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I. Introduction

Only a short time has elapsed since the poxvirus literature was reviewed
in a most thorough and comprehensive fashion ( JoKLIK, 1966). It is the purpose
of this communication to focus in somewhat more detail on a single facet of the
overall picture, the poxvirus-coded proteins or antigens. The reader will note
that not every investigation bearing on this subject has been cited. The pre-
ponderance of our effort has been to review the more recent literature most
extensively, with a view towards emphasizing what seems to us are emerging
patterns of function. We do not apologize for this approach for although it is
intrinsically somewhat arbitrary it has the merit of making the subject more
manageable. It also should be apparent to the reader that at least one entire
area of investigation, the poxvirus hemagglutinins, has not been mentioned.
Relatively little has been done in this field in very recent times and, inasmuch
as this subject has been adequately reviewed in 1966 (JOKLIK, 1966), there
seems to be little profit in repetition at this time.

* U.S. Public Health Service Postdoctoral Fellow 5-F2-Al-23, 801-02, National
Institute of Allergy and Infectious Diseases.

** Present Address: School of Dental Medicine University of Pennsylvania,
Philadelphia.
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I1. The Number of Poxvirus Antigens

The genome of vaccinia virus is a DNA molecule with a molecular weight
of about 1 X108, This amount of DNA is theoretically capable of coding for
400 to 500 proteins. It is somewhat doubtful that it may actually do so inas-
much as only a relatively few virus-specific proteins have been identified to
date. Those proteins known, or even strongly suspected to be virus-coded may
be divided into three groups at the present time: 1) the virus structural
proteins contained in mature virions, 2) the so-called soluble antigens, other
than enzymes, which are found in large quantity in poxvirus-infected cells,
and 3) the viral-induced enzymes which are protein in nature and as such may
be regarded as antigens. These enzymes, which have not yet been unequivocally
demonstrated to be virus-coded, will be discussed in a separate section.

Much of the work of recent years in this area has been concentrated upon
analyzing the entire contents of the infected cell for unique protein antigens
arising after infection. The methods employed, with few exceptions, have been
immunological, relying largely upon variations of the Ouchterlony immuno-
diffusion test or, more recently, immunoelectrophoresis. The intrinsic nature
of both of these techniques rules out the participation of anything but soluble
antigens inasmuch as virions and hemagglutinins do not diffuse through agar.
One might expect with this approach to detect not only the virus structural
antigens but also any other unique virus-induced proteins whose functions
are other than structural. The effectiveness of these procedures relies heavily
upon obtaining good antiserum preparations. Since infected cell extracts are
heavily contaminated with host-cell proteins it is important that the anti-
serum preparations do not react with these proteins. Two procedures have been
utilized to minimize this problem: 1) antisera made against extracts of infected
cells are thoroughly absorbed with normal cell extract to produce sera which
react only with unique, virus-induced antigens, or 2) infected cells of one species
are employed to make antisera which are then used to assay the virus-induced
antigens produced in a cell system of a different species.

The examination of poxvirus infected cell extracts by such procedures
reveals anywhere from seven to 20 immunoprecipitins (APPLEYARD and WEST-
WOOD, 1964 ; MARQUARDT et al., 1965, 1965a; WESTWOOD et al., 1965; COHEN
and WiLcox, 1966; NicoLE and JoLIBOIS, 1964; RODREQUEZ-BURGAR et al.,
1966). This disparity which is of no great consequence, most probably reflects
variations in the potency of the antisera used, and the degree of interpretation
the investigator is prepared to lavish upon poorly visible and often difficult
to reproduce precipitin lines. More important, is that the number of virus-
induced proteins detectable by these relatively sensitive techniques is of a
different order of magnitude from the 400 to 500 theoretically possible proteins
coded for by the viral genome. There is no profit at the present stage of know-
ledge in attempting to compare closely the results of these various studies or
to seek a uniform terminology for the various soluble antigens other than to
note that such preparations undoubtedly include the classical LS antigens
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among the family of immunoprecipitin lines (MARQUARDT et al., 1965a; ROSEN-
KRANZ et al., 1966). The present status of the NP (SMADEL et al., 1942) and LS
(SHEDLOVSKY and SMADEL, 1942) antigens, both of which probably represent
the collective behaviour of a number of antigens, will be discussed in more
detail shortly. On the basis of results now available it would appear that many,
perhaps almost all of the most easily recognizable soluble antigens, are virus
structural proteins which have been produced in excess. One group reports that
eight of the nine soluble antigens detected are virus structural components
(MARQUARDT et al., 1965a), another that seven out of seven easily recognized
soluble antigens are viral components (CoHEN and WiLcox, 1968), although
another report indicates that only seven out of a total of 17 immunoprecipitins
found in soluble extracts could be identified in degraded virus particles (WEsT-
woobD et al., 1965). It is notable in the latter case however, that many of the
antigens represent minor, difficult to detect, components of the soluble extract
and may exist in virus in suchsmall amounts as to be virtually impossible to
visualize by the methods employed. It is possible that some of the immuno-
precipitin lines in the soluble-extracts represent virus-induced enzymes, al-
though at least one report indicates one of the most prominent of these en-
zymes, thymidine kinase, does not form precipitin lines at the concentrations
employed (WiLcox and CoHEN, 1967). If indeed there are unique viral-induced
proteins that are neither enzymes nor structural proteins their presence or
function remains to be established with certainty.

A second approach to the detection of virus-specific protein has been to
examine those antigenic moieties which are actually incorporated into the
mature virions. The prerequisite for such studies are twofold. First, one must
have a highly purified virus preparation free from host cell contaminants, and
secondly, if one desires to study the antigenic properties of the virion, a pro-
cedure to disrupt the virus particle so as to free the internal proteins without
destroying the antigenicity of the structural components is required. Mecha-
nical disintegration of purified virus yields eight precipitinogens, all of which
correspond to precipitinogens demonstrable among the soluble antigens (MAR-
QUARDT et al., 1965a). ZWARTOUW et al. (1965) employing a chemical technique
which solubilized about 20% of the viral Nitrogen and 5% of the viral DNA
identified eight precipitin lines. WiLcox and CoHEN (1967) employing a dif-
ferent procedure identified seven immunoprecipitins in the virus particle cor-
responding immunologically and, in certain ways, physically to seven readily
identified soluble antigens. One might summarize to this point then by saying
that all of the antigenic moieties thus far identified in the virion have been
similarly identified in the soluble antigen fraction whereas the issue of whether
there are soluble antigens which have no virus structural or enzymatic role is
still very much open.

Employing still another approach, a most definitive study on the structural
components of vaccinia virus was carried out recently by HoLowczAk and
JOKLIK (1967, 1967a). Radioactively labeled vaccinia virus was dissociated
to yield the constituent polypeptide chains which were then subjected to

1*
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electrophoresis in polyacrylamide gel. By such procedures it was shown that the
virion is composed of at least 17 polypeptide components, some major in terms
of amount and some minor by the same criterion. Inasmuch as these results
do not represent an upper limit on the total number of polypeptide chain
species in the virus structural proteins one must conclude that the virus particle
is very complex and clearly composed of a fairly large number of different
protein species.

Present Status of the NP and LS Antigens

‘“Early”” work done primarily on vaccinia virus, revealed two major groups
of antigens (SMADEL et al., 1940; CRAIGIE and WISHART, 1936; SMADEL et al.,
1942). These consisted of 1) an antigenic fraction extractable from purified
virus with alkali which composed 50 % of the mass of the virus and contained
all of the viral DNA, termed the NP antigen and 2) an antigen found both in the
soluble form and on viral particles known as the LS antigen. It would appear
from recent investigations however, that the original concepts concerning these
antigens are no longer adequate. WoODROOFE and FENNER (1962) have demon-
strated quite conclusively that the singular term NP antigen, is no longer
applicable in the original sense, in view of their observation that at least two
distinctly different antigens are to be found in this fraction. The first of these,
termed the group or family antigen, has obvious taxonomic significance inas-
much as it cross-reacts with similar antigens obtained from all other members
of the poxvirus family. It would appear that this is an internal viral protein.
The NP fraction also contains surface protein(s) which elicit formation of
neutralizing antibodies. The so-called LS antigen also is comprised of at least
two distinct antigenic moieties (CoHEN and WiLcoXx, 1966; MARQUARDT et al.,
1965a). Both of these antigens appear to be associated with the coat fraction
of the virion inasmuch as antisera prepared against very high concentrations
of the LS antigen have been reported to elicit production of neutralizing anti-
body (CoHEN and WILcoX, 1968). It is notable in this regard however, that
other investigators find that the LS antigens have no capacity to elicit pro-
duction of neutralizing antibody (WooproorE and FENNER, 1962; CoHEN and
WiLcox, 1966).

III. Sequental Synthesis of Poxvirus Antigens

Evidence that the poxvirus proteins appear in a sequential fashion has been
accumulating for some years. Lo and RiGGs (1961) employing cytochemical
and fluorescent antibody procedures first observed the LS antigen(s) in the
cytoplasm four hours after infection followed by the NP antigen at 6 hours
and viral hemagglutinins at 10 hours. Both the LS and the NP antigens pre-
ceeded the first appearance of newly synthesized virus at about eight hours.
APPLEYARD and WESTWOOD (1964) employing immunodiffusion analysis noted
virus-specific precipitin lines as early as 1!/, hours after infection. By six hours,
four to six precipitin lines were detectable, eight to 10 lines by eight hours and
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up to 20 lines by the end of the multiplication cycle. There is no reason to
suppose that each of these lines did not arise from a separate antigen. More
recently WiLcox and COHEN (1967) showed that structural viral proteins may
be divided into two groups on the basis of molecular weight as determined by
molecular exclusion chromatography. Synthesis of the low molecular weight
proteins begins about two hours after infection and virtually ceases after four
to five hours, whereas synthesis of the high molecular weight antigens com-
mences at about four hours after infection and continues thereafter. Similarly,
SarzmMaN and SEBRING (1967) identified early proteins whose synthesis be-
ginning two to three hours after infection, virtually ceased at six hours post-
infection to be followed by the synthesis of a different set of proteins. Most
recently polyacrylamide gel electrophoresis has been applied to follow the se-
quential appearance of individual virus structural polypeptide units throughout
the course of infection (HoLowczak and JOKLIK, 1967a). This latter work
clearly reveals the sequence of appearance and switch-off of virus structural
units during the course of infection. It has become increasingly obvious, as this
line of research has been pursued, that vaccinia virus functions can be divided
into “early” functions, expressed before viral DNA replication commences,
and “late” functions which are expressed only after viral genome replication
has begun. Presumably the information necessary for the expression of ““early”’
functions resides in the genome of the parental infecting virions whereas the
information leading to the expression of the “late” function is transcribed only
from replicating viral DNA. This division of the infectious cycle is apparent
even at the level of viral messenger RNA in which “early’ and ““late’’ vaccinia
RNAs differ in stability and base sequence (OpA and JOKLIK, 1967). Evidence
to indicate that some of the poxvirus antigens are ‘‘early’’ proteins, in the sense
described above, is considerable. APPLEYARD and WESTWOOD (1964) noted
some time ago that the synthesis of some viral antigens appeared to precede
the onset of viral DNA synthesis by at least one hour. The most convincing
evidence for the existence of ““early’’ poxvirus proteins however, has been the
demonstration by a number of investigators that production of some viral anti-
gens proceeds under conditions where viral DNA synthesis is not permitted to
take place (BECKER and JOKLIK, 1964; ROSENKRANZ et al., 1966; SALzMAN
et al., 1964; SHATKIN, 1963; Lon and PAYNE, 1965a; Opa, 1963). Hydroxy-
urea and 5-fluorodeoxyuridine (FUdR) both specific inhibitors of DNA syn-
thesis were employed in these experiments. In addition, APPLEYARD et al.
(1965) have demonstrated by means of immunodiffusion that five viral antigens
are synthesized in the presence of isatin-f-thiosemicarbazone, a chemical which
affects the ability of late messenger RNA to express itself normally without
inhibiting the normal function of early viral messenger (Woopson and JOKLIK,
1965). These data have led to a more extensive examination of “early’ and
“late” functions with regard to viral protein synthesis. By combining the
technique of immunodiffusion and radioautography SaLzMAN and SEBRING
(1967) detected five “early” virus-coded proteins arising two to three hours
afterinfection. Under ordinary conditions the synthesis of these ““ early "’ antigens,
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presumably coded for by the input viral genome, stops by the sixth hour.
If, however, the synthesis of viral DNA is blocked, these “early” proteins
continue to be synthesized. It would appear, therefore, that inhibition of viral
DNA replication inhibits a switch-off mechanism which normally operates to
block synthesis of “early’’ proteins beyond 6 hours after infection. At later
times in the normal cycle a new spectrum of immunologically distinct viral
proteins is made (the “late” proteins). It would appear that the bulk of the
viral structural proteins is late in origin, inasmuch as only 15 % of the protein
found in mature virus was “early” protein (SALzZMAN and SEBRING, 1967).
HorowczAk and JOKLIK (1967a) studied the time course of synthesis of struc-
tural vaccinia virus proteins by pulse-labeling infected cells at intervals and
determining the degree of labeling of individual polypeptide chains of progeny
virus after polyacrylamide gel electrophoresis. By this method these investi-
gators identify three “early”” polypeptide components, recognizable also by the
fact that they are synthesized in the presence of cytosine arabinoside which
inhibits viral DNA replication. In view of the fact that these investigators
recognize a minimum of 17 polypeptide components in mature virions (HoLowc-
zAK and JOKLIK (1967a) it would appear that at least 14 of these compo-
nents are “late” in origin (coded for by the replicating viral genome). Two of
the three early polypeptides are subject to switch-off, although this pheno-
menon does not seem to be absolute. COHEN and WiLcox (1967, 1968) were able
to identify three “early’” and four “late” virus structural proteins by immuno-
logical procedures. Inhibition of viral DNA synthesis with FUdR or hydroxy-
urea prevented synthesis of the “late” proteins but had no effect on the syn-
thesis of the “early” antigens.

IV. Location of the Poxvirus Antigens within the Virion

It is possible, on the basis of accumulated data, to approximate the position
of some of the virus structural proteins within the virion. CoHEN and WiLcox
(1968), employing EASTERBROOK’s method (1966) for the chemical degradation
of purified virus into core and coat fractions, find that the three “early” virus
structural proteins identified in their study appear to be internal proteins. This
interpretation is based upon two findings: 1) the “early” antigens were found
only in the core fraction of the chemically degraded virus, and 2) the “early”
proteins, although immunologically active do not elicit formation of neutra-
lizing antibody. It is notable that MARQUARDT et al. (1965a) employing a
different virus fractionation procedure report also that three antigens appear
to be associated with the virus nucleoid material. CoHEN and WiLcoX (1968)
further noted that the “late” structural proteins may be subdivided into two
fractions on the basis of physico-chemical differences. The first of these frac-
tions, comprising at least two antigens, does not elicit formation of neutralizing
antibody. One of these antigens is associated with the core fraction of the
virion, the other is found in the coat fraction and presumably occupies an inter-
mediary subsurface position. The second fraction of the “late” proteins, also
comprised of at least two protein components, corresponded immunologically
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to the classical LS antigen(s) and, when in sufficiently high concentration,
elicited production of neutralizing antibodies. It would appear, therefore, that
these antigens represent ccat components of the virion and indeed are found
only in the outer (coat) fraction of the partially degraded virion. MARQUARDT
et al. (1965 a) have made a similar observation reporting that antigene immuno-
logically identical to the LS antigen(s) were recovered from what appeared to
be the purified protein layer of the virion. Still more recently HoLowczak and
JOKLIK (1967, 1967a) employing polyacrylamide gel electrophoresis of pulse-
labeled, purified virions combined with the controlled chemical fractionation
of the virus particles have been able to establish an approximate location within
the virion of a number of “early’”” and ““late’ virus structural polypeptide com-
ponents, Of the three “early” polypeptides identifiable by these procedures
two are found in the virus core and the third in the virus coat fraction. The
‘“early”’ core components are subject to switch-off although this phenomenon
does not appear to be complete. In addition to the two early components the
cores were shown to contain a “late” protein which represented the major core
component. With the exception of the single ““early’” polypeptide the virus
coat appears to be comprised of “late’” proteins.

