HBSS. The cells were lysed by freeze-thawing and
the cell lysate clarified by low speed centrifugation. Equal volumes of
cell lyé%te and vaccinia virus were then mixed to give a final cell ly-
sate cencentration of 10%. ‘One tenth ml aliquots of the virus lysate .
mixture were distributed into small tubes which were incubated at 37°cC.
Duplicate tubes were then frozen after 0, 1, 3, ana 6 hours of incuba-
tion. The amount of infectious virus remaining at each time period was
titrated by pooling the duplicate tubes and then asgaying the virus on
Vero cells. A virus’stability contrgl was performed by incubating the

virus with HBSS in place of the cell: lysate.

!
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RESULTS

»""\
I. Replication of Vaccinia Virus i

The replication of vaccinia virus in normal and activated PE
cells was comparcd with the replication of the virus in Vero cells. The
results of a typical experiment are shown in Figure 1. The cell asso-
ciated virus detected after adsorption was about the sameJﬁof activated
and normal PE cells. This was 3 to 4 times less than the amount which
adsorbed to Vero cells. The apﬁear#nce of progeny virus was detected 7
hours after infection of Ver; cells and 9 hours after infection of nor-
mal PE cells. No progeny virus was détected }n activated PE cells. As
can be seen, the virus was relativelv thermostable umder the conditions
of the exberiment.

The above experiments were performed using a multiplicity of
about 2 PFﬁ/cell. To determine if the interference could be influenced
by virus dose, the replicagion of vaccinia v?rus in normal and activated
PE cells infected with different concentrations of virus was examined.
The results shown in Figﬁre 2 indicate that significant virus replica-
tion occurred in normal. PE cells but not in activated macrophages at

miltiplicities of infection from 0.1 to 20 PFU/cell.

TII. Adsorption and Elution of Vaccinia Virus

The inability of vaccinia virus to replicéte in activated macro-
phages could be due to the inability of the virus to adsorb to the cells
or be due to the tenden;y of the virus to elute from the cells prior to}
penetration. To test these possibilities, the initial interaction be-
tween vaccinia virus and PE cells was examined. ~An experimental proto-
col was developed using Vero cells and small aliquots of 3H labelled.
vaccinia virus. The purified virus and cells were mixed, distributed
into separate tubes, and at various times the cell-associated ;adioac-
tivity was determined. The results of‘such an experiment with Vero

cells arepresented in Figure 3. They show that it 4is possible to mea-—
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Figure 1

_ One step growth curves of vaccinia virus. Fréshly har-
vested and washed rabbit PE cells or Vero cells were infected with
vacc¢inia virus at a multiplicity of 2 PFU/cell in an ice bath with
frequent shaking forﬂéo minutes. The cells were then washed and
resuspended in MEM + 107 FCS at a concentration of lO6 cells/ml.
One ml aliquots were placed in culture tubes and &ncubated at 37°C

until sampled. Cell samples were freeze~thawed and virus titers

were assayeci on Vero cells. Normal PE cells (J O ); activated

PE cells (@-~--@); Vero cells (- —7\ ); and mock infected
medium (A ). . _
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Figure 2

Growth of vaccinia virus in rabbit PE cells., Rabbit PE
cells were infected with vaccinia virus at multiplicities of 0.1
"PFU/cell (ANX-Z\), 1.0 PFU/cell (O——3 ), 10 PFU/cell
(QO---0) andLZO PFI}/celi (@°*°*® ). After adsorption for 30
minutes in an ice bath, the cells were washed and resuspended in
MEM + 10%Z FCS at a concentration of 106 cells/ml. One ml of cell
suspension was placed in culture tubes which were then incubated

at 37°C. At 24 hour intervals, duplicate tubes were frozen and
the virus titered using Vero cells.

§~
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Figure 3

Adsorption of vaccinia virus to Vero cells. Fifty lambda
of 3H thymidine labelled purified vaccinia virus (7.5 x 108 PFU/ml1,
23,628 CPM) was mixed with lO7 Vero cells and -immediately distri-
buted into 7 tubes which had been placed in a rocking fice bath.

At various times, the cells were washed with 20 ml of cold PBS and
samples of the s rnatant and cell pellet were assayed for radio-
activity. The'fzgilts were expressed as the percentage of tritium
label whith was cell associated over the total number of counts in
each tube., Vero cells (@ —-—-@); PB% control (O——0 ). The re-

sults of two experiments are shown.
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sure adsorption of purified vaccinia virus to cells using 3H labelled
virus and that the maximum amount of adsorption takes place during the
first 30 minutes of incubation. ‘

Application of the protocol to PE cells demonstrated that vac-
cinia virus was capable of adsorbing to activated PE cells even though
no infectious proggny'was produced. The means of 5 experiments per-
formed with triplicate tubes at each time period are showm in Figure 4.
Ce]lsland 3” thymidine labelled virus were mixed at a MOI of 1 imn HBSS
and tncupated in.individual tubes in a r9cking ice bath. At the sample
time, the cells were pelleted and the amount of 3H in the pellet and in
the supernatant were measured. The results of each experiment were ad-
justed to a percentage of the maximum level of adsorption for that ex-
periment. 1In all cases, Vero cells after 90 minutes incubation gave the
highest level of adsorption. The actual amount of vaccinia virus ad-
sorbed to the cells was between 10% to 35% of the vaccinia virus avail-
able to the cells. The largest increase in adsorption took place during
the first 10 minutes of incubation., Adsorption continued for the next
15 minutes with a general leveling off in the amount of adsorbtion from
30 to 60 minQCes of incubation. Vero cells adsorbed almost twice as
much vaccinia virus as the PE'cells. Activated and normal PE cells ad-
sorbed almost the same amount of vaccihia virus during the first ten.
minutes of incubation. Vakcinia virus conttnued to adsorb to the acti-
vated PE cells, during the next 80 minutes while the amount attached to
the normal PJ cells leveled off. After 90 minutes of incubafion at 0°cC,
the activated PE cells had 64.5% of the level of Vero adsorption com-
pared to 39% for the normal macrophages. The amount of'vaccinia virus
stickin§ to a tube containing only HBSS rose gradually in a linear fash-
ion during the 90 minute incubation period to 24% of the level of Vero
adsorptioﬁ by 90 minutes.

While pgrforming preliminary experiments to detect DNA synthesis
in vaceinia virus infected Vero cells, it was noticed that a significant
proportion'of the virus which had been adsorbed to the cells eluted from

the cells during incubation. To compare elution of virus from activated

\
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Figure 4

Adsorption of vaccinia.virus to rabbit PE cells and Vero
cells. Fifty lambda of 3H thymidine labelled, purified’vaccinia
virus (7.5 x 168 PFU/m1, 23:628 CPM) was mixed with 4 x 107 PE
cells or 2 x 107 Vero cells and immediately distributed into 15
tubes which had been placed on a r&cking {ce bath. At various
times, triplicate tubes were washed with cold PBS and a sample of
the supernatant and ceil peliet assayeéd for radioactivity. The
results were adjusted to a percentage of the maximum level of
adsorption for each experiment. The results and mean for each

cell type is shown. Normal PE cells ( ‘\ ); activated PE
cells ( [3 }; Vero cells ( (: ): HBSS control ( [] ).
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. macrophages and from normal macrophages, 3H thymidine labelled virus was
" adsorbed to the cells at‘O°C. Warm MEM + 107 FCS was then added to the
cells which were incubated at 37°C until sampled for the amount of virus
eluted. The results were expressed as the percentage of virus which had
eluted over the total amount ;f virus initially assoctated with the
cells. The means of 4 experiments are presented in Figure 5. The dis-
sociation curves for activated and norﬁal PE cells are similar. Twenty-
six to 30% of ehe total 'virus was dissociated from the cells immediately
after being resuspended in fresh, warm, serum containing medium. Maxi-
mum elution took place during the first hour of incubation, with virus
continually dissociating from the cells during the entire 5 hour incuba-
€ion period. After 5 hours, approximately 557 of the virus which had
init ly adsorbed to the activated and normal PE cellq, had become dis-
sociated from the cells. Vaccinia virus eluted from Vero cells at a
much lower rate. Seventeen percent of the virus was dissociated imme-
diately after resuspension in medium. With continuing imcubation, viral
elution gradually increased to a high of approximately 27% after 5 hours.

A sample of the eluate was treated with DNase in order to deter-
Amine if the dissociated virus was altered. The results are summarized
in Table 2. A large poTtion of the eluted vaccinia virus was suscepti-
ble to DNase. After one hour of incubation, 58% of the virus which
eluted from normal PE cells, 637 of the virus which eluted from acti-
vated PE cells and "40% of the virus which eluted from Vero cells had be-
come susceptible to the action of the enzyme,. ’ -

I11. Ecligse Phase

The data presented ébove demonstrated no essential differences
in the adsorption and eiution of vaccinla virus between normal and acti-~
vated PE cells. Experiments were therefore undertaken to determine if
the virus penetrated and uncoated equally well in the two cell types.