The situation with regard to the NP antigen, which is in essence a subviral
particle, is less clear. This fraction comprises 50 % of the mass of the virion and
contains all of its DNA (SMADEL et al., 1942). There are undoubtedly several
distinct proteins in this fraction (ZwARTOUW et al., 1965) but the harsh method
of extraction appears to destroy the antigenicity of all except a component
which reacts in precipitin tests with convalescent antisera to a wide range of
poxvirus and a component which is responsible for the production of a low
titer homologous neutralizing antibody (WoopROOFE and FENNER, 1962). It
is worth noting, however, that the neutralizing capacity of anti-NP sera can
be removed by absorption with suspensions of the homologous virus whereas
the group reactive component of the sera remains intact (WOODROOFE and
FENNER, 1962). It would appear therefore, that the NP preparation contains
a surface (coat) antigen and an internal (core) antigen. It has been reported
that in the presence of an FUdR concentration which completely inhibits viral
DNA synthesis the production of NP antigen, detectable by immunofluores-
cence, is markedly decreased but not completely prevented (LoH and PAYNE,
1965a). Addition of thymidine mono phosphate (TMP) reversed this effect.
This puzzling observation may be explained if one were to assume that the
NP complex is comprised of “late” as well as ““early”” antigens. Failure of the
late component(s) to appear after FUdR treatment may then be reflected in an
apparent decrease in immunofluorescence.

V. Functions of the Poxvirus Antigens

Virtually nothing is known regarding the function of the various poxvirus
proteins whether in the form of soluble antigens or when incorporated into the
structure of the virion. There can be little question, however, that these
proteins fulfill other than architectural roles. Indeed, in this regard, there is



8 W. C. WiLcox, and G. H. COHEN:

evidence to indicate the existence of a class of non-structural virus-coded
proteins in poxvirus infected cells (HoLowczak and JOKLIK, 1962 ; WESTWOOD
et al., 1965). Inany event, there is ample reason to suspect the participation of
virus-coded proteins in a number of phenomena characteristic of poxvirus in-
fection. Some of the evidence pertaining to this is worthy of mention.

Cytotoxic Effects

A considerable body of literature has accumulated regarding the rapid cyto-
pathogenic effect (cytotoxic effect) elicited by a number of virus types in the
absence of viral multiplication (WESTWO0OD, 1963). Poxvirus infections are
listed among those characterized by this lack of parallelism between virus
reproduction and cellular injury. It has been noted, for example, that ultra-
violet-inactivated poxviruses are still capable of causing cell death in the ab-
sence of virus multiplication (BROWN et al., 1959; APPLEYARD et al., 1962;
HANAFUSA, 1960). Similarly, mammalian cells treated with sodium azide or
Isatin-g-thiosemicarbazone at the time of or prior to infection with rabbitpox
exhibited a cytotoxic effect despite the fact that replication of virus did not
occur (APPLEYARD et al., 1962). APPLEYARD et al. (1962) and WESTWOOD (1963)
note that in most instances where cytotoxic effects occur, some viral antigens
are made in the infected cells. Thus, it is apparent that although later stages
of virus synthesis are prevented some early events proceed. It is probable that
the cytotoxic effect involves the partial functioning of the viral genome and,
very possibly, the accumulation of certain “early’ virus-coded proteins, al-
though the observation that the poxvirus soluble antigens exhibit no cytotoxic
effect (APPLEYARD et al., 1962) does not appear to support the latter part of
this hypothesis. It is notable in this regard, however, that protein synthesis
must occur prior to the poliovirus-induced cytotoxic event (BABLANIAN et al.,
1965, 1965a).

Switch-Off of Host Cell DNA and Protein Synthesis

Infection of mammalian cells by poxvirus rapidly inhibits synthesis of host
cell DNA (JoxkLik and BECKER, 1964; KaTo et al., 1964; KiT and DUBBs,
1962; Lon and PAYNE, 1965) and protein (SHATKIN, 1963a). In both cases
switch-off appears to be an “early” event inasmuch as it occurs even in the
absence of viral DNA synthesis (SALzZMAN and SEBRING, 1967; GREEN and
PiNa, 1962; JokLIK and BECKER, 1964). Cessation of host cell DNA synthesis
follows infection by ultraviolet-irradiated virus (JokLIK and BECKER, 1964;
JUNGWIRTH and LAUNER, 1968) and heated (60° C for 15 min) vaccinia virus,
although heated cowpox virus exhibited a decreased ability to affect synthesis
of cellular DNA (JuNGWIRTH and LAUNER, 1968). SAMBROOK and co-workers
(1966) also describe a conditional lethal mutant of rabbitpox virus that switches-
off host cell DNA synthesis in a non-permissive cell type despite the fact that
viral DNA synthesis did not occur in this system. It would appear that the
switch-off phenomenon is mediated either by the introduction into the cell
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of viral protein or by the accumulation of newly-synthesized, “early”, virus-
coded proteins. The best evidence in favor of the first of these alternatives is
the observation that switch-off of host cell DNA by ultraviolet-irradiated virus
occurs even in the presence of puromycin (JoKLIK and BECKER, 1964). It would
appear, therefore, that switch-off of host cell DNA is not mediated by a protein
coded from the viral genome. In contrast Lon and PAYNE (1965) noted some
years ago that switch-off requires protein synthesis. Despite the fact that some
question remains as to which mechanism is operative the phenomenon appears
to be mediated directly or indirectly by viral proteins.

Uncoating

Early in the course of infection the viral genome is freed from its protein
coat. This process, termed “uncoating” is required for the full range of ex-
pression of the input or parental viral genome. It has been shown, however,
that poxvirus cores express some specifically defined areas of their genome
prior to the time that they become uncoated. For example, KATES and
McAusLaN (1967a) have noted that when uncoating is prevented by the
addition of an inhibitor of protein synthesis (cyclohexamide), transcription of
viral messenger RNA necessary for the synthesis of at least one “early”” enzyme
(thymidine kinase) proceeds in a normal fashion. Similarly, WiLcox and COHEN
(unpublished data) have demonstrated that information necessary for the syn-
thesis of some early structural antigens is transcribed under the same con-
ditions. It is clear, however, that replication of viral DNA is dependent upon
completion of the uncoating reaction. It would appear that a poxvirus struc-
tural protein, termed the viral inducer protein, induces the formation of a
protein, the uncoating protein, which liberates the viral genome from the viral
core (JOKLIK, 1966). The recent work of MUNYON et al. (1967) indicating that
highly purified vaccinia virus exhibits RNA polymerase activity, reopens the
possibility that the uncoating protein is virus-coded. The viral inducer protein
is hypothetical in the sense that it has neither been isolated or characterized.
Indeed, the only evidence that it is protein in nature is its property of inacti-
vation at relatively low temperature (JOKLIK et al., 1960). Inasmuch as the
subject has been extensively and recently reviewed by JOKLIK (1966) there is
no reason to discuss this further.

Other Functions

Recently KATES and MCAUSLAN (1967) noted that poxvirus DNA synthesis
requires concurrent protein synthesis. The factor, or factors, required, accumu-
late in the absence of DNA replication and hence may be regarded as “early”
protein(s). These materials which appear to be relatively stable do not appear
to represent viral-induced thymidine kinase or DNA polymerase by virtue of
the instability of its messenger RNA and its stoichiometric rather than catalytic
relationship to DNA synthesis. The authors suggest two modes of function:
1) that the protein(s) involved are non-enzymatic structural components of the
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viral chromosomes necessary for DNA replication but not associated in the
chemical aspects of synthesis: or 2) the protein(s) have an enzymatic function
but function in a stoichiometric fashion because of an irreversible attachment
to the chromosome. Thus, new enzyme(s) could be required for each round of
replication.

Production of Neutralizing Antibody

It is well established that immunization of rabbits with soluble antigen
preparations elicits formation of virus-neutralizing antibody (APPLEYARD and
WESTWOOD, 1964 ; APPLEYARD, 1961; ROSENKRANZ et al., 1966). The antigens
responsible for this activity are virus structural proteins (virus coat protein)
which have been produced in excess (MARQUARDT et al., 1965). Immunization
of rabbits with soluble antigen preparations confers significant protection
against infection, the degree of which, however, is less effective than vacci-
nation with virus (APPLEYARD and WESTWOOD, 1964). The efficacy of vacci-
nation with soluble antigen preparations has, however, not been tested in
humans as has been done with adenovirus soluble antigen preparations (KASEL
et al., 1964). The poxvirus protein(s) responsible for protection have not been
well defined as yet. It has been shown that components of the LS and NP
complexes are capable of selectively absorbing neutralizing antibody (CRAIGIE
and WISHART, 1934). The reactivity of both anti-LS and anti-NP sera with
whole vaccinia virus supports the contention that these are viral surface anti-
gens (SMADEL, 1952). More recently CoHEN and WiLcox (1968) presented evi-
dence to indicate that concentrated suspensions of the LS complex are indeed
able to stimulate production of neutralizing antibody although earlier investi-
gations show no evidence of this property for LS antigens (ROSENKRANZ et al.,
1966; WoODROOFE and FENNER, 1962). It is not unlikely, in view of the struc-
tural complexity of the poxvirus virions, that more than one surface component
may produce neutralizing antibody.

VI. Separation of Poxvirus Antigens

A number of efforts have been made to isolate and concentrate the various
poxvirus antigens with a view towards characterizing individual virus-coded
proteins in terms of function as well as structure. Two major lines of approach
have been employed. The most direct of these entails either the mechanical or
chemical disintegration of preparations of purified virus into component parts.
The primary advantage of this procedure is that it avoids the problems of
contamination of the viral antigens with host-cell components. Disadvantages
lie in the necessity that one must deal with large amounts of purified virus,
due to the low concentration in which some antigens occur, and the lability
of certain antigens to chemical and mechanical manipulations. A second
approach has involved fractionation of the soluble antigen components of the
infected cell. The chief advantages of this approach are the relatively large
amount of antigens that one may obtain and the possibility of detecting and
isolating non-structural virus-coded proteins, other than enzymes, if indeed
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such proteins exist. The major disadvantages inherent in this approach include
the very heavy contamination of the soluble antigen fraction with host cell
components and the great antigenic complexity of thesoluble antigen fraction.

In 1942 SMADEL et al. (1942) and SHEDLOVSKY and SMADEL (1942) under-
took the chemical fractionation of purified vaccinia virus and soluble antigen
preparations leading to the discovery of the NP and LS antigens. The proce-
dures involved and the properties of these fractions have been reviewed in detail
elsewhere (SMADEL, 1952) and are not described here. More recent work, which
has been reviewed in this communication indicates that the LS and NP frac-
tions are considerably more complex than was originally envisaged. In 1964
APPLEYARD et al, obtained some separation of soluble poxvirus antigens by
chromatography on DEAE-cellulose, CM-cellulose and calcium phosphate
columns. This study was undertaken in an effort to isolate an antigen respon-
sible for the serum blocking effect (depletion of the neutralizing potency of
specific antibody following adsorption with soluble antigen preparations). Al-
though unable to isolate a single antigen responsible for the serum blocking
effect, chromatography of soluble antigen preparations indicated the presence
of at least six precipitating antigens in fractions devoid of serum blocking
activity. WESTWOOD et al. (1965) and ZwarToUuw et al. (1965) employed a
number of mechanical and chemical techniques to extract soluble immuno-
precipitinogens from purified vaccinia particles. Although mechanical disinte-
gration of the virus failed, these investigators were able to extract a number
of antigens by trypsin treatment and serial alkaline extraction of purified
virions. Tryptic digests which contained roughly 20 % of the total viral nitrogen,
revealed eight immunoprecipitin lines. Homologous soluble antigen prepa-
rations exhibited 17 lines, when tested with the same antisera, of which seven
were identical with the trypsin-extracted antigens. In contrast MARQUARDT et
al. (1965a) successfully employed mechanical disintegration of purified virions
to release eight precipitinogens all of which corresponded to antigens found in
the soluble antigen fraction. These investigators also employed pepsin and sub-
sequent alkaline hydrolysis to release viral antigens. CoHEN and WILCOX (1966,
1967) and later MARQUARDT et al. (1967) employed molecular exclusion chro-
matography, calcium phosphate chromatography, and isoelectric precipitation
to effect a physical separation of a number of soluble antigens. By utilizing
these procedures singly or in combination it was possible to concentrate and
partially purify a number of soluble antigens although a definitive separation
of individual antigens has not yet been accomplished. Recently EASTERBROOK
(1966) has devised a chemical procedure for the controlled degradation of pox-
virus virions that does not appear to cause an extensive destruction of antigens.
This procedure, which has been further improved (HoLowczak and JOKLIK,
1967), permits one to fractionate purified virions into core and coat fractions
thus making possible an immunological assay of surface and internal proteins
(CorEN and WiLcox, 1968). HoLowczak and JOKLIK (1967, 1967a) have em-
ployed this procedure in combination with polyacrylamide gel electrophoresis
to undertake an extensive study of the structural proteins of virions and cores.
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Mechanical fractionation of such gels reveals that the vaccinia virion is com-
prised of a minimum of 17 polypeptide components. It is unfortunate that the
antigenic activity of the protein is destroyed by this procedure which is, other-
wise, extremely definitive in that it permits one to determine both the relative
mass and approximate location within the virion of each component.

VII. Poxvirus Enzymes

A number of enzyme activities are increased specifically in response to in-
fection with the poxviruses. Among these are thymidine kinase (GREEN, 1962;
Kirt et al., 1962; McAusLAN and JoOKLIK, 1962), DNA polymerase (GREEN,
1962; GREEN et al., 1964; JUNGWIRTH and JOKLIK, 1965) and a complex of at
least three deoxyribonucleases (HANAFUSA, 1961; MCAUSLAN, 1965; JUNG-
WIRTH and JOKLIK, 1965; McAusLAN and KATEs, 1967). The nucleases are
differentiated upon the basis of their pH of maximal activity and substrate
preference as 1) alkaline DNase (native DNA), 2) neutral DNase (denaturated
DNA), and 3) acid DNase (denaturated DNA). These nucleases are induced to
varying degrees depending upon the virus strains employed. Although not fully
conclusive the evidence that these enzymes are virus-specific, in the sense that
the genetic information necessary for their synthesis resides in the viral genome,
has become formidable; certainly so in the case of thymidine kinase (K1t and
Dusss, 1965), and DNA polymerase (MAGEE and MILLER, 1967; JUNGWIRTH
and JOKLIK, 1965) and to a lesser extent for the nucleases (JOKLIK, 1966;
McAusLAN and KATES, 1967). This evidence has been summarized in detail
elsewhere (JOKLIK, 1966; MCAUSLAN and KATES, 1967). Inasmuch as these
enzymes are immunologically active proteins we must assume, for the time
being at least, that they represent poxvirus antigens although their role
appears to be other than structural,

The synthesis of thymidine kinase, DNA polymerase, and neutral as well as
alkaline DNase are “early” functions both in the sense that they arise early
(1—2 hours) in the course of infection (JOKLIK, 1966), and more importantly,
that their induction and synthesis does not require synthesis of progeny viral
DNA (JokLIK, 1966). The synthesis of these enzymes is regulated by seemingly
similar control mechanisms operating at about four hours after infection. This
switch-off mechanism fails to operate when viral DNA synthesis is prevented
(MCcAUSLAN, 1963, 1963a; JOKLIK, 1966). It would appear that this control is
encoded in a viral cistron which is expressed only during replication.

Synthesis of acid DNase, in contrast, is a ““late” function inasmuch as the
enzyme is synthesized only after viral DNA replication begins. The rate of
enzyme synthesis is in fact, directly proportional to the amount of viral DNA
synthesis (McCAusLAN and KATES, 1967). These data also are consistent with
the hypothesis that the genes controlling certain functions are transcribed only
from replicating DNA.

In addition to the enzymes listed above it has been noted recently that
highly purified vaccinia virions exhibit RNA polymerase activity (MUNYON et
al., 1967; KATEs and MCAUSLAN, 1967b). Several properties of this enzyme
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differ from those of the RNA polymerase normally found in mammalian cells.
For these reasons it was suggested that RNA polymerase is an intrinsic part
of the virion and not an enzyme-DNA complex of cellular origin that exists as
an impurity in the purified vaccinia preparations. Still more recently MuNYON
et al. (1968) have shown that purified vaccinia particles contain a highly active
nucleotide phosphohydrolase activity. The virus enzyme(s) converts any of the
four common nucleotide triphosphates to their respective diphosphates but
does not react with ADP. It was suggested, on the basis of substrate specificity
and the response of divalent cations, that the vaccinia enzyme is different from
that associated with the microsomes and mitochondria of normal cells. One
must suspect, on the basis of these reports, that certain enzymes also function
as virus structural proteins. On the other hand, since evidence that RNA poly-
merase and nucleotide phosphohydrolase are virus-coded enzymes is far from
unequivocable, the possibility that these enzymes merely represent host-cell
contaminants cannot be entirely discounted.