An indirect measure of uncoating is the decrease in infectjous virus
early after adsorption.  Tubes containing 1 x 106 cells which had been
infected on ice for 30 minutes with vaccinia virus at a MOI of 2 were

washed and then incubated at 37°C. The beginning of the incubation



Figure 5

-~

Elution of vaccinia virus from rabbit PE celd¥s and Vero
cells. One hundred lambda of 3H thymidine labelled, purified
vaccinia virus (o 1(2)0,000,CPM) was adsorbed to 4 x lO7 PE cells or

.

ture was divided into 6 tubes, the cells washed in PBS and then
resuspended in warm MEM + 10%" FCS..- The cells were J‘L\ncubated ;’it "
37°C .and, at hourly intervals, the cellsr were pelleted §nd the

: amount of tritium which was cell associated in the supernatant was
determined. The mezns .and -standard deviations of 4 experj.mgn‘té
are represented. Normal PE cells (0—--0 }; activatged llf)’ce.lls

v (H ); Vero cells (A—-—-‘)-
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2 x 107 Vero cells for 30‘minutes in a rocking ice bath. The mix-:
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TABLE II

,

- DNase SUSCEPTIBILITY OF ELUTED VACCINIA VIRUS

\n

Time % of 3H Thymidine Not Acid Precipitable
(hrs) Normal PE Cells Activated PE Cells Vero Cells
0 22 ' 25 24
1 58 ‘ 63 40
2 63 72 .49
3 ~ ' 66 73 53
4 68 73 58
Q
5 68 74 58

PEENY
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period was considered zero time. Duplicate tubes were frozen at 15 or
30 minute intervals and assayed for vaccinia virus., The cells from 9
activated rabbits and 9 normal rabbits were examined. 1In all 9 cases of
activated PE cells, the titer of vaccinia virus dropped from one quarter
to one half log during the first 2-1/2 hours of incubation. Further in-
cubation ppgvided no additignal drop in titer. Vaccinia virus displayed
a similar drop in éiter in 6 of the 9 experiments using normal PE cells
with 3 of the experiments showing no change in vaccinia virus titer dur-
ing the first 3 hours of incubation. A medium control was performed by
incubating vaccinia virus iniﬁEM plus 10%Z FCS only. Two of the 5 experi-
ments showed a slight rise in vaccinia virus titer during the first hour
of incdbation while the titer of vaccinia virus remained stationary in
the othér 3 experiments. a “

The uncoating of'vaccinia virus in the three cell types was
studied more precisely by infecting'with 3H thymidine labelled virus and
thgn determining the'r;te at which the viral DNA bécame susceptible to
DNase. Purified virus was adsorbed to the cells at 4°C and after wash-
ing away unadsorbed virus, the cells were incubated at 37°C. At inter-
vals, aliquots .of cells were diluted in 0.01 M NaPOh ’ MgCl2 buffer and
submitted to two cycles of freezing and thawing. DNase in quantities
shown to be sufficient to digest 100% of a control adenbvirus DNA was
added and the amount of the celi—associated vaccinia virus DNA suscep-
tible to digestion was determined.

The means of four separate experiments in the uncoating of vac-
cinia virus in activated and normal macrophages and in Vero ceils are
plotted in Figure 6. The results are given in terms of percent specific
uncoating. .All three cell types gave similar uncoating curves. There
was a one hour lag before an accelerated rate of uncoating began. The
maximum amount of uncoating took place one to~fbu; hours after adsorp-
tion. The percentage of vaccinia virus uncoated after five hours was
approximately 55% 4in all three cell types.

IV. Virus DNA Synthesis in PE Cells

To determine whether activated macrophages prohibited the repli-

cafion of vaccinia virus nucleic acid, the synthesis of DNA, as, assessed
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Figure 6 ~

Uncoating of vaccinia virus in rabbit PE cells and Vero
cells. One hundred lambda of purified, 3H thymidine labelled
vaccinia virus (~ 100,000 CPM) was adsorbed to 4 x 107 PE cells or
2 x lO7 Vero -cells for 30 minutes in a rocking ice bath. The mix-
ture was divided into 6 tubes, the cells washed in PBS and then
resuspended in warm MEM + 10% FCS. The cells were incubated at
37°C and, at hourly intervals, thé cells were pelleted and resus—

pended in 1 ml of 0.0l M NaPO ~MgC12 buffer. The cells were dis-

4
rupted by 2 cycles of freezing and thawing and then were divided

" into two tubes. One tube received 0.1 ml of DNase solution (0.5

mg/ml) and the o;her tube received Q0.1 ml of buffer. The tubes
were incubated for 30 minutes at 37°C, 0.2 ml of 50% trichloro-
acet{c acid (TCA) was added and the amount of tritium in the TCA
pellet and supernatant determined. The percent sﬁét@fiq uncoat—
ing was calculated by subtracting the number of counts in the )
buffer treated supernatant'from‘the.DNase treated supernatant and
dividing that by the total number of counts. The means and stan—
dard deviations of 4 experiments are presented. Normal PE cells

(8-..—B); activated PE cells ( @—@ ); Vero cells ( & -A).



80

60

40

20

UNCOATED
N
O

PERCENT
o
N
O

o)
O

AN
O

| 1 1 ! i
amnd . ,,/é”/
K
e Id
//
.. /,/%
K-k




62

by the incorporation of 3H thymidine, was monitored in normal and acti-
“vated PE cells. 'Preliminary experiments with Vero cells indicated that
it Qas possible to detect a burst of viral DNA.synthesis in vaccinia
* virus infected cells when the TCA precipitable 3H thymidine counts from
the cytoplasmic fractions of infected and noninfected cells.were com-
pared (Figure 7). DNA synthesis in the virus infected cells began two
hours after infection ané increased to a peak at five hours after infec—
tion and then dropped iapidlyh )

Identical experiments on peritoneal macrophages using only the
cytoplasmic fraction also showed a greater amount of DNA synthes%zed in
the virus infected cells than in noninfected cells. The difference,
however, between the infected and nopiq%ected cells was not as great as
in the Vero cells and the burst period of DNA syntﬁesis was not as dis-
tinct. It was found that a large portion'of the DNA synthesized in the
,virus infected‘m§cropha§es was in the pellet following cell fractiona-

tion. Therefore, both the'supernatant and pellet frgctions after Dounce
homogenization were counted and plotted separately as well as toge%her
for total TCA precipitablé counts. In normal macrophages infected with
vaccinia virus, an increase in DNA synthesis in the cytoplasmic fraction:
was obtained two hours after infection. The increase, however, was not
great’and did -not yield a smooth pattern (Figure 8). The nuclear frac-
tlon showed a more definite cyclé of DNA synthesis in the infected nor-
mal macrophages (Figdre 9). There was a large burst of DNA synthesis at
3 hours after infection which continued for 3 more hours and then de-
clined rapidly. The levels of DNA synthesis in noninfected cells were
constantly low both in the supernatant and pellet fractions. The graph
of total TCA precipitable counts also shows a period of peak DNA synthe-
sis from 3 to 6 hours after infection 'in the normal macrophages infected
with the virus (Figure 10). Activated peritoneal macrophages infected
with. vaccinia virus displayed similar patterns of DNA synthesis in the
various fractioqs.

V. Vaccinia Virys Protein Synthesis

The data presented above suggest that viral DNA synthesis occurs
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Figure\7
DNA synthe;is in the cytoplasmic fraction of vaccinia
virus infected Vero cells. Confluent monolayers of Vero cells.
(60 mm culture dishes) were infected with 7 x 107 PFU of vaccinia
virus for 30 min at 37°C. The virus was removed, 1 ml of MEM + 2%
FCS was added and the cells were incubated at -37°C. At hourly
intervals, the cells were pulsed for 5 minutes with 2.5 uc/ml of
3H thymidine. The cells were then washed with RSB, scraped iﬂto
1 ml of fresh RSB and allowed to swell for 10 minutes in an ice
bath. The cells were lysed with 6 strokes of a Dounce homogenizer
and the nuclear and cytoplasmic fractions sepafated by spinning at
800 x g for 5 minutes. The'cytoplasmic fraction was precipitated
with 15% TCA and counted. Vaccinta‘viru; infectéd Vero cells
(O——0); mock infected Vero cells (A-—-A ). These data are

representative of two experiments.
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Figure 8

DNA synthesis in the cytoplasmic fraction of vaccinia
virus infected PE cells. Confluent monolayers of adherent rabbit
PE cells (35 mm culture dish) were infected with 3.5 x 107 PFU of
vaccinia virus for 30 minutes at 37°C. The virus was removed and
0.5 ml of MEM + 2% FCS was added to the plates which were incu-
bated at 37°C. At hourly intervals, the cells were pulsed for 5
minutes with 5 uc/ml of 3H thymidine. The medium was removed and
the cells were scraped into 1 ml of cold RSB and allowed to swell
for 10 minuté; in‘an ice bath. The célls were ruptured by 10
strokes of a Dounce lomogenizer and the nuclear and cytoplasmic
fractions separated by spinning at 800 x g for 5 minutes. The
cytoplasmic fraction was preci'pita_t:ed with 15% TCA and counted.
Normal PE cells infected with vaccipia'virus (®--®); normal PE
cells mock infected ( O——0 ); activated PE cells infected with
vaccinia virus ¢ k";‘); activated PE cells mock infected
(N—A 5. These data represent ghe mean of two experiments.
They are representative of the data obtained from two other ex~

per{ments performed for 6 hours of incubation.
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Figure 9
DNA synthesis in the nuclear fraction of “vaccinia virus j?l
infected PE cells. Confluent monolayers of adherent rabbit PE

cells (35 mm culture dish) were infected with 3.5 x lOZ PFU of
vaccinia virus for 30 minutes at 37°C. The virus was removed and

0.5 ml of MEM + 27 FCS was added to the plates which were incu-

bated at 37°C. At hourly intervals, the cells were pulsed for 5
minutes with 3 we/mb of 3H thymidine. The medium was removed and

the cells were scraped into 1 ml of cold RSB and allowed to swell

for 10 minutes in an ice bath. The cells were ruptured by 10

strokes of a Dounce homogenizer and the nuciear and cytoplasmic
fractions separated by spinning at 800 x g for 5 minutes. The
nuclear pellet was resuspended in a small amount of buffer, pre-
cipitated with 15% TCA and counted. Normal PE cells infected with
vaccinia virus (@--~@); normal PE cells mock infected (A N\);
activated PE cells infected with vaccinia virus (H); acti-
vated PE cells mock infected (Q--—-0). These data represent the
mean of two experiments. They are representative of the data ob-
tained from two other experiments performed for 6 hours of incuba-

tion.
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Figure 10

DNA synthesis in ?E cells infected with vaccinia virus.
Confluent monolayers of adherent rabbit PE cells (35 mm culture
dish) were infected with 3.5 x 107 PFU of vaccinia virus for 30 //
minutes at 37°C. The virus was removed and 0.5 ml of MEM + 2% FCS
was added to the plates which were incubated at 37°C. At hourly
intervals’, the cells were pulsed for 5 minutes with 5 uc/ml of 3"
thvmidine. The medium was removed and the cells were scraped inp
1 ml of cold RSB and allowed to swéIL\for 10 minutes in an ice
bath. The cells were ruptured by 10 sc%b%es of a Dounce homogg‘—
1zer and the nuclear and cytoplasmic fracfﬁons separated by sgin-
ning at 800 x g for 5 minutes. The cytoplasmic and nuclear ﬁéac-
tions were precipitated with 15% TCA and counted separately.  The
counts for the cytoplasmic and nuclear fractions for each time
period were added together to give total cell counts. Normal PE
cells infected with vaccinia virus (@---@); normal PE. cells
mock infected (O——Q); activated PE cells infected with vaccinia
virus (& --—2); activated PE cells mock infected (A’l"’A). These
data represent thé mean of two experiments. They are representa-
tive of the data obtained from two other experiments perfoymed for

6 hours of 1incubation.
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in activated macrophages. Therefore, the prodnetion of viral specific
proteins in PE cells was_evaluated. Initially, the cellgs were examined
for antigens using indirect immunofluorescence. Both infected activated
and infected normal\macrophages were fonno to produce an identical pat-
tern of fluorescence with a similar Lime course of appearance of anti-e

gen. The appearance of the virus specific antigen is given in Table 3.

-At 6 hours, both the activated and normal cells contained a few positive

cells displaying dim, diffuse cytoplasmic fluorescence. By 9 hours,
approximate%y 1 in 40 cells of both cell -types displayed this diffuse
cytoplasmic fluorescence (Figure 1la). At 22 hours, many more of the

vaccinia virus infected normal macrophages than activated macroghages

had detached from the coverslips; however,'the fluorescing cells were

identical in appearance and contained a bright cytoplasmichfluorescencé
which filled the cells. No vaccinia virus infected normal macrophages
remained on the coverslip at 48 hours. The remaining infected activated
macrophages at 48 hours were similar in appearance to thosé at 22 hours
(Figpre 11b).. The positive cells were filled with a bright cytoplasmic
fluonescencé. At_all time periods, infected cells ipcubated with nor-
mal rabbit serum did not stain (Figure 1lc) and noninfected cells
stained with the antiserum éo-vaccinia virus were negative.

Two dimensional immunodiffusion (Ouchterlony procedure) yas per-
formed on agar coated slides using plastic templatee. In normal PE
cells infectedrwith vaccinia virus, a faint band ctould be detected in
cells solubilized A\hohrs'after infection (Figure 12, well C) and by 6

hours, 4 bands could be readily detected (Figure 12, well D). Activated |

PE cells infected with vaccinia virus also.produced virus antigens.
Faint bands could again be initially detected at 4 hourd after infection
(Figure 13, well A). By 6 hours after infection 4 bands-were detected
and additional bands were ‘detectable 9 hours after infection (Figure 13,

-

we11$ B and C) As .is evident from Figure 13, well E, the antiserum

‘contained antibodies to fetal calf se'um.' Ho ever, the 2 bands detected

?

in the 1mmunodiffusion plate did not identify with any of those present -

in the preparations of infected cells. Lysates of primary rabbit kidney

N <



TABLE III

IMMUNOFLUORESCENCE IN PE CELLS INFECTED WITH VACCINIA VIRUS

- Fluorescence Patterns

Time After “Activated Macrophage Normal Macrophage
Infection (Hour) (Vaccinia Virus Infected) (Vaccinia Virus Infected)

L
1/2 Negative Negative
2 n, Negative Negative
4 Negative Negative
6 Dim, diffuse cytoplasmic Dim, diffuse cytoplasmic
fluorescence fluorescence
8 Dim cytoplasmic Dim cytoplasmic -
fluorescence " fluorescence
9 Dim cytoplasmic Dim cytoplasmic
fluorescence fluorescence
22 Bright cytoplasmic Bright cytoplasmic
' fluorescence fluorescence
48 . - ~Bright cytoplasmic . No cells remaining
. fluorescence . o
S
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Figure 11 .

Immunofluorescent staining of rébbit macrophages infected
with vaccinia virus. Rebbit PE cells were infected with 2.5 PFU
vaccinia virus per cell, allowed to adhere to coverslips and incu-
bated at 37°C. The cells were sfained with vaccinia virus immune v
rabbit serum or normal rabbit serum (NRS) and then with fluores-
cein conjugated goat antirabbit gamma globulin. a. normal macro-
phage infected with vaccinia virus, 9 hr incubation; b, activated
macroﬁiage infected with vaccinia virus, 48 hr incubation} c.
activated macrophage iﬁfected‘with vaccinia vitus, and stained with'

NRS, 22 hr incubation.
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Figure 12 ~

Immunodiffusion reaction of normal PE macrophages infected
with vaccinia virus. Adherent normal PE cells were infected with
vaccinia virus, incqpated at 37°C and lysed by freeze—thawing gnd
sonication. Center well - vaccinia virus immune raSbit serdm;

A. 0 hr incubation; B. 2 hr incubation; C. 4 hr incubation;
D. 6 hr incubation.






Figure 13

' Immunodiffusion reaction of activated PE macrophages
infected with vaccinia virus. Adherent activated PE cells or
primary rabbit kidney cells (PRK) were infected with vaccinia
virus, incubated at 37°C and lysed by freeze-thaving and sonica-
tion. Center well - vaccinia virus immune rabbit serum; A. acti-
vated macrophage, 4 hr incubatién; B. activated macrophage, 6 hr
incubation; C. and F. activated macrophages, 9 hr incubation; D.

PRK, 18 hr incubation; E. fetal célf serum,
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cells, which had been infected with vaccinia virus and incubated 18
hours, yielded a strong band which was identicaltto one of the bands
produced 9 gours after infection of activated PE cells (Figure 13, well
D and C).

A similar pattern of immunodiffusion bands was seen .when lysates
- of infected Vero cells were used as antigens (Figure 14). As in the
macrophage system, there were no detectable bands before 4 ﬁours of in-
feékion. At 4 hours, there were thrée strong bands which increased in
number at 6 and 8 hours after infection. Figure 14 also displays the
immunodiffusion pattern of lysates of primary rabbit kidney cells 18
hours after infection with vaccinia virus.

To examine individudl polypeptide synthesis, lysates of infected
cells were run on 12.5% slab PAGE which were stained for protein and
then prepared for fluorography. The protein staining patterns of vac=~
cinia virus infected and noninfected cells were identical. The staining
patﬁern of activated and normal macrophages also appeared identical.
Thérefore, vaccinia virus specific protein synthesis was detected by
pulsing the cells for 30 minutes with 3H amino acids at two hour inter-
vals.

’ An autoradiograph of a SDS-PAGE gel of the‘cell lysates of virus
infected activated and infected normal macrophages is shown in Figure
15. The infected cells were'pulsed with 3H'amino acids for 30 minutes
at 0, 2, 4, 6, and 7 hours after infection. During the first 30 minutes
of incubation, very little protein synthesis took place (lanes A and F).
At 2 hours after infection, a few new identically migrating polypeptides
were formed In both the activated and nrormal macrophages (lanes B and
G). By 4 hoﬁrs, protein synﬁhesis in the vaccinia virus infected macro-
phages was proceeding at a rapid.rate in both activated and normal
macrophages (lane C and H). Many new polypeptides continued.to be syn-
thesized at 6 and 7 hours after infection (lanes D, E, I, and J). The
gel profiles of polypeptides synthesized in vaccinia virus "infected
activated and normal macrophages we;e remarkably similar. However,

several differences between the. activated and normal virus infected .

S
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Figure 14

‘
-

Immunodiffusion reaction of Vero cells infected with
vaccinia virus. Monolayers of Vero cells or primary rabbit kidney
cells (PRK) were infected with vaccinia virus, incubated at.37°C
and lysed by freeze-thawing and sonication. Center well - vaccinia
virus immune rabbit serum. A. Vero cell, 0O hr incubation; B. Vero
cell, 2 hr jincubation; C. Vero cell, &4 hr incubation; D. Vero cell,
6 hr incubation; E. Vero cell, 8 hr incubation; F. PRK, 18 hr incu-
bation,
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Figure 15 ) = . .

-
AN

) The sequential appearance of polypeptides in rabbit macro-
phages infected with vaccinia virus. Adherent PE cells infected
with vaccinia virus vere pulsed for30 minutes at various times
after infection with 25 uc/ml of ?H amino acids in amino acid free
MEM. After pulsing, -the medium was TEmOV%F, the cells were solu-
bilized in slab gel sample preparation buffer and 100 ul of sample
was run on a 12.5% polyacrylamide gel containing 0.1% SDS. Radio-
labelled polypeptides were detected by fluorography. A. normal
macrophage, 0 hr {ncubation; B, normal macrvophage, 2 hr incubation;
C; normal macrophage, 4 hr incubation; D. normal macrophage, 6 hr
1Bcubation; E. normal macrophage, 7 hr 1ﬁtubation; F. activated
macrophage, 0 hr incubation; G. activated macrophage, 2 hr incuba-
tion; H. activated macrophage, 4 hr incubation; I. activated macro-

phage, 6 hr incubation; J. activated macrophage, 7 hr incubation.