VIII. Serological Relationships between Poxviruses

On the basis of complement-fixation, precipitin, neutralization, fluorescent-
antibody, and hemagglutination-inhibition tests it is widely accepted that the
poxviruses are comprised of several subgroups of serologically related viruses
as well as a number of agents which are serologically unrelated to each other
or to members of the subgroups (DowNIE and DUMBELL, 1965; FENNER and
BURNET, 1957; MAYR, 1959; WoODROOFE and FENNER, 1962). Nevertheless all
members of the poxvirus group appear to possess a common or group antigen
(WooprooFE and FENNER, 1962). This antigen is a component of the NP
antigen fraction, obtained by alkaline extraction of purified virions and, inas-
much as no serological cross reactivity occurs between viruses of the various
subgroups, would appear to be internal protein (WoODROOFE and FENNER,
1962).

The sensitive technique of immunodiffusion has also been employed by a
number of investigators to study the antigenic relationships between some of
the poxviruses. By these means it is easily possible to differentiate smallpox
and vaccinia (NI1COLI and JoLIBOIS, 1964 ; RONDLE and DUMBELL, 1962 ; MAR-
QUARDT et al., 1965) without resorting to the necessity of employing absorbed
antisera as had been done in the past (DowNIE, 1939). It appears on the basis
of such studies that immunodiffusion may be employed to effect a relatively
simple and rapid differentiation between members of the various poxvirus sub-
groups. Immunodiffusion has also been employed to investigate the antigenic
composition of the soluble antigen fraction from 10 strains of myxoma (REISNER
et al., 1963). It was noted that antigenic differences exist between strains al-
though genetic differences which produce profound physiological effects (viru-
lence versus attenuation) are not necessarily reflected in the antigenic compo-
sition of the soluble antigen fraction. It was noted also in this study that
fibroma soluble antigen preparations were totally lacking in major antigen
components associated with myxoma-infected cells.
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There is some evidence for host-induced modification of the soluble antigen
fraction. MARQUARDT et al. (1965) working with extracts from vaccinia-infected
mammalian cells report that the relative prominence and, on occasion, even the
presence of certain precipitin lines seemed to be dependent upon the cell-type
employed. Soluble antigen preparations from vaccinia-infected HelLa cell cul-
tures seemed to be totally lacking in at least one factor found in infected rabbit
skin preparations whereas vaccinia-CAM systems were lacking in another.

IX. Summary and Comments

The poxvirus genome contains information for the synthesis of a complex
variety of proteins (antigens). The exact number of virus-coded proteins re-
mains in contention. It would appear, however, that this number is of an order
of magnitude less than one might expect on the basis of the size of the poxvirus
DNA molecule. It has been convenient, primarily on the basis of fractionating
infected cells, to divide the virus-specific (presumably virus-coded) proteins
into three categories; 1) enzymes which have not yet been unequivocably
shown to be virus-coded; 2) soluble-antigens, and 3) virus structural proteins
contained in mature virions. This grouping bears little relation to the actual
function of these proteins. There is recent evidence, for example, which strongly
suggests that certain of the virus-induced enzymes play a virus-structural role
(Munvon et al., 1968). In addition, many of the soluble antigens have been
shown to be virus structural proteins produced in excess (COHEN and WiLcoX,
1968 ; HoLowczak and JOKLIK, 1967a; MARQUARDT et al., 1965). On the other
hand, a number of the soluble antigens appear to play no virus structural role
(HoLowczak and JoKLIK, 1967a; WESTWOOD et al., 1965) although evidence
to indicate that these soluble, nonstructural proteins are not virus-induced
enzymes has not yet been presented.

It has become very clear that the virus-coded proteins are not all synthe-
sized at the same time during the cycle of infection. Virus-induced enzymes
arise between one and four hours after infection (MCAUSLAN and JOKLIK, 1962;
McAusLAN, 1963, 1963a; JUNGWIRTH and JOKLIK, 1965), virus structural
proteins are synthesized in a sequential fashion from two hours after infection
onward (MARQUARDT et al., 1965; JoKLIK and BECKER, 1964; MCAUSLAN,
1963a; HoLowczak and JOKLIK, 1967a), and various other virus-coded pro-
teins appear at various times during the course of infection (APPLAYARD et al.,
1965; HoLowczak and JOKLIK, 1967a). It is obvious that a mechanism for
sequential gene expression operating at the level of transcription or translation
or both is involved. Poxvirus functions, as in the case with bacteriophage, can
be divided into “early”” and “late’ functions on the basis of their dependence
on viral DNA synthesis. Most of the viral-induced enzymes and some of the
virus-structural proteins have been shown to be ““early” proteins. On the other
hand, at least one enzyme and the bulk of the virus structural proteins are
synthesized only after viral genome replication has commenced and are there-
fore, by convention, “late” proteins. It is possible, by chemical means, to dis-
sociate purified vaccinia virions into core (consisting of the intact genome and
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internal proteins) and coat fractions (EASTERBROOK, 1966 ; COHEN and WILCOX,
1968; HoLowczak and JOKLIK, 1967). Employing this technique in combi-
nation with others (CoHEN and WILCOX, 1968 ; EASTERBROOK, 1966 ; HoLowc-
zAK and JOKLIK, 1967a) one may approximate the position of various struc-
tural proteins within the virion. With the exception of one “late” protein, the
core of the virus appears to consist of “early” proteins (HoLowczax and
JoxLik, 1967a; CoHEN and WILCOX, 1968). As one might expect, since these
are internal proteins, none of these ‘‘early” antigens elicit synthesis of neu-
tralizing antibody (CoHEN and WILCOX, 1968). In contrast almost all of the
coat proteins are ‘“‘late” proteins (HoLowczak and JOKLIK, 1967, 1967a;
ConeN and WiLcoX, 1968) although not all of these antigens elicits synthesis
of neutralizing antibody (CoHEN and WILcOX, 1968) indicating that some re-
present sub-surface components of the coat. This is consistent with the known
morphological complexity of the poxvirus virions. It would appear also, on the
basis of recent evidence, that one or more virus-specific enzymes also reside on,
or near the surface of the virion (MUNYON et al., 1968).

There is a singular lack of knowledge regarding the functions of the virus-
coded proteins. There is, for example, evidence for the existence of a class of
virus-coded, non-structural proteins (HoLowczak and JOKLIK, 1967a; WEST-
wooD et al., 1965), the functional role of which is entirely unknown. In addition,
it is highly improbable that virus-structural proteins have no role other than
dictating host-specificity and protection of the viral genome from nucleases.
Although direct evidence for the participation of individual virus-coded pro-
teins in specific aspects of infection is lacking, there is reason to suspect that
a number of phenomena are mediated by viral proteins. It would appear, for
example, that the cytotoxic effect, characteristic of poxvirus infections, is
mediated by input viral protein (APPLEYARD et al., 1962; WESTWOOD, 1963).
The rapid switch-off of host-cell DNA and protein synthesis is an early event
associated either with the accumulation of early, virus-coded proteins or, more
likely, input virus structural protein (JOKLIK and BECKER, 1964; JUNGWIRTH
and LAUNER, 1968). The so-called “inducer protein” (JOKLIK, 1966) respon-
sible for initiation of the final stages of the uncoating event appears to be a
virus-structural component. In addition, there is evidence for the participation
of a non-enzymic “early”, virus-coded protein in the processes leading to the
replication of viral DNA (KATEs and MCAUSLAN, 1967).

It is possible by a combination of physical and chemical techniques to
partially fractionate the soluble poxvirus antigens. One may, by these tech-
niques, obtain and concentrate individual fractions, each of which contain
only a few antigenic moieties against which specific antisera can be produced.
It is possible also to degrade purified virus preparations into component protein
or polypeptide units. Unfortunately, the complete fractionation of the virion
largely destroys the antigenic integrity of the component proteins. One may, by
less rigorous methods, partially degrade purified virions without sacrificing
antigenicity. These procedures, however, yield complex fractions and would
require very large amounts of virus to gain any hope of isolating individual
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antigens. It would appear, however, that the possibility of obtaining individual
virus-coded proteins (antigens) is easily within reach. Once accomplished this
may permit one to study the functional as well as the physical characteristics
of such proteins.

Most of the authors’ personal observations are based on work supported by the
National Institute of Allergy and Infectious Diseases Public Health Service research
grant AI-06422-04.
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1. Introduction

The majority of definitions of rickettsiae in the past have generally empha-
sized that these microorganisms represent a link between bacteria and viruses.
Today this view — being, after all, so general that it does not mean anything
definite — is a mere anachronism. A great number of findings resulting from
systematic investigations of fundamental biological, biochemical and physio-
logical problems and of the structure and immunology of rickettsiae contributed
to the controversy surrounding this assumption and undoubtedly supported
the view that rickettsiae represent a special group of bacteria and any simi-
larity to viruses is restricted solely to the obligatory nature of their intra-
cellular parasitism. Moreover, the new methodical approaches enabled many
generally accepted facts to be revised and verified.

I should like to emphasize that this paper was aimed at a discussion of
only some recent findings from the field of rickettsiology. Many of them are
preliminary, creating the basis for further investigations; some express a more
advanced stage of elaboration and often contradict previously accepted findings
and hypotheses. It is my intention to leave out completely the questions of
relations between rickettsiae and vectors, discussed in detail in reviews by
REHACEK (1965), HOOGSTRAAL (1967), BURGDORFER and VARMA (1967). Further
valuable material summarizing findings from different rickettsiological fields
is represented by reviews of WisSEMAN (1968), BREZINA (1968), HiGasHI (1968),
WEIss (1968), PARETSKI (1968), FISET and ORMSBEE (1968), and PHILIP (1968).
These are the introductory lectures presented in different sections at the Ist
International Symposium on Rickettsiae and Rickettsial Diseases, held in
Smolenice near Bratislava, September 25—29, 1967.
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2. Taxonomic Remarks. — Newly Recognized Rickettsiae

In 1954, two groups of Japanese investigators isolated independently R.
sennetsu from patients clinically diagnosed as cases of infectious mononucleosis
and glandular fever (Misao and KoBayasHI, 1954; FUKUDA et al., 1954). Other
similar strains were subsequently isolated from many cases of this disease in
Western Japan. The agent has been tentatively placed in the group of rickett-
siae but its exact taxonomic position is not yet clear. No serological relation-
ship to other rickettsial agents has been demonstrated. SHISHIDO et al. (1905)
studied the pathogenicity of R. sennetsu in cynomolgus monkeys, Macaca irus.
The disease induced resembled infectious mononucleosis in man. To date
it seems that this agent is not commonly the cause of mononucleosis in the
world and that the disease caused by it is limited to Western Japan (Kyushu
district).

In the Rocky Mountain spotted fever group of rickettsiae (subgenus Derma-
centroxenus), two new species are now included on the basis of serological
findings. The rickettsial strain known as the maculatum agent (PARKER et al.,
1939; LACKMAN et al., 1949) is now called Rickettsia parkeri and belongs to
subgroup B along with Rickettsia conori. Other rickettsiae nonpathogenic for
man and previously known as EM (Eastern Montana) agents (BELL et al., 1963)
form a new subgroup D along with Western Montana U rickettsiae described
by Price (cited in the paper of BELL et al., 1963). It must be stressed that the
results of the scientific efforts of the Hamilton staff of workers represent
fundamental contributions to the taxonomy of the Rocky Mountain spotted
fever group. Their findings are reviewed by LACKMAN et al. (1965).

The typhus group of rickettsiae (R. prowazeki and R. mooseri) has re-
cently been enriched by a third species for which the name Rickettsia canada
was proposed (McKIEL et al., 1967). This new rickettsia was isolated from
Haemaphysalis leporispalustris ticks removed from indicator rabbits in the
vicinity of Richmond, Ontario. In spite of a common complement fixing antigen
with R. prowazeki and R. mooseri, this agent is not identical with them, as is
demonstrated by the results of the toxin neutralization test in mice. Additional
studies concerning the pathogenicity of R. canada for a variety of animals and
two species of ticks were performed by BURGDORFER (1968). Infestation of
ticks with the typhus group rickettsiae in nature is of interest in the light of
recent assumptions that there may exist a second — extrahuman — reservoir
of R. prowazeki in ticks and domestic animals, as first suggested by REIss-
GUTFREUND (1956). All relevant findings concerning this new, epidemiologically
very important hypothesis are summarized and discussed by PHILIP (1968).

Finally, a new group of rickettsia-like agents was recovered from guinea
pigs by BozEMAN et al. (1968) in attempts to isolate infectious agents from
human clinical material. Two strains are in many respects related to the pre-
viously described two agents revealed in guinea pigs in the course of isolation
experiments by TATLOCK and later by JACKsON et al. (cited by BozEMAN et al.,
1967). All four agents possess a common soluble antigen; on the basis of
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complement fixation reaction with purified suspensions as well as the cross-
immunity test, they can be grouped, however, into 3 distinct antigenic types.
No serological relationships were demonstrated between the guinea pig agents
and the generally known rickettsiae pathogenic for man.

3. Multiplication of Rickettsiae

It is generally accepted that rickettsiae maintain their morphological inte-
grity during growth and multiplication. Binary fission is considered to be the
only mode of replication of rickettsiae. This statement is based mainly on the
observation of stained rickettsial preparations in the light microscope, but, as
we shall see later, electron microscopy also seems to support this view. Numer-
ous data concerning binary fission are summarized by ZDRODOWSKI and
GOLINEVICH (1960). SCHAECHTER et al. (1957) observed transverse binary fis-
sion of R.rickettsi grown in tissue culture, using phase contrast microscopy.
These authors concluded that the reproductive mechanism of rickettsiae was
similar to that of bacteria.

Apart from the observations which support the view that binary fission
is the only mode of rickettsial multiplication, there are a few older data sup-
porting the possibility of an “invisible”” phase of development in rickettsiae.
BURNET (1955) supposed the presence of a ““lag phase” in the multiplication
of Coxiella burneti. ORMSBEE (1952) studied the growth characteristics of
Coxiella burneti in embryonated eggs using the complement fixation test. The
growth curve exhibited a lag phase and a period of exponential growth. Ro-
BERTS and DowNs (1959) in their studies of Coxiella burneti multiplication in
L cells and chick fibroblasts found a decrease in the LDj, titer by 4 log,, units
two hours after inoculation of cell cultures. KorpovA and BREzINA (1903)
investigated the multiplication dynamics of the same agent in three different
kinds of cells. They found a significant decrease in infectivity during the early
stages of infection followed by a marked increase in infectivity.

I wish to add some further data concerning this problem, mostly gained in
our laboratory. They can be classified into several groups and concern pre-
dominantly Coxiella burneti and to a smaller extent Rickettsia prowazeki.
This should be emphasized because a generalization of these findings to include
other rickettsial species without pertinent experimental data might be quite
misleading.

Observations Using Light and Phase Contrast Microscopy

KORDOVA (1958) observed in tissue cultures of yolk sac membranes infected
with Coxiella burneti minute, weakly stained pin-point particles on the second
and third day after infection. Later on she studied the sequence of events
during the course of multiplication of this agent in HeLa, KB, HEp—2 and
D—6 cells (KorpovA and Kvi¢aLa, 1962). In the initial stages of infection,
a decrease in the number of rickettsiae within the cells was observed. Phase-
contrast microscopy revealed no signs of binary fission. The appearence of new
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particles was preceded by changes in the cytoplasm and development of diverse
structures such as dense amorphous matter, large clearly defined formations,
homogeneous large bodies, vacuoles and granular particles.

Filterable Particles of Coxiella burneti

It is well known that Coxiella burneti can pass through porcelain and
Berkefeld filters which retain bacteria (Davis and Cox, 1938) — hence its
other name Rickettsia diaporica. STOKER (1950) found that this agent did not
pass through collodion membranes with a pore diameter of 190 nm. In con-
trast, KorpovA demonstrated “filterable” particles of Coxiella burneti using
collodion membranes with a porosity ranging from 132 to 65 nm (KoRrRDOVA,
1959a). Morphologically typical forms appeared only after 3—4 successive
passages of filtrates in the chick embryo yolk sac. Titration of the ultrafiltrates
in yolk sacs showed the presence of the infectious agent in high titers. During
passage ‘“‘inclusions” and aggregates of dust-like and granular particles were
observed in the cell protoplasm prior to the appearence of typical rickettsiae.
The same intracellular formations were seen when studying yolk sac tissue
cultures inoculated with filtrates. The typical Coxiellae appeared 14—16 days
after infection (KorpovA, 1959b). Ticks and their organs cultured in vitro
seem to be a very sensitive medium for detection of filterable particles of
Coxiella burneti (Korpovi and REHACEK, 1959a; KORDOVA and REHACEK,
1959b). In ticks (Ixodes ricinus L., Dermacentor marginatus Surz., Haema-
physalis inermis BIR.) infected by the intracelomic route, morphologically
typical Coxiellae were seen from the eighth to the eighteenth day post in-
fection in the haemolymph and various organs. In cultured tick organs in-
fected with filtrates, multiplication of Coxiella burneti was not as good and
slower,

“Live” filtrates induced complement fixing antibodies in a large percentage
of inoculated guinea pigs (KorDOVA, 1959a). Inactivated ‘‘antigens”, prepared
from yolk sacs after the first and second passage of filterable particles, did not
react in the CF test with immune sera. Inactivated filtrates did not induce
the formation of specific antibodies, probably because the antigens are con-
fined to morphologically “mature’” organisms (KorRDOVA, 1960a).

Filterable particles of C. burneti were found to persist in guinea pigs without
any signs of infection and they were passaged serially in them (KorDOVA,
1960b). However, when young animals were inoculated with spleen suspensions
from adult “healthy” animals, manifest infection with typical clinical, sero-
logical and microscopic findings developed. Thus, filterable particles contain
the genetic material. They are capable of persisting in animals and of developing
into mature organisms in a ‘‘sensitive indicator host”.

The question arises as to the biological importance of filterable particles.
Are they a by-product of multiplication or do they represent an obligatory
stage in the replication cycle? KorpovA assumes that filterable particles
represent an intracellular stage of multiplication of Coxiella burneti. If this
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hypothesis is correct, there must be — at least in the early phases — a mode
of replication different from binary fission and involving active participation
of the host cell.

Electron Microscopic Observations on the Replication of Coxiella burneti

RosenNBERG and KorpoVA (1960, 1962) studied the intracellular forms of
Coxiella burneti during the course of its propagation in yolk sac as well as in
Detroit-6 cell cultures. Upon examination of ultrathin sections of infected yolk
sac tissue cultures, the following structures were observed: (a) several p large
matrices without an outer membrane which were present at 48 hours and later,
(b) smaller, about 2 p large formations without an outer membrane, seen
4—6 days after infection, (c) intermediate forms (300—1,200 nm) with a dis-
tinct outer membrane, fine-grained viroplasm and a dense centre. These forms
often showed segmentation; (d) morphologically typical elementary bodies. In
Detroit-6 cell cultures no Coxiella-like particles were found during the first
hours after infection. After 48 hours, homogeneous masses of fine granular
material were formed in the cytoplasm of infected cells. No evidence was
obtained which indicated that multiplication occurred by binary fission. These
results are in sharp contrast to those obtained by ANACKER et al. (1964) who
found numerous examples of binary fission in ultrathin sections of infected
yolk sacs.

Histochemicl and Fluorescent Antibody Studies

KorpovA and KovACovA (1968) studied the development of Coxiella
burneti in monolayer cultures of L cells with the use of infectivity assays,
acridine orange staining and immunofluorescence. Aside from an eclipse phase
within 2—6 hours after infection, acridine orange staining revealed an in-
creased content of deoxyribonucleic acid in the cytoplasm from 4—06 hours
post infection, preceding by about 10—12 hours the appearance of specific
antigen as demonstrated by fluorescence. In spite of the large number of
Coxiellae present immediately after penetration into cells, the specific antigen
disappeared 4—6 hours post infection and new organisms were revealed by
immunofluorescence 20 hours p.i., mainly in the paranuclear area.

Studies on Replication of Rickettsia prowazeki

It is remarkable that the morphological changes occurring in cells infected
with this agent resemble in many respects those found during the multi-
plication of Coxiella burneti. They were demonstrated in ticks (KorpOVA and
REHACEK, 1964) and in L cell cultures using light microscopy (KORDOVA, 1965),
electron microscopy (KorDOVA et al.,1965), acridine orange staining (KovACovA
and Korpova4, 1966) and immunofluorescence (KorpovA and KovACova, 1967).

Summarizing the above-mentioned data, there seems to be a “‘mysterious”
phase in early stages of replication of at least Coxiella burneti and R. prowazeki,
and consequently there emerge a number of stimulating questions which de-
deserve further study.
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If the cell is involved in the early stages of rickettsial multiplication in
terms of some synthesizing functions, it would be very difficult to understand
the extracellular propagation of such a rickettsia as R. mooseri. WEYER (1968)
believes that he succeeded in obtaining extracellular growth of this agent in
the haemolymph of body lice. According to this author, extra- and intracellular
multiplication does not represent a fundamental biological difference and should
not be considered an important criterion for classification of these organisms.
WEYER’S new R, mooseri strains were shown to correspond in all essential
festures to R. quintana, which is known to multiply outside cells and in cell-
free media (VINSON, 1966). Binary fission as the mode of multiplication of
rickettsiae is accepted also by KOKORIN (1968) who studied various rickettsiae
grown in tissue cultures by light microscopy, cine-micrography and electron
microscopy. The new findings suggest the existence of two developmental
stages in rickettsiae: vegetative, dividing and moving forms on the one hand
and resting, immobile forms on the other. During intensive multiplication of
rickettsiae under favourable conditions, the majority of them lose their mobility
and are transformed into immobile, resting forms. After change of the nutrient
medium, transfer of infected cultures, or infection of fresh cells, the resting
forms change again into vegetative forms. Resting forms can persist in the
cell for a very long period of time, thus providing a possible explanation for
latency in rickettsial infections.

4. Structure of Rickettsiae

In terms of chemical, morphological and antigenic composition, rickettsiae
are complex organisms, very similar to bacteria. They are Gram-negative,
except Coxiella burneti which is Gram-labile (GIMENEZ, 1965). There is little
fundamentally new to add to past observations on their morphology as revealed
by the light microscope. Only two new findings should be mentioned in this
respect. BURGDORFER and ORMSBEE (1968) detected by fluorescent antibody
staining hitherto undescribed ‘‘flagellated” forms in the “ZRS” strain of
R. prowazeki grown in the haemolymph of experimentally infected ticks. On
the other hand, BURGDORFER (1968) found ‘‘comet-shaped’” forms of R. canada
in cells of infected ticks.

Many observations on ultrastructure of rickettsiae were made recently.
Unfortunately, different preparative techniques were used which has resulted in
more or less significant differences in the appearance of intracellular organisms,
In spite of this, there are many similarities between various species of rickett-
siae. Electron microscopic methods are not yet sufficiently widely used to
follow all stages of rickettsial multiplication.

After the recent comprehensive review of the ultrastructure of rickettsiae
(HicasH1, 1968), I should like to mention only a few data regarding this field.

Each rickettsial species has a cell wall and plasma membrane and contains
ribosomes and deoxyribonucleic acid in a ground substance.

R. prowazeki is enclosed by a plasma membrane and a cell wall, both
showing a tri-layered structure (ANDERSON et al., 1965). Dense ribosome-like
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granules and electron-lucent spherical structures, as well as DNA-like strands
are the main internal features of this organism. Figures of binary fission are
often seen. SHKOLNIK et al. (1966) found two membranes in this agent, the
external being undulate and consisting of three layers. The most interesting
finding of these authors is the different appearance of the cell wall in various
R. prowazeki strains. In strain Z they demonstrated vesicular protrusions from
the cell wall in various stages of release from the rickettsial body. This strain
exhibited also a distinct internal structure, that is a more concentrated locali-
zation of the dense granules and absence of vacuole-like formations. Examining

Fig. 1. Coxiella burneti, strain Floridn, phase I, shadowed. Enlarged 40,000 x

the fine structure of R. prowazeki in ultrathin sections of haemocytes of ex-
perimentally infected ticks, BIRD et al. (1967) demonstrated outer and inner
layers of double membranes. The internal structure was shown to be similar to
that described by the already cited authors. ANACKER et al. (1967) found a
five-layered cell wall in R. prowazeki grown in the yolk sac. Apart from these
five layers, another one was seen, rather amorphous and faintly stained, which
surrounded the sharply defined cell wall. This material possibly represents the
soluble antigen. The presence of intracytoplasmic membraneous organelles,
observed already by ANDERSON et al. (1965) were also noted.

The structure of R.7ickettsi, R. tsutsugamushi and R. sennetsu was studied
by ANDERSON et al. (1905). R. rickettsi was shown to be similar to R, prowazeki
except for the absence of the lucent spherical structures in its ground sub-
stance. In the case of R.tsutsugamushi, DNA strands appeared often in a
discrete nuclear area. R. sennetsu is surrounded by a tri-layered cell wall and
a plasma membrane. The internal structure exhibits prominent ribosomes and
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irregular patches containing DNA. In the cytoplasm of cells this rickettsia is
always enclosed in a vacuole.

The fine structure of R. quintana cultivated in vitro and in the louse was
studied by ITo and VINSON (19065). As in other rickettsiae, an outer cell wall
and plasma membrane, both trilaminar, were found. Vesicular invaginations
of the plasma membrane were noted occasionally. The cytoplasm contained
ribosomes and both DNA and RNA could be demonstrated in it.

Fig. 2. Coxiella burneti, strain Floridn, phase I. Ultrathin section. Note cell wall, granular

cytoplasm and typical “ central dense body "’ lying in the centre of a light area (probably

nucleoplasm). Enlarged 120,000 x. (Published with permission of Dr. M. NERMUT,
Institute of Virology, Czechoslovak Academy of Sciences, Bratislava)

Finally, several authors tried to elucidate the fine structure of Coxiella
burneti. As previously mentioned, ANACKER et al. (1964) followed the develop-
ment of this agent in the yolk sac. In 3—7 day-old cultures dense fibrillar
centers were observed which were surrounded by less dense cytoplasmic ma-
terial. As in other rickettsiae, several multiple external layers were demon-
strated. Moreover, atypical forms were found which did not bind ferritin-
labelled antibodies. The nature of these forms remains unknown. Are they
artifacts or normal stages of maturation? HANDLEY etal. (1967) studied
Coxiella burneti electron microscopically in infected liver and splenic tissue
of guinea pigs. They demonstrated large clusters of Coxiellae in the cytoplasm
surrounded by a limiting membrane, sometimes multilayered. Within the clus-
ters, located in vacuoles, various forms were detected with a clearly delineated
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cell wall surrounding a cytoplasmic membrane. URBACH et al. (1968) obtained
roughly the same results with regard to the formation of inclusions in guinea
pig testes.

Since Coxiella burneti may exist in phase I or II according to the phase
variation phenomenon, there arises the question of a possible difference in the
structure of the cell wall of these phases. In a preliminary study, NERMUT et al.
(1967) did not find any difference.

Insufficient data are available concerning the relationship between struc-
ture and antigenic composition of rickettsiae and regarding the chemical nature
of various structural units. Studies on the chemical and immunological prop-
erties of the rigid portion of cell wall in R. mooseri (SCHAECHTER et al., 1957;
Woobp and WISSEMAN, 1967a, b), R. prowazeki (FRYGIN and SIWECKA, 19065 ;
FryGIN, 1966), and Coxiella burneti (ANACKER et al., 1962; ALLISON and
PERKINS, 1960) created the basis for further investigations in this field.

5. Metabolism of Rickettsiae

It is not intended to make a complete survey of all metabolic activities of
rickettsiae in this chapter. The present knowledge in this field has been re-
viewed recently by WEIss (1968), PARETSKI (1968), and ZUBOK (1960).

Rickettsiae, like other microorganisms, may be studied using intact or
disrupted cells. Disrupted cell preparations offer more information on enzy-
matic equipment of rickettsiae, because in intact cells the cell membrane is
interposed and only a fraction of these enzymes can be placed in contact with
exogenous substrates. Most of our knowledge of rickettsial metabolism stems
from studies in which purified rickettsial suspensions were used. Such sus-
pensions are capable of oxidizing a number of intermediates of the Krebs cycle.
There are minor variations among different rickettsial species in utilizing vari-
ous substrates. Typhus rickettsiae and R. rickettsi utilize glutamate, glutamine
and pyruvate in descending order. Coxiella burneti metabolizes pyruvate as
the chief substrate. R. quintana utilizes succinate, alpha-keto-glutarate, glut-
amine, pyruvate and citrate (HUANG, 1967).

It was generally accepted that there is no utilization of glucose by rickett-
siae. However, disrupted cells of C.burneti were shown to phosphorylate
glucose to glucose-6-phosphate via the hexokinase reaction (PARETSKI et al.,
1962).

The ability of rickettsiae to perform one of the key reactions of the citric
acid cycle — the synthesis of citrate — was demonstrated by PARETSKI et al.
(1958).

It is evident that rickettsiae possess a relatively complete energy-yielding
apparatus which implies that they have the potential for synthesis of macro-
molecules in vitro. It seems likely that they contain the enzymatic equipment
to synthesize also major cell components from simpler substances. Typhus
rickettsiae were shown to incorporate some amino acids from axenic media
(BovarNICK and SCHNEIDER, 1960; BovarNICK et al., 1959; FujITa et al,,
1958; Konno et al., 1961). Coxiella burneti extracts are also able to incorporate
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amino acids (MALLAviA and PARETSKI, 1967). The synthesis of serine and
citrulline was also demonstrated (MYERS and PARETSKI, 1961; MALLAVIA and
PARETSKI, 1963). The cell-free preparations of Coxiella burneti can incorporate
ribonucleoside triphosphates into polyribonucleotides in a reaction mediated
by its own DNA-dependent RNA polymerase (JoNES and PARETSKI, 1967).

Thus, all available results of biochemical studies on rickettsiae support the
concept that rickettsiae are indeed true bacteria which have lost some enzyme
systems, but have retained many others (PARETSKI et al., 1958). Despite this
statement one basic question still remains to be answered: what causes the
dependence of rickettsiae upon the host cell ?

Let us consider R. quintana: as shown by HUANG (1967), metabolic reac-
tions of this agent, which multiplies extracellularly, are qualitatively indis-
tinguishable from those occurring in other rickettsiae, multiplying intracel-
lularly. However, there is a difference between R.quintana and typhus
rickettsiae in that R.quintana does not require a high K*/Nat ratio for
stability and metabolic activity, whereas typhus rickettsiae do. This fact in-
dicates the importance of permeability for large and highly charged molecules
for microorganisms adapted to intracellular parasitism (MOULDER, 1962).
SMADEL (1903) likewise pointed out that the rickettsial dependence on the
host might be a consequence of unusual rickettsial permeability which made
rickettsiae highly sensitive to changes in the metabolite pools of their host
cells. Studies by MYERs et al. (1967) raise a question regarding the actual
permeability of rickettsiae. These authors showed that the freezing and thawing
which form part of purification procedures injure the cells so that they lose
the capacity to regulate their internal electrolyte concentration. They per-
formed experiments on passive permeability properties of R. mooseriin macer-
ated yolk sacs, using plasmolysis by hypertonic NaCl, KCl or sucrose solu-
tions. In the intact R. mooseri, an osmotically active, functional and structural
membrane was found which was passively impermeable for the molecules
mentioned. An altered permeability for inorganic electrolytes was detected in
rickettsiae which had been stored in the frozen state and subjected to a lengthy
purification process. Thus, these findings must be taken into account in con-
sidering results of metabolic and enzymatic studies with purified rickettsial
suspensions.

Apart from the fact that the intracellular environment probably controls
the rickettsial permeability and with it maintains a favourable milieu for meta-
bolic processes, the cell probably supplies some unique essential nutrients, e.g.
nucleosides, amino acids or ATP. In this respect, only a few data are as yet
available and more information is needed before the prospects of successful
cultivation of rickettsiae in axenic media can be properly evaluated.

6. Newer Immunological Findings
The basic body of information about rickettsial immunology was gathered
during World War II. After a period of lessened interest in this field, the
work was intensified again in the past few years. Many findings were revised
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and analysed on the basis of modern laboratory approaches. With regard to
rickettsial antigens, the main aim has been their isolation, characterization
and localization by various physical, biochemical and serological methods.

In this chapter I should like to touch only briefly upon recent results of
immunological investigations regarding the typhus group of rickettsiae, as
well as Coxiella burneti, because a review of this field has already been pub-
lished (BREzINA, 1908).

It is beyond any doubt that the cell wall of rickettsiae — as in the case of
bacteria — is the main site of their antigenic components. In the typhus group,
the first data supporting this view were reported by SCHAECHTER et al. (1957)
who studied R. mooseri. FRYGIN and S1wECKka (1965) and FryGIN (1960) de-
scribed the chemical and immunological properties of R. prowazeki. In the
recent studies of Woop and WissemaN (19674, b) the cell walls of R. mooseri,
obtained by mechanical disruption of cells, were subjected to chemical and
immunological analysis. Most of the known immunogenic and antigenic ac-
tivities of this agent appear to reside in the cell wall. It contains most of the
soluble antigen, the erythrocyte-sensitizing substance, the bulk of immunizing
activity and skin reacting ability, equal to that of the intact organism, and
an endotoxin,

The importance of the soluble antigen of R. prowazeki in conferring im-
munity has recently been reinvestigated by GOLINEVICH and VORONOVA (1968).
They used soluble antigen obtained from rickettsial suspensions by the classical
cther method and precipitation by ammonium sulphate. On the basis of its
capacity to confer protection, the authors refer to it as the “protective anti-
gen”’. It is thermolabile, type-specific, and induces complement-fixing, haem-
agglutinating and toxin-neutralizing antibodies. The relationship of this antigen
to that described by BALAYEVA et al. (1960) is not yet clear. BALAYEvVA’S anti-
genic substance is not released by ether treatment and its amount is propor-
tional to that of infective rickettsiae. Information on the relationship between
antigenic activities and specific structures within the cell wall is needed for
characterization of these two kinds of soluble antigen.