1
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macrophages were noted. These differences were seen best at 6 a:d 7
hours ‘after “infection. There was a doublet in the activated.macrophages
appreoximately 2.5 cm from the top of the gel while in the normal macro-
-phage, only one\bano appedred. This is in the region of 65 000 daltons.
mokecular weight as determined by rdnning known standards on a similar
gel. Another band at 3 cm from the top of the gel (~ 60, 000 daltons) is
apparent: in the activated macrophages but missing in ghe ‘normal macro-

- Y ~

phages infected with virus, -
) Gel profilés of cells from three other control rabbits and two
other activated rabbits are shown in Figure 16. The cells were pulsed
for 30 minutes at 6 hours after incubation.with vaccinia virus or mock
infected. Several oolypeptide bands were present in the infected acti-
vated macrophages (AV) as compared to the infected control macrophages
(CV). These bands were located at 2.3 cm and 3.5 cm from the top of the
gel and corresponded to the bands described in Figure 15, Also seen.is
a band in ‘the infectedjactiyated macrophagesbat 7.7 cm which is missing
from the infected control macrophages and the absence of a band at 8.0
cm which is present in the infected control macrophages. The gel pro-

-

files ofpolypeptidess&nthesized in noninfected -activated (A) and con-

. trol'(C)'macrophages 6 hours after incubation revealed no differences in .

their protein synthesis. - . .
The autoradiograbh of a SDS-PAGE geY of infected Vero celIs.is
shown in Figune 17. More polypeptides were produced in the ?ero cells .
than in the 'mdcrophages at all times after infection. The majotity of
new polypeptides in Vero cells appeared at 4 hours after infection. THe.
6 hour profile was very similar to 4 hours while at 8 hours the rate of
polypeptide synthesis had dedlined '

~

Posttranslational cleavage has been reported for several vac- -

" cinia virus proteins. In order to study protein cleavage in macrophiges, -

pulse-chase experiments were performed. Cells infecteéd with vaccinia

4 virus were pulsed with 3H amino acids for 30 minutes at 6 hours after

infection and then chased for 2, 4 or' 6 hours with unlabelled amino
"acids. Slab SDS-PAGE were then run on the cell. lysates and autoradio-

e - s
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':fig&re'16 ‘ Co ) &§‘ ////j )
. “ ) . N
. Polypeptide synthesis in rabbit macrophages 6 hours after
infection with vdccinia virus. Adherent PE cells f}omxthreq'con-
trol, ragL;ts and two activated rabbits’ were infected wiFh vaccinia

virus or mock infected and.incubafed at 37°C for 6 hours. At 6

. hours, they were pulsed for 30 minutes with 25 nc/ml of 3'l'l amin6

acids‘miﬁ?ure in amino acid free MEM. After pulsing, tﬁe medium
was removed and the cells wére solubilized in slab gel sample pre-
‘paﬁhtion-Buﬁfer. 6ne hundred lambda of sample was run on a 12.57%
polyacrylamide gel confaining 0.1% SDS. Radiolabelled polypeptideé
.were detected by fluorography. CV. control macrophagé, vaccinia
virus infected; AV. activated macrbphage, vaccin}a virus infected;
C. control macrophage, mock infected; A. acfivated macrophége,

ﬁock infected. ~
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' Figure 17

.The sequential appearance of polypeptides in Vero cells

< infected with vaccinia virus. Vero cells infected with vaccini'a
virus were pulsed for 30 mingtes at various: times with 25 pe/ml of
3H aminp acids in amino acid éree MEM. After pulsing, the medium
was rempvé&, the cells were sbldbilized in slab gel sample prepara-
tion buffer and 100 ul of sample &as run on a 12.5% polyacrylamide
gel containing 0.1% SDS. "'Radiolabelled polypgptides were detected
by fluovrography. A. 0 hr incubation; B. 2 hr incubation; C..é‘hr

incubation; D.- 6 hr incubation; E. 8 hr incubation. =
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graphs made., Figure 18 shows the gel of Vero cells infected with vac-

cinia virus. Lane A represents the 30 minute pulse at 6 hours after in— '

fection with no chase while lanes B, C, and D are chases of 2, 4, and 6

" hburs respectively. Two differences were noted in the gel profiles ®

after the 6 hour chase. 1In the second group of. polypeptides from the
top of the gel (l.@ cm), there*appeared to be a decrease in the lower
band and the‘appearancg\of a new band slightly above it. This was first
apparent after 4 hours of chase and was strengthened at 6 hours. The

second difference noted was the apoearance of a band at 7.8 cm from the

* top of the gel after the 6 hour chase. This band was not present at

‘ earlier times.

-

»;J .‘
The results of an identical ixperiment using normal and acti-

‘vated macrophages infected with virus is shown in Figure 19. .The acti-

. vated macrophage lysates (lanes E-H).exhibited only a small change in

protein bands during the 6 hour chase. The prominent band at 6.5 cm
from the top of the gel after no chase (lane E) appeared to move slight-~
ly downward during the 6 hour chase. This was most apparent after the
full % hours of chase (lane H). A shift in pol&peptide band position

was also seen in the infected normal macrophages during the 6 hour

‘chase. The band at-6.5 cm from the top of the gel decreased in inten-

v

sity during the 6 hour chase while another band slightly above it

‘appeared starting at 4 hours of chase (lane*C). The new band became one

of the majbr bands in the infected normal macrophages after.the,6 hour .

chase (lane D). - .

\

~VI. Detection of Virus Particles

Since viral DNA and proteins were S?nthesized in activated
macrophages, an attempt was made to’ detect the prodoction of virus per-
ticles. Vaccinia virus can be readily purified. The virus has a char~ ,
acteristic sedimentation profile in a 25% to 40% .continuous sucraose
gradient (Figure 20). Therefore, vaccinia virus was replicated in the
presence of 14C amino acids or 3H thymidine and the harvests were tested

on sucrose gradients for peaks of radioactivity corresponding with that

: of the virus. At 8 hours after infection, infected Vero cells displayed

R L P



Figure 18

'Posttranélational changes of polypeptides synthesized in
Vero cells infected with vaccinia virus Vero cells infected with
vacc1nla virus were pulsed with 25 pé/ml of 3H amino acids for 30
minutes at 6 hours after infection. The radioactive medium was
then removed, MEM + 10% FCS added and the cells incubated at' 37°C
for their various chase‘periods. After the chase period, the
cells were solubilized in slag gel sample prep;ration buffer and
100 ul of sample was run on a 12.5% polyacrylamide gel containing
a 0.1% 8Sps. Radiolabelded polypeptldes‘were detected by fluoro~
graphy. A. 0O hr chase perio? B. 2 hr chase period; C. 4 hr chase
period; D. 6 hr chase period. *
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' . Figure 19 ° .
‘ ) LY ]
e Posttransglatia chénges of/polypeptides synthesized 1in
rabbit macrophages infe cinia virus. Adherent PE

with vaccinia virus. The radioactive ,
medium was removed, MEM + 1Q§ FeS was added and the cells further
incubated at 37°C for their various .chase periods. After the
chaqe period, the cells were solubilizeddyith slab gel sample pre- .

-paration buffer and 100 ul of sample.was run oé a 12.5% polyacryla-
mide gel containing 0.1% SDS. Radiolabelled polypeptides/were
detected by fluorography. A. normal maprophaée, 0 hr chase period;
B. normal macrophage, 2 hr chésg period; C. normal macrophage, 4 hr,

‘ cﬁasé'period; D. normdl magrophage,'6 hr chase period; E. activated
macrophage, O hr chase period; F. activated macrophage, 2 hr chase '
period; - ‘abtivateq macrophage, 4 hr chase period; H. activated

macrophage, 6 hr chase period. .
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Figure 20

Sedimentation profile of puriffed vagcinia virus in a 25
to 40% continuous sucrose gradient. Purified vaccinia virus was
sedimented in a 25 to 407 continuous sucreose gradient for one hour
of 14,000 x g. Forty dros fractions wer; collected-by bottom Runc-
ture and the optical densities at 260 nm and 280 nm were recorded.