Important data were obtained recently regarding the typhus group im-
munology which provide a basis for serological differentiation between a
primary attack of disease and recrudescent typhus (Brill-Zinsser disease). It is
generally accepted that 19 S antibodies are associated with the primary re-
sponse, whereas the 7 S antibodies appear later. Aside from various physical
and chemical methods for differentiation of 19 S and 7 S antibodies, it is
possible to distinguish between them by treatment of sera with the sulfhydryl
compound, ethanethiol, and by their inactivation at 60° C (MURRAY et al.,
19065 a). Further, primary epidemic typhus sera require high doses of antigen,
a phenomenon described by MURRAY et al. (1965b). Finally, differences in the
immunoelectrophoretic pattern as well as in the inactivating effect of 2-mer-
captoethanol were found between primary epidemic typhus sera and Brill-
Zinsser disease sera (MURRAY et al., 1965c). VoroNova (1968) described a
very simple method for differentiating the 19 S and 7 S antibodies by a passive
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haemagglutination test in the presence of cystein. She studied also the sequence
of formation of antibodies with different electrophoretic mobility in experi-
mentally infected rabbits. The results supported the possibility of a serological
differentiation between primary and repeated R. prowazeki infections (Voro-
NOVA, 19660).

Study of C.burneti antigens stemmed from the discovery of the phase
variation phenomenon (STOKER and FISET, 1956). There are two main antigens
in this agent, one of them being obligatory (antigen II) and the second one
being facultative, appearing or disappearing under certain circumstances (anti-
gen I). Phase I organisms possess both antigens, those in phase II reveal only
antigen I1. From phase I organisms, a protective antigen can be extracted by
trichloroacetic acid (BrReEziNa and URVOLGYI, 1961, 1962; ANACKER et al.,
1962), dimethylsulfoxide or dimethylacetamide (ORMSBEE et al., 1962). The
trichloroacetic acid extract can be converted by phenol treatment to a hapten
by removing the protein component from the lipid — protein-polysaccharide
complex (BREzINA et al., 1962; ANACKER et al., 1963). The trichloroacetic acid
extract displays a pyrogenic effect in guinea pigs (BREZINA et al., 1965). As
shown by chromatographic analysis on DEAE cellulose columns, the crude
TCA extract exhibits a marked heterogeneity (BREZINA and SCHRAMEK, 1968).

The presence of antigen I in C. burneti affects the properties of this agent
in many respects. There are many points of resemblance between the rough-
smooth phase variation of Diplococcus pneumoniae and the phase variation of
C. burneti. Phase II organisms tend to agglutinate spontaneously and to be
agglutinable by normal sera, whereas phase I organisms resist phagocytosis
unless sensitized by specific antibodies (BrREzina and KazARr, 1963, 1965;
WisseMAN et al., 1967). These facts may contribute to a higher virulence of
phase I Coxiellae, Phase I organisms can be detected by means of the fluores-
cent antibody technique only with sera containing antibodies against antigen I
(Brezina and KovACova, 1966).

To date very little is known about the nature of antigenic phase II com-
ponent, It is possible to extract part of this antigen from purified phase I1
organisms by means of urea (BREZINA, 1968).

Highly purified and chemically well defined antigens are necessary for
demonstration of a particular kind of induced antibodies. In Q fever, various
antibodies can be detected by a number of serological methods. It has not yet
been determined what type of antibody actually reflects the state of immunity.
It is merely known that they are localized in the 7 S slow gamma-globulin
fraction of immune serum along with the agglutinins and complement fixing
antibodies as shown for R. prowazeki and C. burneti by ORMSBEE et al. (19068).

7. Latency and Persistence of Rickettsiae
A well-known attribute of rickettsiae is their long term persistence in
natural animal hosts, in man, and in experimentally infected animals. In
arthropods, rickettsial infections often persist for the life of the host and may
also be transmitted transovarially to further generations.
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Little is known about the nature and mechanism of the persistent infections.
There are probably many factors, determined by both rickettsiae and host,
which are involved in this phenomenon. The questions which arise with regard
to rickettsial persistence may be listed as follows (MARMION, 1959): (1) in what
state do the rickettsiae persist; (2) where do the rickettsiae persist; (3) what
are the factors which permit survival of rickettsiae under the attack of the
host’s defence mechanisms, and (4) what are the factors which restrict rickett-
sial multiplication or lead to increased multiplication and change from the
latent state to recrudescent illness.

As for antibodies, it seems that they have little effect on rickettsiae within
cells. Antibiotics likewise are unable to free the host organism of rickettsiae
despite the fact that tissue cultures can be cured (SMADEL, 1963). In our ex-
periments (BREzINA and KorDOVA, 1957) chlortetracycline a terramycin did
not reduce the duration of persisting C. burneti infections of mice. The early
and protracted treatment of volunteers infected with R. tsutsugamushi with
chloramphenicol resulted in a carrier state which, after the treatment was
stopped and in the absence of antibodies produced clinical disease (SMADEL,
1963).

In would be paradoxical to suppose that rickettsiae might reveal a mode
of persistence similar to intracellular survival of genetic material of viruses.
However, in the case of C.burneti, there is the possibility that filterable
particles may persist (KOoRDOVA, 1959a, 1960b). Another explanation might
be that rickettsiae persist in an incomplete form as suggested by PRICE et al.
(1958) in regard to persistence of R.prowazeki in man which may result in
Brill-Zinsser disease.

The clue to the elucidation of rickettsial persistence may lie in the rickettsia-
host cell relationship studied on the cellular level. So far very little work has
been done in this field.

MinimMasHIMA and MORI (1964) and MINIMASHIMA (1965) studied the per-
sistence of R. sennetsu in FL cell cultures. They observed the persistence of the
agent for 20 passages over a total period of 504 days. In all passages the
presence of rickettsiae was confirmed by microscopic examination and by
titration in mice. As a result of continuous association with FL cells, R. sen-
netsu became attenuated. Results differing from those of the Japanese authors
were reported by PospiSiL (1966) who studied the persistent infection of
monkey kidney cell cultures (stable line OL) with C. burneti. A total of 14 pas-
sages was carried out within a period of 8 months. The microscopic examination
of stained preparations as well as immunofluorescence technique revealed
Coxiellae only in the first 4—5 passages. In later passages, no manifestly
infected cells were found, but the presence of the agent could be detected by
inoculation of yolk sacs with cell suspensions. In further experiments (PospiSIL,
1967) 5th passage cells were cloned. After five reclonings C. burneti was re-
covered in cells following inoculation of yolk sacs. It is not clear in what
form C. burneti persists in OL cells. Whether filterable particles are involved
in the mechanism of persistence remains to be answered.
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The Japanese authors and PospiSiL observed cells undergoing division and
both daughter cells contained rickettsiae. This fact must be taken into account
as one of the possible mechanisms of maintenance of persistent infection as
well as cell-to-cell transmission via intracellular bridges.

Finally, the observations concerning the so called “resting” forms of
rickettsiae (KOKORIN, 1968) should be recalled; these are able to persist in
cells for a very long time and could represent one of the mechanisms by which
latent rickettsial infections are maintained.

8. Rickettsiae and Interferon

In the past 3—4 years, some attention was paid to the possibility that
rickettsiae might induce interferon or interferon-like substances. First observa-
tions were made by Hopps et al. (1964) who found in the tissue culture fluid
of chick embryo cells infected with Karp strain of R. tsutsugamushi a sub-
stance which inhibited virus multiplication. As challenge viruses Sindbis, vesi-
cular stomatis virus and the PR 8 strain of influenza were employed. The
inhibitory substance possessed many of the physical and biological properties
of interferon. Its molecular weight was found to be similar to virus-induced
interferon produced by the same type of cells (Hopps and MERIGAN, unpub-
lished data, cited by MERIGAN, 1967).

As for the induction of interferon in animals, KazAR (1966) first demon-
strated an interferon-like inhibitor in mouse sera following intravenous ad-
ministration of partially purified and concentrated suspensions of C. burneti
or R. prowazeki from infected yolk sacs. The inhibitory activity was tested
in L cells against encephalomyocarditis (EMC) virus and was highest in sera
taken 3—S5 hours after inoculation. Preliminary tests indicated that this sub-
stance conformed to interferon according to the usual criteria.

The report of Hopps et al. (1964) is thus far the only one on the ability of
rickettsiae to induce interferon synthesis in tissue cultures. There are additional
data on interference between rickettsiae and viruses in which the role of inter-
feron has not been clarified. Thus, TRIBBLE et al. (1965) demonstrated inter-
ference between R. rickettsi and Venezuelan equine encephalomyelitis virus in
L cell cultures. However, no inhibitory activity was found in tissue culture
fluid. The authors suggest that under certain conditions rickettsiae may in-
fluence the internal milieu of cells in such a way that viruses cannot multiply
in them. Further, KazAR (1967) demonstrated that infection of chick embryo
fibroblast cultures with C.burneti interfered with multiplication of several
cythopathic viruses. Interference was pronounced with Sindbis, Western equine
encephalomyelitis and vesicular stomatitis viruses and less striking with pseudo-
rabies and vaccinia viruses. No interference was observed between C. burneti
and Newcastle disease virus. Interference depended on multiplication of C.
burneti, since a dose of chlortetracycline which prevented multiplication of
rickettsia also prevented the establishment of interference. The mechanism of
this kind of interference is not clear.

3 C.T. in Microbiology, Vol. 47
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So far no inhibitory activity of virus-induced or rickettsia-induced inter-
ferons on the multiplication of rickettsiae has been demonstrated. In contrast,
Chlamydiae which, like rickettsiae, resemble bacteria rather than viruses, are
inhibited by virus-induced interferon in their multiplication in tissue cultures
as observed by HANNA et al. (1966) with the TRIC agent LB 1. REINICKE et al.
(1967) likewise demonstrated the inhibition of a TRIC agent (Bour strain) in
ovo by high doses of purified interferon induced by influenza virus B (Lee).

The activity of interferons is generally assayed against riruses and the
question arises how might one explain the effect of interferon on intracellular
microorganisms other than viruses. According to HANNA et al. (1966), the
inhibition of TRIC agent replication (and probably intracellular bacteria) may
be explained by the basic similarity of all biosynthetic patterns. FRESHMAN
et al. (1966) called attention to ribosomes and the part they play in the activity
of interferon. So far it is not known whether both Chlamydiae and rickettsiae
employ their own ribosomes or those of their host cells. In any case, further
experimental work is needed to elucidate the mechanism by which interferon
affects intracellular microorganisms such as Chlamydiae and perhaps also
rickettsiae.
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I. Einleitung

In den Desoxyribonucleinsiuren (DNS)! der Zellen und der Viren ist die
genetische Information enthalten, welche die identische Reproduktion der
biologischen Systeme gewihrleistet, Neben der DNS kommt bei einer Reihe
von Viren auch noch Ribonucleinsiure (RNS) als Informationstriger vor.
Kommt es in der natiirlichen Umgebung oder durch kiinstlichen Eingriff zu

einer Verdnderung in der chemischen Struktur des Nucleinsduremolekiils,

kann dies verschiedene Konsequenzen haben:

SO

1 Die folgenden Abkiirzungen werden verwendet: DNS = Desoxyribonuclein-
sdure, RNS = Ribonucleinsdure, HCR = Wirtszellreaktivierung (,,host cell reactiva-
tion”), PR = Photoreaktivierung, UV = Ultraviolett(-Licht), BU = Bromuracil;
T=T, T=C, C=C, T=U, U=U = dimere Verbindungen von Thymin mit Thymin,
Thymin mit Cytosin, Cytosin mit Cytosin, Thymin mit Uracil und Uracil mit Uracil.
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1. Die veridnderte Struktur der Nucleinsidure hat keinen EinfluB auf die
Fahigkeit des Systems, sich selbst zu reproduzieren. Die fiir den Repro-
duktionsvorgang verantwortlichen Enzyme sind nicht in der Lage, bestimmte
Anomalien in der Struktur zu erkennen. Die Nachkommen enthalten aber
wieder die urspriingliche Nucleinsdurestruktur [z.B. DNS in Escherichia coli
und Tabakmosaikvirus RNS, die primdr Bromuracil (BU) anstelle von Thymin
(ZAMENHOF et al., 1956) bzw. Fluoruracil anstelle von Uracil (GorpDON und
STAEHELIN, 1959) enthalten].

2. Die Strukturumwandlung fiithrt zu einem teilweise neuen Informations-
gehalt (Mutation). Das System behidlt die Fahigkeit zur Selbstreproduktion,
eine oder mehrere seiner Funktionen sind aber irreversibel verindert worden.
Das Nucleinsiuremolekiil behilt die verinderte Struktur bei, wobei die
primire Verdnderung sich direkt oder auch erst in einer sekund4dren Umwand-
lung permanent manifestiert.

3. Die Eingriffe haben das Nucleinsiuremolekiil so verindert, daB das
System nicht mehr in der Lage ist, lebenswichtige Funktionen auszuiiben; die
Verinderung wirkt somit letal,

Neben dieser rein passiven Begegnung der Verinderung im genetischen
Apparat besitzen Organismen aber auch die Fahigkeit, der letalen (oder auch
mutagenen) Wirkung einer Verianderung aktiv durch Eliminierung des Schadens
zu begegnen. Es kommt dabei zu einer Reaktivierung des biologischen Systems.
Photoreaktivierung und Wirtszellreaktivierung (‘‘host cell reactivation”, HCR),
zwei in ihrer Wirkungsweise verschiedene, molekulare Reparaturprozesse,
bewirken diese Regeneration. Beide Arten der Reaktivierung sind genetisch
bestimmt, d.h. sie werden vererbt und kénnen durch Mutation verindert
werden bzw. verlorengehen,

Bei der Untersuchung der Wirkungsweise von ultravioletten Lichtstrahlen
(UV) auf Conidien von Streptomyces griseus hatte KELNER (1949) gefunden,
daB die letale Wirkung auf die Zellen von den Bedingungen abhingt, unter
denen die Zellen geziichtet werden. Conidien, die nach der UV-Bestrahlung im
sichtbaren Licht gehalten wurden, zeigten (per Dosis) eine weitaus héhere
Chance zu tiberleben wie die zum Vergleich im Dunkeln aufbewahrten Zellen.
Dieselbe Beobachtung machte DurLBEcco (1949) bei UV-inaktivierten T2-
Bakteriophagen, wenn die mit den Phagen infizierten E. coli Zellen im Licht
statt im Dunkeln aufbewahrt wurden. Dieser als Photoreaktivierung (PR)
bezeichnete Effekt ist ein enzymatischer Reaktivierungsmechanismus, bei
dem ein Enzym der Zelle unter Ausnutzung der Energie des sichtbaren Lichts
ganz spezifisch eine bestimmte Art der Verinderung in der DN'S wieder riick-
gingig macht. Die hochmolekulare Struktur der Nucleinsiure bleibt wihrend
des enzymatischen Reparaturprozesses erhalten. Das photoreaktivierende
Enzym unterscheidet nicht zwischen UV-Licht-geschidigter zelleigener oder
Virus-DNS.

Im Gegensatz zur Photoreaktivierung ist die Wirtszellreaktivierung (HCR)
(GAREN und ZINDER, 1955) ein komplizierterer, von der Lichtenergie unab-
héngiger ReparaturprozeB, an dem wahrscheinlich mehrere Enzyme der Zelle



42 H. SCHUSTER:

beteiligt sind (HOWARD-FLANDERS und Boycg, 1966). Diese haben offen-
sichtlich eine geringe Spezifitit in bezug auf die Strukturinderung, die in der
DNS aufgetreten ist, d.h. sie kdnnen viele in ihrer Struktur verschiedenartige
Schidden in der DNS eliminieren (HANAWALT und HAYNES, 1965; HOWARD-
FLanDERS und BOYCE, 1966). Der verinderte Nucleinsiurebestandteil wird
dabei durch eine 6rtlich und zeitlich begrenzte Auflssung der hochmolekularen
Nucleinsdurestruktur als niedermolekulares Bruchstiick entfernt (R.B. SET-
Low und CARRIER, 1964; BovCE und HOWARD-FLANDERS, 1964).