260 nm (@--—-@ ), 280 nm (Q—O ).
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a rise in 1 C counts toward the top of the gradient representing small
aggregates of protein (Figure 21). At 22 hours, there was a larger

accumulation of putative virus particles as indicated by a distinct

f e

plateau of protein in .the region_of the virus markers&‘ The normal

nacropnages infected with vaccinia virus displayed only a minimal forma-

.tion of particled at 8 hours (Fignre 22). At 22 hours, however, there

was a definite peak of vaccinia virus sized particles. ' The 'infected
activated macrophages gave a decidedly different type of prcfile.a;
shown in %yre 23. There was no peak of activity at any place in the
gradient but only a stfady rise in the labelled -amino acids from the
bottom to the top of the gradient. The 8 hour’ and 22 hour curves had
similar slopeéjwith the 22 hour incubation time profile exhibiting a
1arger accumulation of labelled protein throughout the gradieﬂt'

g Vactinia virus infected cells werevcontinuously labelled for 8
or 22 heurs with 3H thymidine and the contents placed on a 25 to 40%
sucrose gradient in Erder - to detect the formation of DNA containing par-
ticless To assure that the particleé were vaccinia virus specific, each
gradient fraction was tested for complement fixing (CF) activity using
specific antiqerum By 8 hours, infected Vero cells produced apprecia-
ble amounts of labelled 'DNA with sedxmentation characteristics similar
to vaccinia virus (Figure 24). This was confirmed by the CF test which
deonstrated a peék of.vi?gﬁ antigen in the middle of the same gradient.
By 22 hours after ;he infection of Vero cells, the amount of DNA con-
taining particles had sharply declined. There was also a loss of de~
tectable virus antigen in~the gradient. Figqu‘ZS shows the resultslof
vaccinia virus infection in normal macrophagesi At' 8 hours after infec-
tion, thare were no DNA containing particles nor detectable vaccinia
virus antigen in the gradient. However, a large peak of DNA containing
particles wa; observed in .the gradient containing preparations harvested
at 22 hours. Vaccinia virus antigen was alec detected beginning in the

fractions where the DNA pe

ued to the top of the gra-

dient. No real peak of DNA containing particles were produced by acti-.

,vated macrophages~in¥ec d with vaccinia virus (Figure 26).

.
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Amino acid labelled virus pa%ticles detected in Vero .
cells infected with vaccinia ‘virus. Vero cells infected with
vaccinia virus weré continuoysly labelled with l pc/ml of 14C

aniino acids for 8 or 22 hours. The cells were then lysed by

‘freeze-thawing, cell debris removed by low speged centrifugation

and the cell lysate diluted in 20 ml of 0.01 M Tris, pH 9. The

'diluted supernatant was spup. at 25,000 x g for one hour and the

pellet resuspended in a small amount of buffer. This was layered
on a continuous 25 to 40% sucrose gradient along with 25 lambda

of purified vaccinia virus labelled with 3H thymidine and spun at
14,000 x g for one hoyr.. Twenty five drop fractions were col-
lected by bottom pyncture, solubilized with BBS-3 and the whole
fraction counted. 14C amino acids, 8 hrs of infection (@®~-~--@®);
1l’C amino acids, 22 hrs of infection (C}*—“{)), 3y thymidiné
labelled .purified vaccinia “virus (Zk———i}) These data are re-

‘presentative of duplicate experiments.
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Figure 22.

Amino a&id l;belled virus particles detected in normal
macrophages %hfected with vaccinialvirus. Adherent normal PE
cells infected with vaccinia virus we?e_éontinuously labelled with
1 pe/ml of lﬁC amino acids for 8 o} 22 hours. The celis were then
lysed by freeze-thawing, cell debris femovgd by low spged centrifu-
gation and the cell lysate diluted in 20 m{ of 0.01 M Tris, pH 9.
The diluted supernatant was spun at 25,000 x g for one hour and
the pellet resuspended in a small amount of buffer. This was lay-'
ered on a continuous 25 to 40% sdcrose gradient along witp 25

lambda of purified vaccinia virus labelled with 3H thymidine and -

spun at,14,000 x g for one hour. Twenty five drop fractions were

collected by bottom puncture, solubilized with BBS-3 and the whole

. . ~ £ . Co
Jfraction counted. C amino acids, 8 hrs of infection (@---€);
1l‘C amino acids, 22%hrs of infecqioh (Q----0O); 3y thymidine
labelled purified vaccinia virus (/Ny—\ ). These data are re-

presentative of duplicate experiments.
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Figure 23

Amino acid labelled virus particles detected in activated
macrophages infected with vaccinia virus. Adherent activated PE
cells infected with vaccinia virus were continuously labelled with
1 pe/ml of lZ‘C amino acids for 8 or 22 hours. The cells were then
lysed by freeze-thawing, cell debris removed by low speed centri- -
fugation and the cell lysate diluted in 20 mi of 0.0} M Tris, pH 9.
The diluted supernatant was spum at 25,000 x g for one hour and
the pelliet resuspended in a small amount of buffer. This was lay-
ered on a continuous 25 to 40% sucrose gradient along with 25
lambda of purified vaccinia virus labelled with 3H thymidine and
séun at 14,000 x g for one hour. Twenty five drop fractions were
collected by bettom puncture, solubilized with BBS-3 and the whole .
fraction counted. MC arr?ino,acids, 8 hrs of infection (@~-—@);
l[‘C amino acids, 22 hrs of infettion ([J--1); 3H thymidine
labelled purified vaccinia virus (&—\). These data are re-

presentative of dupiicate experiments.
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Figure 24

Thymidine labelled virus particlés detected in Vero cells
infected with vaccinia virus. Vero cells infected with vaccihian
virus were conQinuously labelled with 5 pc/ml of 3H thymidine for
8 or 22 hours. - The éells were then lysed by freeze-thawing, cell
debris remov;d by'lod‘speed centrifugation and the cell lysate
diluted in,20 ml of 0.0l M Tris, pH‘9.. The diluted supernatant
.was spun at 25,000 x g for one hour a£d the pellet resuspended in
a small amount of buffer. This was layered on a continuous 25 to
407 sucrose gradient and spun at l&,OOO'X g for one hour. ' Twenty
five drop fractions were collected by bottom puncture. Fifty
lambda of each fraction was removed and tested for vaccinia Virus
antigen using the complement fixation (CF) test. The'rgmainihg
portion of each fraction-was solubilized and counted for radio-
activity. 3H thymidihe, 8 hrs (H); 31{ t:h'ymidine, 22 hrs
(O-—--0); vaccinia virus ant:iger{, 8 hrs (&—aA ); vaccinia
virus antigen,.22 hrs (A~--/A ). These data are representative

éf duplicéte experiments.
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Figure 25

’

Thymldlne labelled virus partlcles detected in normal’
macrophages infected with vaccinia virus. Adherent normal RE cells
infected with vaccinia virus were continuously 1abe11ed with 5 ue/

"ml of 3H thymid}ne-ﬁqr 8 or 22 hours. The cells were then lysed '
by freeze-thawing, cgll debris_removed by low speed centrifugation
and the cerf'lysaqe diluted in 20 ml of 0.01 M Tris, pH 9. The
diluted sppernataﬁt was spun at 25,000 x g for one hour and the
pellet resuspended in a small amount of buffer. This was Laycred\
on a contlnuous 25 to 40% sucrose gradient and spun at 14,000 x g
for one hour. Twenty five drop fractions were callected by bottom
puncture, Fifty 1ambda of each fraction was removed and tested

for vaccinia virus antigén using the complement fixation (CF) test.
"' The remaining portion of each fraction was solubilized and counted
for radioaqtivity. 3}1 thymidine, '8 hrs (o—o); 3H thymidine,

" 22 hrs (Q=—-~0Q); vaccinia'virus antigen, 8 hrs ( s ); vac-

" cinia virus antigen, 22 hrs (A---A).. These data are repr#esenta-

tive of duplicate experiments.
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Figure 26
//

Thymidine labelled virus particles detected In activated
macrophageépinfectcd with vaccinia virus. Adherent activated PE
cells infected with vaccinia virus were continuously labelled with
S‘uc/ml of 3H thymidine for 8 or 22 hours. The cells were then
lysed by freeze-thawing, cell debris removed by low speed centrifu-
gation and the cell lysate diluted in 20 ml of 0.01 M Tris, pH 9.
The diluted supernatant was spun at 25,000 x g for one hour and
‘the pellet resuspended in a small amount of buffer, This was lay-
ered on a continuous 25 to 40% sucrose gradient and spun at 14,000
x g for one hour. Twenty five drop fragtions were collected by
bottom puncture. Fifty lambda of each fXaction was removed and
tgsteq for vaccinia virus antigen using the complement fixation
(CF) test. The remaining portion of each fraction was solubllized
and counted for radioactivity. 3H thymidine, 8 hrs (@—@);
3H thvmidine, 22 hrs (QO---0 ); vaccinia virus antigen, 8 hrs
( &—h ); vaccinia virus antigen, 22 hrs (A--7\ ). These data

are representative of duplicate experiments.
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The results presented above suggest that either vaccinia virus
particles are not produced in activated macrophages or thgb/{he parti-
cles produced are destroyed by lysosomal enzymes. Theré}ore, vaccinia
virus was Incubated with 10% suspensions of PE cell lysates and assayed
periodically for loss of infecrivity. The results, expressed as the
percent reduction of titer when compared to the initial titer, are shown
in Flgure 27. The;e was a drop in the titer of vaccigia virus when it ..
was Incubated with the lysates of both ahtivatcd and normal PE cells.
Although there was a large variation from experiment to experiment,
there appears to be no real difference betyeen the effect of. cell lysates
from activated and normal PE cells on the infectivity of Qaccinia virus.
The reduction in virus titer was related to the length of time the virus
was incubated with the cell lysates. Normal PE cell lysate reduced the
titer by an average of 30% by 3 hours and 60% by 6 hours. Activated PE
cell lysate caused an average of 28% reduction in vaccinia virus'zifer .
after 3 houés and a 46% reduction by 6 hours. The reduction in ticers
were greacar'whon the virus was incubated with cell lysates than wh‘n‘

incubated in balanced salt solution (Figure 27).