Kiirzlich ist gezeigt worden, daB Bakterienzellen, die durch Mutation die
Fahigkeit zur Wirtszellreaktivierung verloren haben, trotzdem noch eine
betrichtliche Zahl kiinstlich induzierter Schiden in ihrer DNS eliminieren
kénnen (Rupp und HowARD-FLANDERS, 1968). Bei diesem ProzeB, der wie
die HCR auch als Dunkelreaktion abliuft, ist die Reparatur abhingig von dem
Vorhandensein eines Mechanismus, der Stiickaustausch (Rekombination)
zwischen verschiedenen DNS-Molekiilen bewerkstelligen kann. Fehlen einer
Zelle die Fahigkeiten zur Wirtszellreaktivierung #nd zur Reaktivierung durch
Rekombination gleichzeitig (Doppelmutante), dann hat ein einziger in der
Zell-DNS auftretender Schaden den Zelltod zur Folge (HoWARD-FLANDERS
und BoYCE, 1966).

In diesem Beitrag soll iiber die Photoreaktivierung bei Mikroorganismen
und Viren berichtet werden. Bei der Betrachtung soll die Beschreibung der
molekularen Vorgange der Photoreaktivierung, soweit sie uns heute schon
bekannt sind, im Vordergrund stehen. In den letzten Jahren sind bereits eine
Reihe von zusammenfassenden Beitrigen erschienen, die sich ebenfalls mit
dem Phianomen der Photoreaktivierung befassen (JAGGER, 1958; RUPERT,
1964a; RuPERT und HARM, 1966; J. K. SETLOW, 19664, b).

II. Photochemie von Nucleinsiuren

Die in der Einleitung erwihnten Reaktivierungsphinomene sind alle bei
Bestrahlung von Mikroorganismen und Viren mit UV-Licht zum ersten Male
beobachtet worden. Wenn sich auch spiter gezeigt hat, daB der ProzeB der
Wirtszellreaktivierung sich nicht nur auf die Reparatur von UV-Schiden in
der DNS beschrankt, so hat man sich doch bis zur jiingsten Zeit bei den
Untersuchungen zur Aufklirung dieses Phinomens vorwiegend der strahlen-
schidigenden Wirkung des UV-Lichtes bedient. Fiir vergleichende Unter-
suchungen von Photoreaktivierung und Wirtszellreaktivierung war dies
auBerdem eine Notwendigkeit, da die PR wahrscheinlich ein spezifisch nur
fir die Reparatur von UV-Schiden entwickelter Mechanismus ist. Es ist
daher verstandlich, daB parallel zu diesen Untersuchungen der biologischen
Strahlenwirkung ein intensives Studium der photochemischen Prozesse der
Nucleinsiuren erfolgte. Die Ergebnisse dieser Studien sollen hier erwihnt
werden, da sie zum Verstandnis der folgenden Ausfithrungen notwendig sind 2.

2 Ein Beitrag, der sich speziell mit der Wirkung des UV-Lichtes auf die Bak-
terienzelle befaBt, ist kiirzlich erschienen (DoUDNEY, 1968).
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1. Photoprodukte in Desoxyribonucleinsiduren

Als Folge der Einwirkung ultravioletter Strahlen auf DNS treten in der
Hauptsache Dimerisationsprodukte von Pyrimidinbasen auf (BEUKERS und
BERENDS, 1960; WACKER, 1963). In einem DNS-Molekiil, das neben den
Basen Adenin und Guanin die Pyrimidine Thymin und Cytosin enthilt,
entstehen Thymin-Thymin- (T=T, Abb.1,I; Abb.2), Thymin-Cytosin-
(T=C, Abb.1, IT) und Cytosin-Cytosin-Dimere (C=C, Abb.1, III). Die Cytosin
enthaltenden Dimere desamiieren sehr leicht (in einer vom UV-Licht unab-
hangigen Reaktion) und gehen dabei in die entsprechenden Derivate des Uracils
iber (T=C—-»T=U; C=C->U=U;

R ey o Abb.3, T) (R.B. SETLOW und CARRIER,
- N N 1966). In einer DNS-Doppelhelix er-
1. J\ /L folgt die Dimerisation der in einer Helix
0 N N 0 benachbart stehenden Pyrimidinbasen
! ! wesentlich leichter als die zwischen
0 NH, Basen aus den benachbarten Helices.
CH3 AN Im letzten Fall kommt es zu einer
T N N Vernetzung der beiden DNS-Stringe
. oJ\ /Lo (MARMUR und GROSSMAN, 1961).
\ N
CHy H
NH, NH, CHy
N/ N 0 N degoxyribose
_TII J\ /Lo 0 " N desdxyribose
0 H
N N N o
Abb. 1 Abb. 2

Abb. 1. Photoprodukte in Desoxyribonucleinsduren. Dimere Verbindungen von I. Thymin

und Thymin (T =T), II. Thymin und Cytosin (T =C), III. Cytosin und Cytosin (C=C).

(C-Atome im heterocyclischen Ring, sowie die an Ring-C- und Ring-N-Atome gebundenen
H-Atome sind der Ubersichtlichkeit wegen weggelassen)

Abb. 2. Das cis-syn-Dimere des Thymins in der Desoxyribonucleinsiure (modifiziert
nach WEINBLUM, 1967.) (P Phosphorsiure)

Eine dimere Verbindung zwischen zwei Pyrimidinen kann in vier ver-
schiedenen stereoisomeren Formen auftreten. Nach Bestrahlung von Thymidin
bzw. dem Thymidylsdure-dinucleotid TpT sind tatsichlich auch alle Isomere
gefunden worden. In der doppelstringigen DNS tritt dagegen nur das in
Abb. 2 wiedergegebene sog. cis-syn-Dimere auf (WEINBLUM und JOHNS, 1966;
WEINBLUM, 1967). Seine Bildung ist nur maéglich, indem die wendeltreppen-
artig tibereinander angeordneten Basen in einem DNS-Strang ihre Lage zu-
einander veridndern. Eine von zwei benachbarten Basen muB um 36° rotieren;
auBerdem muB der Abstand der Basen von 3,4 A auf 1,54 A verringert werden
(WANG und ALCANTARA, 1965). Dies ist nur durch eine értlich begrenzte
Auflésung der Wasserstoffbriickenbindungen zwischen den komplementiren
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Basen der DNS-Doppelhelix moglich. Diese sekundire Strukturverinderung
mag im Zusammenhang mit dem Wirkungsmechanismus der an der Wirts-
zellreaktivierung beteiligten Enzyme von Wichtigkeit sein.

Die Bildung der Pyrimidin-Dimere ist eine photochemisch reversible
Reaktion. Die Gleichgewichtslage (‘‘photosteady state”) zwischen Hin- und
Riickreaktion ist in der Hauptsache von der Wellenlinge des einstrahlenden
Lichtes abhidngig (Jonns et al., 1962). Die verschiedenen Basen und ihre
entsprechenden Dimere haben bei einer gegebenen Wellenlinge verschiedene
Absorptionskoeffizienten. Bei UV-Bestrahlung entstehen dadurch (pro ent-
sprechendem Dinucleotid) unterschiedliche Mengen einzelner Dimertypen.
Beispielsweise werden bei Bestrahlungen mit Licht der Wellenldngen 260 bis
280 mp. relativ mehr T=T als T=C und wiederum mehr T=C als C=C
gebildet. AuBerdem ist die relative Haufigkeit des Auftretens verschiedener
Dimere abhingig von der Basenzusammensetzung der DNS. Die Wahrschein-
lichkeit, mit der die Bildung eines bestimmten Dimeren zu erwarten ist, ist
ungefihr proportional der Haufigkeit, mit der die entsprechenden Basen in der
DNS in Nachbarschaft auftreten (R.B. SETLOowW und CARRIER, 1966).

Ein Zusammenhang zwischen dem Auftreten von Pyrimidin-Dimeren in
der DNS und der beobachteten biologischen Wirkung wird durch zahlreiche
Befunde deutlich gemacht (R.B. SEtLow, 1967). 1. Es kommen auf eine
letale Verinderung (Inaktivierung auf 1/e) eine gentigende Zahl (ein oder
mehrere) Dimere pro DNS-Molekiil3. 2. Dimere inhibieren die DNS-Synthese
in vivo und 4n vitro. Durch Photoreaktivierung werden die Dimeren wieder zu
monomeren Basen revertiert, wobei die Synthesehemmung wieder aufgehoben
wird. 3. Durch UV-Bestrahlung (280 mu) entstandene Dimere lassen sich
durch erneute Bestrahlung mit UV-Licht kiirzerer Wellenlinge (240 my.)
wieder revertieren (Verinderung des ‘‘photosteady state’”). Durch 280 mp
Bestrahlung inaktivierte Transformations-DNS 148t sich dadurch wieder
reaktivieren (“‘short wavelength reactivation”, s. III, 2). 4. Ersatz von Thymin
durch Bromuracil verringert die Zahl der nach Bestrahlung gebildeten Dimere.
Damit verbunden nimmt die Photo- bzw. Wirtszellreaktivierbarkeit der DNSab.

Far UV-Bestrahlungen mit monochromatischem Licht werden Queck-
silberhochdrucklampen verwendet (WINKLER et al., 1962). Die meisten Unter-
suchungen sind bisher aber mit Quecksilberniederdruckbrennern gemacht
worden, die bevorzugt Licht der Wellenlinge 2537 A emittieren (WACKER,
1963). Mit UV-Licht dieser Wellenlinge werden in der DNS von E. coli-
Zellen Pyrimidin-Dimere mit einer Geschwindigkeit von 2,6x107¢ Dimere/
Thymin pro erg/mm? gebildet (Rupp und HowARD-FLANDERS, 1968). Das sind
6,5 Dimere pro 107 Nucleotide (= ungefdhre Gesamtzahl an Nucleotiden pro
Bakteriengenom). Diese Daten beruhen auf einer Abschitzung der relativen

3 Dies gilt strenggenommen nur fiir biologische Systeme, in denen doppel-
stringige DNS vorkommt. Beim Bakteriophagen @ X 174, der einstringige DNS
enthilt, sind nur 0,34 T=T pro letalem ,, Treffer’* gemessen worden (DAvVID, 1964).
Hier miissen andere Photoprodukte als T=T-Dimere fiir die Inaktivierung verant-
wortlich gemacht werden.
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Haufigkeit, mit der T=T, T=C und C=C in E. coli-DNS bei kleinen UV-
Dosen (2 x10° erg/mm?) gebildet werden, namlich zu 50%, 40% bzw. 10%
(R.B. SETLOW und CARRIER, 1966).

Die quantitative Bestimmung der Dimere wurde bisher so durchgefiihrt,
daB das bestrahlte Objekt (Bakterien oder Viren oder die isolierte DNS aus
denselben) einer Siurehydrolyse bei Temperaturen von 100°C oder dariiber
unterzogen wurde. Die dimeren Verbindungen sind siurestabil und kénnen
spater papierchromatographisch analysiert werden (WACKER, 1963). Neuere
Untersuchungen haben aber Zweifel aufkommen lassen, ob die nach Saure-
hydrolyse gefundenen Dimeren wirklich die primiren Reaktionsprodukte in
der DNS darstellen (PEarsoN et al.,, 1965; WANG und VARGHESE, 1967).
AuBerdem sind bei den bisherigen Analysen weitere UV-Produkte dadurch
iibersehen worden, daB diese bei den bisherigen Verfahren nicht von den
monomeren bzw, dimeren Basen getrennt wurden (YAMANE et al., 1967).
Es muB deshalb damit gerechnet werden, daB einige bisher verdffentlichte
Daten, die Korrelation von biologischer Wirkung und photochemischer Ver-
inderung betreffend, einer Uberpriifung unterzogen werden miissen.

2. Photoprodukte in Ribonucleinsiduren

Die photochemischen Prozesse, die sich bei UV-Bestrahlung von biologisch
aktiven Ribonucleinsiuren abspielen, sind bisher nicht so eingehend unter-
sucht worden, wie die bei der DNS. Dieser Mangel ist hauptsichlich darauf
zurtickzufiihren, daB in der RNS qualitativ mehr, und vor allem instabilere
Photoprodukte gebildet werden, deren Nachweis oftmals schwierig ist. Wah-
rend die Pyrimidinbasen in beiden Nucleinsduretypen (DNS und RNYS)
dimerisieren konnen, besteht hinsichtlich der durch UV-Licht induzierten
Bildung von Pyrimidinhydraten (Abb.3, II, III) ein grundlegender Unter-
schied zwischen DNS- und RNS-Molekiilen. Die in der RNS oder in Homo-
polymeren von Ribonucleotiden vorkommende Base Uracil kann — neben der
Dimerisierung mit einer benachbarten Pyrimidinbase — auch ein Hydrat
bilden (Abb. 3, II) (MCLAREN und SHUGAR, 1964). Diese Reaktion ist bei der
analogen Base Thymin in der DNS nicht méglich. Ebenso wie das Uracil
kann auch die Base Cytosin dimerisieren oder ein Hydrat bilden (Abb. 3, III).
Das Cytosinhydrat ist aber im Vergleich zum Uracilhydrat sehr instabil.
Durch Dehydratation wird es zum gro8ten Teil wieder in Cytosin zuriick-
verwandelt, zum geringeren Teil wird es zu Uracilhydrat desaminiert (ScHU-
STER, 1964; HARIHARAN und JoHNS, 1968). Die Hydratbildungen des Uracils
und des Cytosins sind — im Gegensatz zur Dimerisierung — photochemisch
irreversible Reaktionen. Bei UV-Bestrahlung von (einstringiger) Polycytidyl-
saure (GRIFFITH und R. B. SETLOW, 1965), nicht aber bei den Doppelstrang-
Homopolymeren aus Desoxycytidylsdure und Desoxyinosylsiure (R.B. SET-
Low et al., 1965) [bzw. dem entsprechenden Homopolymeren aus Cytidylsdure
und Inosylsdure (WIERZCHOWSKI und SHUGAR, 1962)] ist die Bildung von
Cytosinhydrat, wenn auch indirekt, nachgewiesen worden. Die rdumliche
Fixierung der Cytosinbasen in der Doppelhelix verhindert oder beeintrichtigt
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0 a zumindest deren Hydratbildung. Ver-
N mutlich gilt diese unterschiedliche Re-
aktionsfahigkeit auch fir die Cytosin-

* basen in den natiirlich vorkommenden
N N Nucleinsduren. Man muB deshalb be-

1. achten, daB bei einstrangigen DNS- und
RNS-Molekiilen, kaum aber bei Doppel-

|
0
HN H e ﬂ strang-DNS, eine beobachtete biologi-
OH J\ OH sche Wirkung unter Umstidnden auch
o H o H auf die Bildung eines Cytosinhydrats

\ (bzw. dessen Desaminierungsprodukt)
I m‘ zurlickzufiihren sein kann.'
- - Das Auftreten von dimerisierten
Abb. 3. Photoprodukte in Ribonuclein- ;7 1ydratisierten Pyrimidinbasen in
sauren. I. Dimere Verbindung des Uracils der RNS macht die Zuor dnung der
(U=1). (C- und H-Atome weggelassen . . . .
wie in Abb. 1 angegeben). II. Uracilhy- biologischen Wirkung zu einer photo-
drat, III. Cytosinhydrat chemischen Verdnderung wesentlich
schwieriger als in der DNS. So konnte
bis heute noch nicht eindeutig geklirt werden, welche photochemischen Reak-
tionen fiir die Inaktivierung bzw. Photoreaktivierung von biologisch aktiven
Ribonucleinsduren verantwortlich sind (SARIN und JoHNS, 1968; MERRIAM
und GORDON, 1967).

III. Nicht-enzymatische Photoreaktivierung

1. Definition

Unter Photoreaktivierung (PR) versteht man eine lichtabhingige Regene-
ration von strahlengeschidigten biologischen Systemen. Der Schaden (die
Inaktivierung) wird durch Bestrahlung mit UV-Licht (<3000 A) verursacht.
Seine Eliminierung (Reaktivierung) erfolgt durch gleichzeitige oder nachfol-
gende Bestrahlung mit Licht anderer als der zur Inaktivierung verwendeten
Wellenlinge. Mit dieser Definition (JAGGER und STAFFORD, 1965a) 148t sich
die PR unterscheiden von dem Phianomen der sog. Photoprotektion (WEATHER-
WAX, 1956; JAGGER, 1960), bei dem die Wirkung inaktivierender Strahlen
durch vorausgehende Bestrahlung mit Licht lingerer Wellenlinge abgeschwicht
wird. Bei der PR selbst unterscheidet man zwischen den direkten und den
indirekten Reaktivierungsprozessen.

Bei der direkten PR wird der Strahlenschaden sofort und direkt durch die
Energie des photoreaktivierenden Lichtquants eliminiert. Dies kann geschehen
durch UV-Licht von kiirzerer als der zur Inaktivierung verwendeten Wellen-
lange [‘“‘short wavelength reactivation” (R.B.SetLow und J.K. SETLOW,
1962), meistens UV-Licht der Wellenlinge um 2400 A] oder durch Licht
lingerer Wellenlinge (3100—5000 A) unter gleichzeitiger Mitwirkung eines
photoreaktivierenden Enzyms (RUPERT et al.,, 1958; RUPERT, 1960a). Die
indirekte PR hingegen ist ein zeitlich und/oder 6rtlich von der Wirkung des
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Lichts entfernter ProzeB, bei dem ein photoreaktivierendes Enzym nicht
beteiligt ist (JAGGER und STAFFORD, 1965a).

Wenngleich in diesem Beitrag nur das Phdnomen einer direkten, unter
Beteiligung eines Enzyms ablaufenden PR niher besprochen werden soll, so
erscheint es doch notwendig, die verschiedenen Reaktivierungsprozesse ein-
leitend kurz zu charakterisieren. Bei der PR einer strahlengeschéddigten Zelle
ist es nimlich oftmals schwierig, wenn nicht unmdglich, herauszufinden, in
welchem MaBe direkte und indirekte Reaktivierungsprozesse zu einem beob-
achteten Effekt beigetragen haben (RUPERT und HARM, 1966).

2. “Short wavelength reactivation”

Transformations-DNS wird durch UV-Licht inaktiviert, Die Inaktivie-
rungskinetik ist abhingig von der Wellenlinge des UV-Lichtes. Auf dieselbe
UV-Dosis bezogen, inaktiviert Licht der Wellenlinge 2850 A die DN'S schneller
als noch kurzwelligeres Licht (2400 A)
(J. K. SETLOW, 1966b). Eine durch
2850 A Bestrahlung inaktivierte DNS
kann durch Licht der Wellenldnge
2400 A wieder reaktiviert werden
(Abb. 4) (R. B. SETLOW und SETLOW, .\‘
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Effekt beruht lediglich auf einer Ver- \
dnderung des Gleichgewichtes (“‘photo- I .

steady state””) zwischen sich bildenden
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Abb. 4. ‘““Short wavelength reactivation”
von Transformations-DNS. Transformations-
DNS (Bacillus subtilis) wird mit monochro-
matischem UV-Licht bestrahlt. -@— 2850 A-
Bestrahlung allein, - 2400 A-Bestrahlung
allein, —A- 2850 A-Bestrahlung, gefolgt von
2400 A-Bestrahlung; die angegebene Dosis
stellt die Summe der 2850 A- und der
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unverdffentlicht; nach J. K. SETLOW, 1966Db)
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der Dimere (pro monomere Base) bei 2850 A groBer als bei 2400 A. Eine
Reaktivierung kann nur dann beobachtet werden, wenn die Zahl der bei der
Inaktivierung (2850 A) gebildeten Dimere erheblich groBer ist als die im
“photosteady state” bei 2400 A-Bestrahlung vorhandene Zahl an Dimeren.
Sie ist in jedem Falle gering und fiihrt bei fortgesetzter Bestrahlung mit kurz-
welligem UV-Licht zu einer erneuten Inaktivierung (Abb. 4).
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Die “short wavelength reactivation” wird noch etwas effektiver, wenn der
inaktivierten DNS vor der 2400 A Bestrahlung Proflavin zugesetzt wird
(J. K. SETLOW und SETLOW, 1967). Der Acridinfarbstoff lagert sich offenbar
zwischen zwei Nucleotidpaare mit benachbarten Thyminbasen und verhindert
deren Dimerisierung durch UV-Bestrahlung (LERMAN, 1961 ; BEUKERS, 1965),
ohne die Spaltung der bei 2850 A schon gebildeten Dimere zu beeinflussen
(R.B. SETLOW und CARRIER, 1967).

Der ProzeB der ““short wavelength reactivation”, der bisher nur bei Trans-
formations-DNS, nicht aber bei UV-Bestrahlung von Bakterien beobachtet
worden ist (J. K. SETLOow, 1966b), macht deutlich, daB Dimerisationsprodukte
in der bestrahlten DNS zur Inaktivierung beitragen (s. II, 1). Es ist geschatzt
worden, daB zwischen 50 und 70 % der durch langwelliges UV-Licht induzierten
Letalschdden auf die Bildung dimerer Basen zuriickzufithren sind (J. K. SET-
Low und SETLOW, 1963).

3. Indirekte Photoreaktivierung

Nach Behandlung von E. coli-Zellen mit einem mutagenen Agenz (HNO,)
isolierten HarM und HILLEBRANDT (1962) eine Mutante, die kein aktives
photoreaktivierendes Enzym mehr bildet. Jedoch konnten nach UV-Inakti-
vierung nicht nur Wildtyp- (phr*) sondern auch Mutantenzellen (phr-) durch
Belichtung (Wellenlinge >3000 A) wieder reaktiviert werden (JAGGER und
STAFFORD, 1965a). Ein ReaktivierungsprozeB, der vom photoreaktivierenden
Enzym unabhingig ist, war damit nachgewiesen, und man bezeichnete ihn
als indirekte PR. Wahrend die PR der phr—-Mutante ausschlieBlich auf der
Wirkung dieses einen, indirekten Prozesses beruht, kénnen im Wildtyp
(phrt) beide Prozesse, direkte und indirekte PR, zur Wirkung kommen.

Der Unterschied zwischen der direkten enzymatischen und der indirekten
PR ist in Versuchen deutlich geworden, bei denen monochromatisches Licht
zur Reaktivierung benutzt wurde (JAGGER und STAFFORD, 1965a). Licht der
Wellenlange 3341 A reaktiviert sowohl UV-inaktivierte Zellen des Wildtyps
wie auch die der phr—-Mutante, wenn auch mit unterschiedlicher Wirksamkeit ;
der Effekt ist pro UV-Dosis gréBer im Wildtyp als in der Mutante. Jedoch
erfolgt bei 4047 A Belichtung nur eine PR des Wildtyps, nicht aber bei der
Mutante. Andererseits zeigen die Aktionsspektren fir die #»n vitro Reaktivie-
rung von UV-inaktivierter Transformations-DNS mit photoreaktivierendem
Enzym (Extrakte von E.coli- bzw. Hefezellen) Maxima bei etwa 3900 A
und eine geringere Héhe unterhalb 3500 A (J. K. SETLow und BoLING, 1963 ;
J. K. SETLOW, 1966b). Man kann daraus schlieBen, daB in der strahlen-
geschadigten Wildtypzelle die PR bei Licht der Wellenlinge um 4000 A direkt,
d.h. allein durch die Wirkung des photoreaktivierenden Enzyms zustande
kommt, wihrend sich bei Wellenlingen um 3400 A direkte und indirekte PR
iiberlappen.

Die ¢n vitro PR von Transformations DNS mit photoreaktivierendem
Enzym (Wellenlinge >3100 A) ist von der Temperatur und der pro Zeit-
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einheit eingestrahlten Lichtdosis abhingig. Mit steigender Temperatur wird
auch die Geschwindigkeit der PR gréBer. Bei einer gegebenen, suboptimalen
Lichtdosis ist die PR gréfer, wenn pro Zeiteinheit weniger Lichtquanten ein-
gestrahlt werden (RUPERT, 1964a). Bestimmt man diese Parameter bei der
PR von E. coli-Zellen, so ergibt sich folgendes Bild (JAGGER und STAFFORD,
1965a). Beim Wildtyp (phrt) ist bei 4047 A-Belichtung die Reaktivierung
temperatur- und Lichtdosis-abhingig, in Ubereinstimmung mit der in vitro-
Reaktion. Hingegen wird bei 3341 A-Belichtung bei der Mutante (phr-) keine,
beim Wildtyp nur eine geringe Abhangigkeit von der Lichtdosis beobachtet.
Ahnliches gilt fiir die Temperaturabhingigkeit der 3341 A-Photoreaktivierung
beider Bakterienstimme. Die indirekte PR ist somit unabhingig von der
Lichtdosis und der Temperatur; auBerdem kommt bei 3341 A-Belichtung des
Wildtyps die indirekte PR gegeniiber der enzymatischen PR stdrker zum
Ausdruck. Wie in Abschnitt IV, 2 noch gezeigt werden wird, werden bei dem
ProzeB der enzymatischen PR die in der DNS gebildeten dimeren Basen
wieder monomerisiert (Cook, 1967). Hingegen wird bei der indirekten PR
keine Spaltung der Dimeren beobachtet (JAGGER und STAFFORD, 1965Db).

Die indirekte PR ist dem im Abschnitt III, 1 erwihnten Phinomen der
Photoprotektion sehr dhnlich. Dies gilt insbesondere fiir die Wellenlingen-
abhingigkeit beider Prozesse (JAGGER et al., 1964). So zeigt das Aktions-
spektrum der Photoprotektion ein Maximum bei 3341 A, d.h. eine der in-
aktivierenden UV-Strahlung (meist 2537 A) vorausgehende Belichtung von
Bakterienzellen schwicht den UV-strahlenschidigenden Effekt am stirksten
ab, wenn Licht der Wellenlidnge 3341 A eingestrahlt wird. Hingegen hat die
vorausgehende Belichtung bei 4047 A keinen abschwichenden Effekt mehr
auf die nachfolgende UV-Bestrahlung.

Da die Belichtung von normalen, nicht UV-inaktivierten E. coli-Zellen
eine Wachstums- und Teilungsverzogerung hervorruft, deren Aktionsspektrum
ebenfalls ein Maximum bei 3341 A aufweist, wird vermutet, daB dieser ProzeB
mit der Photoprotektion und mit der indirekten PR ursichlich zusammen-
hingt (JAGGER et al., 1964). Man vermutet, daB durch die lichtinduzierte
Wachstumsverzégerung andere, lichtunabhingige Reaktivierungsprozesse in
der Zelle (z.B. die Wirtszellreaktivierung) effektiver arbeiten kénnen, weil
diesen jetzt — im Vergleich zu der Situation in normal wachsenden Zellen —
mehr Zeit zur Elimination von Strahlenschidden zur Verfiigung steht (JAGGER
und STAFFORD, 1965a).

Tatséachlich beobachtet man auch bei E. coli-Zellen, deren DNS-Replika-
tion kiinstlich verzégert wurde, eine wesentlich geringere Empfindlichkeit
gegeniiber UV-Strahlen als bei Zellen in der exponentiellen Wachstums-
phase (HANAWALT, 1966). Jedoch ist bei der 3341 A-Belichtung von E. coli
zwar eine Hemmung der RNS- und Proteinsynthese, nicht aber der DNS-
Synthese beobachtet worden (J. K. SeTLow, 1966a). Eine Aufklirung der
vermuteten Zusammenhange wird moglich sein, wenn Bakterienmutanten zur
Verfiigung stehen, die sowohl in der Photo- wie auch in der Wirtszellreaktivie-
rung defizient sind.

4 C.T. in Microbiology, Vol. 47
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Die Entdeckung der indirekten PR ist relativ jiingeren Datums (JAGGER
und STAFFORD, 1965a). Daher bedirfen sicher viele der frither bekannt-
gewordenen Daten tiber die in Zellen beobachtete PR einer kritischen Uber-
prifung. Die Aussage, daB eine direkte, enzymatische PR einer beobachteten
Reaktivierung zugrundeliegt, kann mit Sicherheit nur dann gemacht werden,
wenn es gelingt, die PR auch ¢» vitro nachzuweisen, Es ist sicher auszuschlieBen,
daB eine indirekte PR in einem zellfreien System stattfinden kann.

IV. Enzymatische Photoreaktivierung

1. Vorkommen und Nachweis

Eine lichtabhingige in wvitro-Reaktivierung von UV-inaktivierter Trans-
formations-DNS (aus Haemophilus influenzae) wurde erstmalig mit einem
Extrakt aus E. coli erzielt (RUPERT et al., 1958). Spiter wurde eine aktive
Komponente auch aus Hefezellen ex-
trahiert (RUPERT, 1960a). In jiingster
Zeit ist ein photoreaktivierendes En-
zym auch in Extrakten von Blaualgen
(WERBIN und RUPERT, 1968) und Neu-
rospora crassa (TERRY und SETLOW,
1967), sowie in Gewebehomogena-
ten von Echinodermen, Arthropoden
und einigen Vertebraten (Cook und
McGRATH, 1967; REGAN und CoOK,

1967) gefunden worden. Allerdings ist

phr™ Extrakt in Sdugetierzellen noch keine photo-

2 © ° reaktivierende Aktivitit beobachtet

[ | | [ [ worden (CLEAVER, 1966). Auch in Ex-

0 0 20 30 40 50 60 trakten dieser Zellen konnte bis-

min Belichtung her kein photoreaktivierendes Enzym

Abb. 5. In vitro-Photoreaktivierung von nachgewiesen werden (Coox und
UV-inaktivierter Transformations-DNSmit McGRATH, 196 7) .

einem Extrakt aus E. coli B. UV-bestrahlte s
Transformations-DNS (Haemophilus in- In allen Féllen besteht der Nach-

fluenzae) wird unter Belichtung mit Ex- weis eines photoreaktivierenden En-
trakten von E. coli B phr+ und E. coli phr— zyms darin, daBl den Zellextrakten
(Harm und HILLEBRANDT, 1963) behandelt.  zugesetzte UV-inaktivierte Transfor-
(Nach RupErT, 1965) mations-DNS (RUPERT, 1962a, b) oder
Virus-DNS (HarM und RUPERT, 1963)

in Gegenwart von Licht (> 3000 A) wieder reaktiviert wird. Dabei kénnen bis
zu 90 % der UV-Schiden eliminiert werden. Parallel zu der Reaktivierung muB
die Zahl der Pyrimidin-Dimere abnehmen. Die aktive Komponente muf3
durch Hitze oder Verdauung mit proteolytischen Enzymen inaktivierbar sein.
Bei Zellextrakten, in denen keine enzymatische Aktivitit nachzuweisen ist,
setzt man photoreaktivierendes Enzym aus Hefe zu und wiederholt den Test,
um auszuschlieBen, daB der Extrakt Hemmstoffe enthilt und dadurch eine PR

T

Transformierte Zellen pro mil
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maskiert. Abb. 5 zeigt als Beispiel die ¢» vitro-PR von Transformations-DNS
aus H. influenzae durch einen Extrakt aus E. colz. Die phr—-Mutante desselben
Stammes liefert einen inaktiven Extrakt (RUPERT, 1965).

Die photoreaktivierenden Enzyme aus E. coli und Hefe iiberlappen sich
vollstindig in ihrer Wirkung, d.h. Extrakte aus beiden Organismen photo-
reaktivieren UV-inaktivierte DNS gleich gut, bzw. durch das E. cols-Enzym
maximal photoreaktivierte DNS wird durch das Enzym aus Hefe nicht weiter
reaktiviert und umgekehrt (RUPERT, 1964 a). Urspriinglich hatte man vermutet,
daB sich das PR-System aus E. coli im Gegensatz zu dem aus Hefe aus zwei
Komponenten, einer nicht dialysierbaren, hitzelabilen Fraktion und einem
dialysierbaren, hitzestabilen Faktor zusammensetze. Wahrscheinlicher ist
aber, daB Rohextrakte aus Bakterien dialysierbare Nuclease-Inhibitoren
enthalten. Bei deren Abwesenheit wiirde Transformations-DNS allmihlich
durch Nucleasen abgebaut und dadurch eine geringere PR vortiuschen
(RUPERT, 1964a). Damit der Nachweis eines photoreaktivierenden Enzyms
nicht durch die mdgliche Gegenwart von Nucleasen beeintrichtigt wird, setzt
man neuerdings der zu reaktivierenden Transformations-DNS unbestrahlte
DNS aus anderer Quelle zu. Letztere stort die Reaktion zwischen UV-bestrahl-
ter DNS und photoreaktivierendem Enzym nicht, schirmt die bestrahlte DNS
aber gegen Nucleasewirkung ab, da sie selbst als Substrat dient (Cook und
McGRATH, 1967).

Die Schwierigkeit des Arbeitens mit Extrakten aus Bakterien hat dazu
gefithrt, daB8 die meisten Untersuchungen mit dem Enzym aus Hefe durch-
gefiihrt wurden. Andererseits sind aber ¢n vivo-Studien der PR vorwiegend
mit Bakterien gemacht worden. Es fehlen deshalb noch vergleichende Unter-
suchungen zwischen den % vivo und #n vitro gemessenen Photoreaktivierungs-
prozessen, Studien, die zur Aufklirung der Funktion und Wirkungsweise des
photoreaktivierenden Enzyms unerliBlich sind.