VIT. Interferon Studies

The abortive infection of vaccinja virus in activated macro-
phages doc;\noc seem to be mcdiated\by interferon since virus DNA and
protein’synthesis usually does not oceur insinterferon treated cells.
However, few studfes have dealg with iInterferon treated macrophages.
Therefore, interferon was added to PE cells from normal rabbits and the
replication of vaccinia virus in these cells‘was monitored. 'Two forms
of interferon were used. One preparaciog)was prepared in cultures of
rabbit cells. This interferon had a 50% reduction tfcdr of 1:10,000 and
1:1,000 against VSV and vaccinia vir&s, respectively (Figure 28). The
other interferon preparation répresented a serum sample collected from a
rabbit 5 hours aftrer intraygnous injection of Poly (I)-Poly (C). This
serum interferon had 50% reduction titers of 1:5000 and 1:100 against
VSV and vaccinia virus, respectively.

Peritoneal exudate cells from normal rabbits were incubated



Figure 27

Action of 10% PE cell lysatés on vaccinia virus. A 20%
suspension by volume of freshly collected and washed PE cells was
made.in HBSS. The cells were lysed by freeze-thawing and the ly-

sates clarified by low speed centrifugation. Equal volumes of

vaccinia wirus and cell lysate or HBSS were mixed to give a final

cell lysate conceéntration of 10X and the mixture was divided into
small tubes. The virus lysate mixtures were incubated at 37°C
faor various times until duplicate tubes were freeze-thawed and
the amount of infectious virus assayed on Vero cells. Experiment
1 ( A ); Experiment 2 ( @———@ ); Experiment 3 ( A"‘ﬂ');
Experiment 4 ( O—Q). N
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Figure 28

Interferon titrations on rabbit kidne& cells. Dilutions
of interferon prepared in MEM + 2% FCS were applied to monolayers
of secondary rabbit kidney cells and inéubated overnight at 37°C.
The cells were then washed. twice with warm HBSS and infected with
03 x 107 PFU of VSV. After one hour of virus adsorption, the cells
were washed 3 times, MEM + 2% FCS was added and the cells incubated
overnight. VSV titers were assayed on BHK~21 cells. Tissue cul-
ture interferon (@——@); Poly (I)-Poly (C) serum interferon
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overnight with tissue culture interferon or serum interferon. The cells
were then washed, infected with vaccinia virus and the 24 hour yields of
virus were determined. Tissue culture interferon did not suppress the
replication of vaccinia virus in norﬁal PE cells (Figure 29). Some re-
guctioﬂ in virus yield was obtained with gerum interferon, the 507 re-
duction titer being about 1:200 (Figure 29).

The egfect of serum interferon on normal PE cells was further
examined by treating the PE cells from three additional normal rabbits
with a 1:10 dilution of the preparation. The PE cells were incubated
overnight with the interferon sontaining serum or normal serum, infected
with vaccinia virus and incubated overnight. The reductions of virus
yield inckhe three sets of treated PE cells were 69%, 76% and 50%, re-~
spectively. Viral DNA sygthesis in these cells, as determined by pulse
labelling with 3H thymfaine at 5 hours after infection, was 40% less in
the interferon treated cells than in control cells. Viral antigen could
be detected in interferon treated and untreated PE cells by indirect
immunofluorescence. Quantitation by complement fixation of viral anti-
gen synthesized at 6 hours after infection revealed that serum inter-
feron treatment reduced antigen synthesis by about 50% *(Table “4).

VITII. Replication of Viruses Other Than Vaccinia Virus in Macrophages

Preliminary experiments were undertaken to determine the. speci-
ficity of inhibition of virus replication b% macrophages obtained from
rabbits previously infected with vaccinia virus. Peritoneal exudate
cells from normal rabbits were examined for their ability to support the
‘replication of Sindbis virus, Semliki Forest virus, two strains of vesi-
cular ktomatitis virus and Pichinde virus. Only Pichinde virus was re-
plicat‘d in noréal PE cells. As can be seen in Figure 30, Pichinde
virus did not replicate in activated PE cells from a rabbit infected
with vaccinia virus. As with vaccinia virus, Pichinde virus antigens
were synthesized in actigated macrophages although progeny infectious
virus could not be detected. Thus, the activation of macrophages does

not appear to be ébecific for the inducing virus and probably inhibits

other viruses by the same mechanism as was found for vaccinia virus.

[
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Figure 29

Interferon titrations on rabbit PE cells. Dilutions of

interferon in MEM + 2% FCS were added to s containing 106

normal rabbit PE cells and ipcubated overnmight at 37°C. The cells
vwere washed, infected with 8 x 106 PFU of /vaccinia virus for one

hour and then washed three more times. Eresh medium was added to

the tubes which were incubated overnight \and then frozen. Tripli-

cate tubes for each interferon dilution w led and assayed

for virus titer on Vero cells. Tissue culture interferon (@--9);
Poly (I)-Poly (C) serum interferon ( hese data are

representative of duplicate expeériments.
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TABLE IV
THE EFFECT OF SERUM INTERFERON ON VACCINIA VIRUS ANTIGEN SYNTHESIS IN

NORMAL PE CELLS1

PE Cells from Titer of Complement-Fiximg Antigen
Rabbit No. PE Cells + Serum PE Cells + Normal
Interferon Rabbit Serum
1 1:162 1:32
. 2- 1:8 ) 1:16
3 . 1:8 1:32
1

107 adherent PE cells were incubated overnight with a 1:10 dilution
of either serum interferon or of normal rabbit serum, washed, and
then infected with vaccinia virus at a MOI of 5. Th® cells were
incubated for 6 hours, washed, and lysed in 0.5 ml of saline. The
lysate was tested for CF activity using vaccinia antiserum. .

v

Titer represents dilution of antigen giving 507 endpoint in comple-
ment fixation test with 4 units of antiserum égainsc vaccinia, virus.

5



Figure 30

Growth of Pichinde virus in rabbit PE cells. Rabbit PE
cells were infected with Richinde virus at a multiplicity of 2
PFU/cell, for one hour. The cells were washed, resuspended at a
concentration of lO6 cells/ml and incubated at 37°C until sam-
pled. Cells were lysed by fre'eze—thawing and the virus was titered

on Vero cells. Normal PE cells (@---@ ); activated PE cells

(&—A).
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IX. Effect of Chemical Agents on the Growth of Vaccinia Virus in Rabbit

Macrophages

\
It has been reported that certain chemical agents, namely trypan
,‘,\/.

blue and hydrocortisone, are capable of abolishing the activated char-
acteristics of mouse macrophages (Hibbs, 1974). The effect of various
chemical agents on.the ability of riybit macrophages to eiwher support
or inhibit the replication of vaccinia virus was therefore examined in
an attempt to abolish the inhibitory effect of activated macrophages on
the virus. The chemical agents included trypan blue at 0.75%, 0.1%,
0.01%, .005%, .001%; hydrocortisone at 2.5 x'107° M, 5.0 x 107° M; bena-
dryl at 107> M, 107°M; india ink at 0.1%, .01%; dimethylsulfoxide at
10%, 4%, 3%, 2%, 17 and antirabbit gammaglobulin at a 1/20 diluction.
Various treatment regimens were performed with the cells which were then
infected with vaccinia virus and growth curves of the virus performed.
In general, the cells were pretreated with the chemical agents for 1, 2,
12, or 48 hours, infected with the virus and ther further incubated both
in the presence or absence of each specific chemical agent. In some
experiments, the chemical agents were added simultaneously with the
virus.

There was no change in the-ability of,the activated macrophage
to inhibit the growth of vaccinia virus when the cells were pretreated
for 0, 1, 2, or 48 hours with all of the abeve described chemicals. It
was noted that the activated state of the macrophage changed when the
activated macrophages were preincubated for 48 hours in MEM plus 10%
FCS. The cells then-;nderwent a morphological change from round to fi-
broblast like. When this happened, the cells could then support the

replication of vaccinia virus.



~ DISCUSSION

The replication of vaccinia virus was blocked in activated
macrophages. When.peritoneal exudate (PE) cells from normal rabbits
were infected with vaccinta virus at a multiplicity of infection (MOI)
of 1, there was a 2-1/2 log increase in the virus titer after 48 hours.
When activated PE cells were infected with the same¢ amount of vacclinia
virus, there was only a slight rise in virus titer from 1 x 103 PFU/ml
to 3 x 103 PFU/ml. These experimental results concur with those re-
ported by other investigators. Tompkins, Zarling, and Rawls (1970) were
the first to note the inability of vaccinia virus to replicate within
activated rabbit macrophages. Thelr data showed that vaccinfa virus in-
creased almost 2 logs in normal rabbit PE macrophages .after 3 days incu-
bation. There was na increcase of virus titer in activated rabbit macro-
phages. Subsequent papers have reported a 2 to 2—1/5 log Increase In
vaccinia virus titer after 2 days incubation .An normal vabbit macro-
phages with no increase in activateg}rabbit PF macrophages (Avila et al,
1972: Schultz et al, 1974). 1In all cases, the titer of vaccinia virus
in activated macrophaées remained stable during the 3 day incubation
period. I feel that the constant titer of virus during the incubation
period is due to the stability of the residual virus which remained in
the med{um after adéorption and wa§hing. When infected PE cells were
washed more extensively with 4 to 5 washes of HBSS, the initial titer of
virus dropped 1/2 to 1 log and then remained stable during the {ncuBa-
tion period. 1t was demonstrated in the one step growth curve that vac-
cinia vi;us is very heat stable when incubateqd in culFure medium., There
was no detectable loss of titer during the lﬁsgours of incubation.

" Increasing the infecting dose of vaccinia virus to 20 PFU/cell
did not overcome the block of Qirus replication in activated macro-

phages. Increasing the myltiplicity of infection from 0.1 to 20 PFU/

cell increased proportionally the amount of virus present at zero time.
- " .7 -
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The.failure to show any production of infectious virus in activated
m;crdphages fnoculated with 20 PFU/cell also suggests that a large
majority of the PE cells from an activated animal are activated since it
can be assumed that at sdch a high multiplicity of infeccioh. each cell
would be infected. Variation in the inoculum given to normal PE cells
was reflected in variation {g_the amount of virus at zero time, the
total increase in virus titer, and the time needed for the growth curve
to reach maximum levels: This was due to the finite number of cells
which were available for infectlon within each tube. With a low inocu-
lum, the initial amount of virus was low but the increase {in virus titer
was large (almost 4 logs) with the growth proceeding during the entire
72 hours, With a high inoculum, the vivus titer at zerp time was large,
the increase in titer was only 1-1/2 log and a plateau in the growth
curve was reached at an carlier time.

A comparison of the one step growth curve of vaccinia virus in
PE cells and in Vero cells also indicated that optimum virus replfcation
was not ashieved in norﬁal rabbit macrophages. In Vero cells, virus ad-
sorption and burst size were yreater than in normal macrophages and the
appearance of new virus was two hours earlier. .Comparison of vaccinia
virus infected Vero cells with infected rabbit PE cells {n later experi-
ments confirmed that vaccinia virus replication in normal rabbit PE

~

cells is not as efficlent as in other cell types. ’

The replication of vaccinia virus In acrivated rabbit macro-
phages appeared to be blocked during or after }ate viral protein synthe-.
sis and before viral particle formation. All the stages in viral repli-
cation proceeding late.prbtéin synthesis appeared ldentical in accivated
and normal PE cells. The adsorption of vaccinia virus to activated rab-
bit PE macrophages was equal to or higher than that for normal PE macro-
phages. A higher rate of:viral adsorption to activated macrophages can
be explained by the presence of anti-viral antibody on the surface. of
cells taken from vaccinia virus immune rabbits. This surface antibody

could facilitate viral adsorption. It is well documented that cyto-

philic antibody can be found on the surface of macrophages and it can be
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assumed t@at a portion of this antibody taken from anfmals recently 1in-
fected with vaccinia virus would be vaddin15 virus specific. Koszinow-
ski et al (1975) have reported the increased clearance of vaccinia :irus
by PE cells taken from vaccinia virus infected mice. PE cells from nor-
mal mice cleared 16% of the vaccinia virts inoculum, PE cells from mice
injected once with vaccinia virus showed a 55% virus clearance and PE
cells from mice injected 3 times with vaccinia virus clenreé 88% of the’
available virus. Maximum clearance took place during the first hour of
incubaction.

The ability of activated macrophages to adsorb vaccinia vdirus
has been previously reported. Avila et al (1972) reported that vaccinia
‘virus adsorbed eq&ally well to normal and activated PE macrophages. Ad-
sorption was measured by titering cell associated infectious virus after
90 minutes of incubationr The discrepancv between my findings that acti-
vated macrophages adsorb slightly more virus than normal macrophages and
Avila et al's results can be explained by the differences in methods
used to detect virus adsorption. Detection bv radioactibely labelled
virus is more sensitive than virus detection by plaquing and could detect
-small differences in the rate of adsorption between normal and acc[vaceq
mac rophages.

The percentage of virus adsorptién to the macrophages was be-
tween 10%Z and 357 of the virus inoculum. This was always much loder
than the amount adsorbed to the Vero cells. Avila et al (1972) have re-
ported a virus clearance of %0% by rabbit macrophages. Maximum adsorp-~
tion of vaccinia virus to narmal and activated macrophages as well as to
Vero cells took place during the first 30 minutes of Incubation. ~Rapi§
adsorption of vaccinla virus to HeLa cells and L cells has also been re-
ported. Dales (1963) reported that 60% of vaccinia virus inoculum was
adsorbed to L cells during the-first 10 minutes of incubation. Joklik
(1964a) reparted that Hela cells had adsorbed 45% of' the vaccinia virus
inoculum in the first 10 minutes of incubation. )
Experiments with cells infected with radicactively labelled

virus indicaced that a significant amount of the virus eluted from the

-
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cells during incebation. I found that even though t e Emount of wvirus
which dissociéted from activated PE macrophages was large, it was iden-
tical to the amount which dissociated from normal PE,mécrophageé. Viral
dissociation from the PE macrophages was much greater than that from in-
fected Vero cells. After 5;hours incubation at 37°%€C, the level of viral
dissociation was 55% in nortal macrophages, 58% in activ;ted macro—_'
phages, and 27% in Vero cells. Elution of Rabbitpox virus has been re-~
ported with HeLa cells (Joklik, 1964a). In that system, 15% of the cell
associatedivirus had eluted after 6 hours of 1ncuba£idn. . )

Much of othe eluteé virus had beeh at least partially uncoated..
This was detected by measuring the DNase susceptibility of the eluted
virus. _The greatest change in DNa%e.su§ceptibility took place during
the first hour of.incubatidn.' Ar. this time, damageito the proéective
coat.éf the DNA had occurred in'587% of the'virus,which\had eluted from
normal PE cells, in 637% of the virus which had, eluted from activated PE
cells and in 40% of the virus which had eluted from Vero cells. This
alteration in the DNase susceptibility Qf eluted virus ﬁa§ not found in
similar experiments with rabbitpox virus infected Hela cells (Joklik,
1964a). In that system, the eluted virus did not demonstrate a sensiti-
vity to DNase. Alterations of eluted virus have been réporteq with
other virus systems. Picornaviruses which elute from cells have lost a
polygeptide and are unstable (Fenner et al, 1974). Tﬁis has been ex-
plained as a first step in gncoating. A similar uncoating process has
not been described for the Poxviruses. The most likely explanafion'for
the DNase susceptibility of eluteé vaccinia virus in the macrophage sys-
tem, is that of another type of abortive infgbtion. The virus enters
the cell in a phagosome which fuses with a lysosome. This exposes the
virus to lysosomal enzymes which disrupt a part of the iiral coat. THeE-

digested virus is then released. into the medium along with other di-

R . e
-, ’

gested material.

7

The uncoating of vaccinia virus occurred at_normal levels in

»

activated macrophages, This was first indicated by the drop in vacecinia

vigus titer seen in infected activated macrophages during the early
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hours of incubation. This early drop ih infectious titer, called the
eclipse phase, Iindicated the release.of viral DNA from its protective
coat and it§ loss of infectivity under n&%mal conditions.

" The appearance of DNase susceptibie viral DNA within activated
macrophages confirmed that vaccinia viru§ was uncoated inside the cells.
The uncoating began after one hour of incubation and proceeded at a
steady rate until féur hours after infection at which time it plateaued
at approximately 50% of the virus_uncoaeedi Vaccinia virus uncoated
equally well in activated anﬂfnormal macrophages and in Vero cells, The
uncoatin% data of vaccinia virus in rabbit macrophages and in Vero cells
is similar to that reported -for other cell types. Joklik (1964a) re-
ported the uncoating of rabbitﬁox virus in Hela cells bégan at one hour
of infection and'continued rapidly for the next two hours.

The lag period in DNA uncoating was dependent on the amount of infecting
virus and with an inoculum of 90 PFU/cell, a peak of free viral DNA ap-
‘peared by two hours after infection (Magee and Miller, 1968). The per-
cent of viral uncoating varied for different cell lines but was never
100% (Joklik, 1964a). kabbitpox virus underwent H77% uncoating in L cells
and only 12% in KB cells.

' The importance of vaccinia virus uncoating in activated macro-
phages was twofold. First, it indicated that the virus was successfully
able to enter the cell and to releasé its nucleic acid which was then
available for the next step in viral replication. The uncoating of vac-
cinia virus also indicacea that some viral RNA and viral protein synthe-
sis had taken place. A virally coded and virally produced uncoating
protein is necessary for the second stage of vaccinia virus uncoating
which is the release of viral DNA‘ (Kates and McAuslan, 1967b). The pre-
sence of uncoated viral DNA is presumptive evidence that some viral RNA
and protein has been synthesizéd and that the block in vaccinia virus _
replication in activated macrophages is not due to a complete block in
viral(franscription or viral translation,

" Vaccinia virus was able to synthesize DNA in activated rabbit

macrophages. The profiles for DNA synthesis in vaccinia infected normal
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and activated PE cells were very similar. The profiles, which repre-
seqfed the total number of 3H«thymidine counts per minute incorporated
into TCA insoluble miterial, showed a rise at 2-1/2 hours. .The peak of
DNA synthesis dropped at 7 hours in both types of infected macrophages.
The nconinfected normal and accivateq PE cells showed only low background
levels of DNAéjy%thesisn_ DNA s&nchesis in the pellet fraction after
cell lysis agdin showed a peak of DNA synthesis from 2-1/2 to 7 hours in
both activated and normal PE cells infected with vaccinia virus. I be-
lieve that .this peaﬁ of 3H thymidine incorporation was due to vabcinia
virus DNA synthesis for several reasons. Simultaneous experiments with
uninfected PE cells never demonstrated a peak of DNA synthesis and al-
ways remained at background\levels throughout the experiment. imilar
peak of DNA synthesis was present in vaccinia virus infect®d Vero cells
from 2 to 6 hours after infection and was absent in noninfected Vero
cells. This peak was present in tﬁe cytoplasmic fraction of the Vero
cell lysate. Studies by other investigators of vaccinia virus DNA syn-
thesis have described a similar burst of DNA synthesis in vaccinia in-
fected cells. Joklik and Becker (1964) reported a peak of DNA synthesis
in vaccinia virus infected Hela cells from 2 to 4 hours after infection
when measuring both total DNA and cytoplasmic DNA. Peaks of DNA synthe-
sis at 3 to 4 hours after vaccinia virus or rabbiEpox virus infection
have algo been reported by Kates and McAuslan (1967b) and LaColla and
weissch%“£1975). These investigators positively identified the DNA
peaks as Qa cinia virus DNA. Because the bouyant density of vaccinia
virus DNA and HelLa cell DNA vary enough to separate on a CsCl gradient,
it was poésiﬁle to show t%at the peak of DNA in the vaccinia virus in=-
fected cells had a bouyant density similgr to that of vaccinia virus
(Joklik and Becker, 1964). The DNA present in the peak of DNA synthesis
was also shown to hybridize with vaccinia %irus DNA (LaColla and Welss- b
bach, 1975). Unfortunately, in my experiments, the bouyant density of
rabbit DNA is too similar to that of vaccinia virus DNA to be separated
on a density gradient. ’ '

I was unable to demonstrate a significant peak of DNA synthesis
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« using only the cytoplasmic fraction from infected PE cells. I feel that

x

fhis was due to an inabiliky to thoroughly lyse tha‘cells so that the
cytoplasmic contents could be separated from the nuclei. Swelling with
RSB and then dounce homogenizing is a standard procedure for cell lysis
and: worked well in the separation of the Vero cell fractions. This same
procedure made the.PE cells permeable to trypan blue. However, mé;t of .
_the newly synthesized DNA éelleted with the nuclei. *Recent experiments
have indicated that some specific DNA of vaccinia virus is s;ntheéized
in the cell nucleus (LaColla and Weissbach, 1975). Some of the DNA pre-~
sent in the pellet fraction could possibly have been produced in the
nucleus. However, I feel that a large portion of it was synthesized in
the cytSEIasm and then trappégrpy the incompletely lysed ce}lé and re-
mained in the pellet fraction. "

The synthesis of vaccinia virus DNA in activated macrophages
provided more'indirect evidence that vaccinia virus proteins were made
within the cell. Continuous protein synthesis 1s required for vaccinia
virus DNA replication (Joklkk and ,Becker, 196&£ Kates and McAuslan,
1967b). The addition of puromycin or cyclohexamide to infected cells in-
hibited the synthegis oé'viral DNA. Therefore, the synthesis of vac-
cinia virus DNA st}ongly suggested that viral‘proteins were also made.

* The synthesis of specific proteins of vaccinia virus in acti-
vated macrophages was directly demonstratedeby immunofluorescence, by
immunodiffusion, and by polyacrylamide gel electropboresis (PAGE). Vac-
cinia virus specific antigens were detected in both acéivgted and normal
macrophages bj immunofluorescence. The pattern of immunofluorescence
was 1identical in both cell types for the first 9 hours of infection. An
equal proportion of activated and normal macrophages produced vaccinia
virus specific antigen. All the positivé cells possessed a dim diffuse
fluorescence throughout the cytoplasm. The presence of fluorescence
throughout the cytoplasm was probably due to multiple sites of infection
within each cell. By 22 hours, the sites of antigen synthesis had en-
larged and fused together so that the eptire cell was filled with bright

fluorescence. This phenomenon has been déscribed by Cairns (1960).

~
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Immunofluorescent studies of vaccinia virus infected activated and nor-
mal macrophages have also been described by Avila et al (1972). The
number of infected cells increased in their normal macrophage cultures
from. 25% at 24 hours to 100% by 48 hours. There was no increase in the
number of infected activated macrophages during the 72 hour incubation.
They reported that less thanm 17 of the activated macrophaées were pro-
ducing antigen. The small number of antigen producing activated macro-
phages seen by Avila et al can be explained by the low infecting dose of
virus they used: They infected their cells with an inoculum of 0.1 PFU/
cell. Because no infectious virus was produced in the activated macro-~
phage cultures, the infection was not amplified. The percentage of
antigen producing cells remained the same as the percentage of cells
initially infected, which was }ow. Because I used an inoculum of 2.5
P%U/céll, more -cells were initially infected; and.the number of antigen
producing activated macrophages was increased.

The synthesis of vaccinia virus proteins in activated macro-
phages was also demonstrated by two dimensional immunodiffusion. At 6
hours after infection, three virus specific inmunodiffusion bands were
detected and by 9 hours four bands were present. These bands were
determined to represent vaccinia specific antigens.for several reasons,
The antiserum used to detect the bands was prepared for its specificity.
to vaccinia virus by a procedur® described by Cohen and Wilcox (1966).
The procedure involved infecting rabbits with vaccinia virus intrader-
mally and then injecting them with repeated doses of purified vaccinia
virus intravenously. Secondly, the immunodiffusion bands produced using
the antiserum were shown to be nonidentical to the two bands produced by
fetal calf serum which is the major contaminant in most viral antisera.
Thirdly, no immunodiffusion bands were present when noninfécted rabbit
macrophages were used as the antigen. Finally, the sequential appear-
ance of the bands reflected the onset of viral protein‘synthesis and the
accumulation in detectable amounts of viral proteins within the cell.
At O énd 2 hours after infection, no bands were present. The first

bands were seen at 4 hours with an increase in band number at later
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times. The sequential appearance of bands was also seen.with infected
normal macrophages and infected Vero cells. ’

The lysates of aécivated and normal macrophages infected with
vaccinia virus gave a comparable number of bands (usﬁaily 4). Infected
Vero cell lysates and infected PRK cell lysates gave 6 to 7/ immunodif fu-
sion bands. The greater number of bands in the later two cell lines caﬁ
be attributed to the more productive infection possible in Vero and PRK
cells. The vaccinia viral antigens detected by immunodiffusion gre most
probably soluble vaccinia antigens and not structural viral antigens.

In the preparatioh of infected cell lysaté used as antigen, the cells
were lysed and then sonicated with no attempt to disrupt viral particles’
or virions in the process of morphogenesis. Westwood et al (1965) have
reported that the strongest immunodiffusion bands formed with vaccinia
virus infected cell extracts were virus soluble antigens and‘not struc-
tural antigens. They were able to produce a maximum of 17 immunodiffu-
sion bands using an antigen extract of dermal pulp obtained from a rab-
bit infected with vaccinia virus. Only the minor immunodiffusion bands
were shown to be identifical to structural anéigens of Fhe virus.

The detection of 6 or 7 gands with vaccinia infected Ver$ or PRK
cells is comparable to the results reported by other investigators.
Cohen and Wilcox (1966), using an antigen prepared from vaccinia virus
. infected KB cells, were able to.detect 7 bands by immunodiffuysion. Ex-
tracts of cowﬁox virus infected rabbit skin or choriocallantoic membrane
prepared by Rondle and Dumbell (1962) also yielded 7 immunodiffusion
bands. Using similaf'techniqeus, Appleyard and Westwood (1964) were
able to produce.over 20 immunodiffusion linés with lysates of Hela cells
infected with rabbitpox virus. No explanation was given fﬁrithe large
number of bands they were able to detect.

The production of vaccinia viral proteins was also detected by
SDS-PAGE. Tge majority of the polypeptide bands produced in infected
activated macrophages was felt to be virus specific for several reasons.
The sequential appearaﬁce of the gel bands 'after infection corresponded
to the sequential synthesis of vaccinia viral proteins reported in the

literature. Moss and Salzman (1968) studying vaccinia virus infected

L
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Hela cells have reported that early protein synthesis §ook place 1 to 3
hours after infection, intermediate protein synthesis waé from 3 to 5
houfs and late viral proteins were synthesized from 4 to 8 hours after
infection. Holowczak and Joklik (1967) investigaged the synthesis of
structural proteins of vaccinia virus in L cells. They found that large
amounts of structural proteins were made beginning at 4 to 5 hours after
infection with the greatest amount made from 6 to 7 hours after infec-
tion. Pennington (1974) and Oppermann and Koch (1976) using slab PAGE
of pulse labelled infected BSC1 cells and Hela cells have also demon-b
strated the sequential appearance of vaccinia viral proteins. A signi-
ficant number of proteins were made at 2 hours after infection with the
majority‘of~the bands appearing after the onset of DNA synthesis. In my
study, the sequential appearance of golypeptide bands in both the 1&-
fected normal and infected activated macrophages was similar. Only a
few faint bands were present during the first 30 minutes\of infection.
Many new bands appeared at 4 hours after infection with maximum protein
synthesis at 6 and 7 hours afcer infection. The sequential appearance
of protein bands in the virus infected macrophages lqgged somewhat be-
hind the reported appearance of polypeptide bands in the HeLa, L and
BSCl—cells and in my own €xperiments with Vero cells. This was again
probably due to the less productive:. type of infection iy macrophages as
;ompared to the éther cell lines. The appearance of significant new gel
bands at 4 hours after infection paralleled the appearance of virus spe-
cific immunodiffusion bands déteéted in similarly infected macrophages.
The similarity in gel profiles between the infected activated
and infected normal macraphages demonstrated that many of the same poly-
peptides were synthesized within the cells infected with vaccinia virus.
Examination of the iInfected cell lysates from t;o activated rabbits and
three normal rabbits at 6 hours after infection revealed that 25 poly-
peptide bands were similar. Several differences were also noted. There
were three polypeptide bands in the infected activated macrophages which
were not present in the infected normal macrophages and one band in the

infected normal macrophages which was absent in the infected activated
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cells. A comparison of the gel profile of vaccinia virus infected Vero
cells at 4 hours after infection with the profiles of the infected
macrophages at 6 hours after infection also revealed that the major
bands synthesized were present in all three cell types. Finally, the
dissimilarity between the gel profiles of virus infected and noninfected
activated macrophages and normfl ﬁacrdphages was furt