2. Mechanismus der Enzymwirkung

Photoreaktivierendes Enzym aus Hefe bindet sich an UV-bestrahlte, nicht
aber an unbestrahlte Transformations-DNS. Diese Bindung ist im Dunkeln
stabil, bei Belichtung dissoziieren DNS und Enzym wieder. Das photoreakti-
vierende Enzym sedimentiert bei der Ultrazentrifugation wesentlich langsamer
als DNS, hingegen bewegt sich der Komplex aus bestrahlter DNS und dem
Enzym als eine Komponente und mit etwa der Geschwindigkeit von unbe-
strahlter DNS. Er 148t sich ferner im Dunkeln undissoziiert iber Sephadex-Gel
filtrieren (RUPERT, 1962Db).

Der gebundene Zustand verleiht dem Enzym besondere Eigenschaften.
Seine Empfindlichkeit gegeniiber Inaktivierung durch Erhitzen auf 65° wird
drastisch reduziert. Seine Komplexbildung mit der DNS stabilisiert es auBer-
dem gegen den Angriff von Schwermetallionen. Erwerb und Verlust dieser
Eigenschaften sind reversibel wie die Bindung des Enzyms an die DNS und
seine Dissoziation durch Belichtung (RUPERT, 1962b). Da nur wihrend der
Belichtung des Komplexes die biologische Aktivitit der Transformations-DNS

4%
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regeneriert wird, muB8 die Dissoziation von der Reaktivierung begleitet sein.
Diese Daten erlauben es, die Photoreaktivierung als einen enzymatischen
ProzeB zu behandeln (RupERT, 1962a), der dem Michaelis-Menten-Schema
folgt (FRuTON und SIMMONDS, 1958):

ks (hv)

E—I—S‘;—‘_ES———»E—f—P

In dieser Gleichung bedeuten E photoreaktivierendes Enzym, S ,,Substrat*
(UV-Schaden in der DNS), ES der Komplex, P eine regenerierte DNS-
Struktur. &, k, und %, sind Geschwindigkeitskonstanten, wobei %, eine licht-
abhiangige Konstante ist (mit 23 =0 im Dunkeln).

Als ,,Substrat* zihlen die UV-Schiden in den DNS-Molekiilen. Sie sind
nicht einheitlich in ihrer chemischen Struktur und ihre Zahl ist in dem In-
aktivierungsbereich, in dem eine PR gemessen wird, gering. AuBerdem sind in
einer Population von Nucleinsiuremolekiilen die Schiden statistisch verteilt. Die
,»Substrat‘-Konzentration wird deshalb kaum mit Genauigkeit zu bestimmen
sein (RUPERT, 1964a). Jedoch entspricht die Kinetik der PR, wenn die Kon-
zentrationen an Enzym und UV-bestrahlter DNS variiert werden, in der
erwarteten Weise dem obigen Reaktionsschema.

Der Enzym-Substrat-Komplex muB3 die zu seiner Dissoziation erforder-
lichen Lichtquanten absorbieren. Wie im Abschnitt III, 3 erwdhnt wurde,
zeigt das Aktionsspektrum fiir die i vitro-PR ein Maximum bei etwa 3900 A.
Gereinigtes photoreaktivierendes Enzym aus Hefe (etwa 3000fache An-
reicherung) besitzt neben dem fiir Proteine typischen Absorptionsmaximum
bei 2800 A eine geringe, fiir Cytochrome typische Absorption bei 4150 A
(MunaMMED, 1966). Die Verbindung, die diese Absorption besitzt, 148t sich
aber im Verlauf der Enzymreinigung weitgehend abtrennen. Es ist deshalb
noch offen, ob es sich bei dem beim Enzym verbleibenden Material tatsichlich
um den Lichtacceptor oder lediglich um eine Verunreinigung handelt.

Die Moglichkeit besteht auch, daB sich die lichtabsorbierende Komponente
erst durch die Vereinigung von Enzym und Substrat ausbildet. In diesem
Falle durfte ihr Nachweis schwierig sein. Die Tatsache, daB sich das Spektrum
einer Mischung von UV-bestrahlter DNS (aus Kalbsthymus) und photo-
reaktivierendem Enzym (aus Hefe) oberhalb von 3000 A nicht von dem des
gereinigten Enzyms unterscheidet (MUHAMMED, 1966), spricht noch nicht
gegen diese Moglichkeit; bei der angegebenen Spektrumsmessung war namlich
die Menge des an die DNS gebundenen PRE nicht bestimmt worden.

Das Produkt P der enzymatischen Reaktion ist die regenerierte DNS-
Struktur. Da die zuvor inaktivierte DNS ihre biologische Aktivitit durch
PR wiedergewinnt, ist anzunehmen, daB3 dabei auch ihre urspriingliche Struktur
wiederhergestellt wird. Die durch UV-Bestrahlung induzierten Pyrimidin-
Dimere miissen also wieder gespalten werden. Zunichst hatte man nach PR
nur das Verschwinden von Thymin-Dimeren in der DNS festgestellt (WULFF
und RUPERT, 1962; R. B. SETLOW et al., 1963). Lediglich bei einem enzyma-
tisch synthetisierten Polymeren, dem poly dI:dC (mit radioaktiv markiertem
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Cytosin), war nach UV-Bestrahlung und PR eine Spaltung von Dimeren
nachgewiesen worden. Die in diesem Polymeren UV-induzierten Cytosin-
Dimere lassen sich durch Erwarmen leicht in Uracil-Dimere umwandeln. Bei
der anschlieBenden PR war deren Verschwinden begleitet von der Entstehung
von radioaktivem Uracil, das sich neben dem noch verbliebenen Cytosin
leicht nachweisen lieB (R.B. SETLOW et al., 1965). In jiingster Zeit ist auch
der Nachweis gelungen, daB die in natirlicher DNS gebildeten Thymin-
Dimere bei der PR wieder in zwei Thyminbasen gespalten werden (Cook,
1967). Wird UV-bestrahlter 3H-Thymin-markierter DN'S ¥C-Thymin-markierte
DNS zugesetzt, so stellt man nach PR der Mischung beider Nucleinsiuren
eine Erhéhung des ®H/**C-Thymin-Verhaltnisses fest. Dabei ist die bei der PR
beobachtete Abnahme der Thymin-Dimeren begleitet von einer stéchiometri-
schen Zunahme des Thymins.

3. Substrat und kompetitive Hemmung

Alle natiirlich vorkommenden oder kinstlich erzeugten DNS-Molekiile,
die bei UV-Bestrahlung Pyrimidin-Dimere bilden kénnen, sollten als Substrat
fir das photoreaktivierende Enzym in Frage kommen. Dies ist mit gewissen
Einschrinkungen auch der Fall (RUPERT, 1964Db).

Biologisch aktive Desoxyribonucleinsiuren geben durch ihre Photo-
reaktivierbarkeit ihre Substratnatur zu erkennen. Inwieweit jedoch biologisch
inaktive Molekiile oder enzymatisch synthetisierte DNS-Polymere als Sub-
strate in Frage kommen, war zunichst schwierig herauszufinden. Die kom-
petitive Hemmbarkeit des photoreaktivierenden Enzyms aus Hefe, nach dem
Michaelis-Menten-Reaktionsschema (Abschnitt IV, 2) zu erwarten, hat sich
spiter als Nachweismethode fiir den Substratcharakter einer UV-bestrahlten
Verbindung benutzen lassen (RUPERT, 1961).

Die Reaktionsgeschwindigkeit der PR von UV-bestrahlter Transformations-
DNS ist dieselbe, ob diese allein oder zusammen mit unbestrahlter, nicht-
transformierender DNS mit dem PRE inkubiert wird. Werden hingegen
dquivalente Mengen von Transformations DNS und nicht-transformierender
DNS, die beide dieselbe UV-Dosis erhalten haben, gemeinsam photoreakti-
viert, so sinkt die Reaktionsgeschwindigkeit auf die Halfte. Dagegen wird
keine Reduktion der Geschwindigkeit der PR beobachtet, wenn die bestrahlte,
nicht-transformierende DNS erst allein mit dem Enzym im Licht inkubiert
und dann der inaktivierten Transformations-DNS zugesetzt wird (RUPERT,
1962a). Diese Versuche zeigen, daB Transformations-DNS und biologisch
inaktive DNS in eine Konkurrenzreaktion um die vorhandenen Enzymmole-
kiile treten. An Stelle der biologisch inaktiven DNS kann jede beliebige DNS
verwendet werden, bei der photoreaktivierbare UV-Schiden nachgewiesen
werden sollen.

Als zusitzliches Indiz fiir das Vorhandensein einer kompetitiven Hemmung

kann die groBere Hitzeresistenz des photoreaktivierenden Enzyms im Enzym-
Substrat-Komplex angesehen werden. Wenn Enzymmolekiile einmal mit
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Tabelle 1. Kompetitive Inhibitoren fiir das photoreaktivierende Enzym aus Hefe

UV-bestrahltes Substrat Kompetitive
Hemmung!

DNS? aus H. influenzae, E. coli, T,, Kalbsthymus, ®X 1742
Native oder denatuierte DNS des Phagen SP2 3!
Hitzedenaturierte DNS 8
Poly dA:dTP
Poly dAT:dAT ¢
Poly dG:dC ¢, poly dI:dC ¢, poly dC P
Oktathymidylsdure (pT)s, TpT®, Thymidin®, Thyminé¢
Apurinsdure
RNS, poly A, poly C, poly U, poly A:Usa
BU enthaltende DNS®

|+ 1+ 4+ +

1 + (—) bedeutet, daB kompetitive Hemmung (nicht) beobachtet wurde.

% Als Beispiele fiir natiirlich vorkommende Desoxyribonucleinsiuren. Solche mit
hohem AT-Gehalt sind (pro UV-Dosis) bessere Inhibitoren als Molekiile mit hohem
GC-Gehalt (J. K. SETLOW, 19664a).

% Der Phage SP2 enthilt Uracil an Stelle von Thymin.

4 Die UV-Bestrahlung erfolgte vor der Hitzedenaturierung (J. K. SETLOW, 19664a).

5 Nach UV-Bestrahlung konnten spektrophotometrisch keine Thymin-Dimerenach-
gewiesen werden (DEERING und SETLOW, 1963).

8 Die dimere Verbindung des Molekiils wurde im Test verwendet.

® RUPERT (1964a).

P J. K. SETLOW et al. (1965).
¢ RUPERT (1961).

4 RUPERT (1964Db).

¢ R. B. SETLOW et al. (1965).
! RuperT und HARM (1966).
€ J. K. SETLOW (19664).

" RUPERT (1961; 1966).

einem kompetitiven Inhibitor zusammen, das andere Mal allein (bei Dunkel-
heit) erhitzt und anschlieBend zur PR von Transformations-DNS verwendet
werden, so ist die verbliebene Enzymaktivitit im ersten Falle héher und damit
die Geschwindigkeit der PR der Transformations-DNS auch gréBer (RUPERT,
1962b).

Tabelle 1 gibt eine Ubersicht iber die Eigenschaften UV-bestrahlter
Nucleinsauren und deren Derivate als kompetitive Hemmstoffe (und damit
auch als Substrate) fiir das photoreaktivierende Enzym aus Hefe. Demnach
kommen Doppelstrang- wie auch Einzelstrang-DNS, nicht aber Ribonuclein-
sdure oder synthetische Polyribonucleotide als Enzyminhibitoren in Frage
(RUPERT, 1964b). Die beiden DNS-Typen haben eine deutlich verschiedene
Hemmwirkung. Bestrahlte DNS, durch Erhitzen auf 100°C und rasches
Abkiihlen denaturiert, hemmt nur etwa halb so gut wie dieselbe DNS nicht
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denaturiert. In Ubereinstimmung damit findet man einmal eine langsamere
und auBerdem unvollstindige Eliminierung der Thymin-Dimeren in denatu-
rierter DNS durch das photoreaktivierende Enzym (Abb. 6), (R. B. SETLOW,
1964), zum anderen sind bei den DNS-Einzelstrang-Phagen #X 174 und S 13
nur zwischen 20 und 30 % der UV-Schi-
den photoreaktivierbar [verglichen mit
bis zu 90% bei Doppelstrang-DNS
(HARM, 1967)]. Alle enzymatisch syn- 05
thetisierten DNS-Polymere, sofern sie
Pyrimidinbasen in Nachbarschaft ent-
halten, wirken auch als Inhibitoren.
Voraussetzung hierfiir ist aber, daB

1.0

denaturierte DNS

sie eine MindestgroBe besitzen. BeiUV- /~
bestrahlten Oligodeoxythymidylsauren € |
nimmt die kompetitive Hemmung mit 2
kleiner werdender Kettenlange ab. Das £
bestrahlte Oktanucleotid (pT)s tritt & 005
schon nicht mehr in Wechselwirkung CKC:

mit dem photoreaktivierenden Enzym
(J. K. SEtLow u. F. J. BoLLUuM, 1968;
RUPERT, 1964Db). Ebenfalls unwirk-
sam ist die Apurinsiure, obwohl hier
nach .UV-]'3estrahlung ur}d Hydrolyse 001, 2'0 Ai) 6[0 —
Thymin-Dimere nachgewiesen wurden. Belichtungszeit

.Offenbar.muB eine Polynucleotldkette Abb. 6. Spaltung von Thymin-Dimeren
intakt sein, damit sich das Enzym an- i, g coli DNS durch das photoreaktivie-
lagern kann (RUPERT, 1964b). rende Enzym aus Hefe. Native und hitze-

Wihrend bei allen bisher erwihnten denaturierte E. coli-DNS (3H-markiert)
Substraten die kompetitive Hemmung wird mit photore.aktivierendem Enzym
durch Prainkubation des Inhibitors mit ~2us Hefe unter Belichtung (3300—4400 &)

. . X inkubiert. Gemessen wird die in der DNS
dem Enzym im Licht wieder aufgehoben  yerpieibende Menge an (radioaktiven)
werden kann, macht UV-bestrahlte, Thymidin-Dimeren. (R.B. SETLow und
Bromuracil (BU) enthaltende DNS CARRIER, unverdffentlicht; nach
eine Ausnahme. Als Inhibitor bindet R. B. SeTLOW, 1964)
sie das photoreaktivierende Enzym,
jedoch ist die Hemmwirkung nach Belichtung nicht aufgehoben. Wahrschein-
lich ist das Enzym irreversibel gebunden oder wird bei der Wechselwirkung
mit dem Substrat inaktiviert (RUPERT, 1961; 1966).

Mit Ausnahme von BU-haltiger DNS sind bei allen Verbindungen mit
Inhibitorwirkung Pyrimidin-Dimere auch nachgewiesen worden. Auch die
bei Bestrahlung von DNS gebildeten ,,gemischten’ Dimere C=T und U=T
(letzteres entstanden durch Desaminierung von C=T), sowie U=U (ent-
standen aus C=C) werden durch das photoreaktivierende Enzym wieder
gespalten. Dabei nimmt die Geschwindigkeit der Spaltung in der Reihenfolge
T=T,C=Tund U=T, C=Cund U=U ab (R. B. SETLOW und CARRIER, 1966).

native DNS
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4. Nicht-photoreaktivierbare Schiden

Die Wirksamkeit, mit der UV-Schiden in der DNS durch PR eliminiert
werden konnen, ist von vielen Faktoren (Wellenlinge des inaktivierenden
UV-Lichtes, Basenzusammensetzung der DNS, Bedingungen der PR etc.)
abhingig. Jedoch wird selbst unter optimalen Bedingungen nie eine quanti-
tative Elimination von Letalschdden erreicht, gleichgiiltig ob es sich dabei
um die PR von Zellen und Viren oder um die ¢» vitro PR von Transformations-
bzw. Virus-DNS handelt. Die Natur dieser irreparablen Schiaden ist unbekannt.

Nach maximaler PR von UV-bestrahlter Transformations-DNS sind keine
Thymin-Dimere mehr nachweisbar (J. K. SETLOW, 1966a). Es ist hingegen
noch nicht bekannt, ob auch alle Cytosin-Dimere wieder gespalten werden.
Somit bleibt es noch offen, ob irreparable Schiaden durch C=C verursacht
werden konnen. Eine unvollstindige Eliminierung der in einem DNS-Molekiil
vorhandenen C=C erscheint nicht ausgeschlossen, falls die Basensequenz
in der Nachbarschaft eines Dimeren die Wechselwirkung des photoreaktivieren-
den Enzyms mit der DNS an dieser Stelle beeinfluBt. Auch kann innerhalb
einer kurzen Zeitspanne zwischen UV-Bestrahlung und PR schon eine Des-
aminierung eines Cytosin-Dimeren eingetreten sein. Dann wiirde selbst bei sonst
vollstandiger Spaltung aller dimeren Verbindungen durch die Substitution eines
Cytosins durch ein Uracil in der DNS eine irreparable Veranderung resultieren.
Einen Hinweis daftir, da eine Cytosinverinderung fiir die Entstehung eines
solchen Schadens in Frage kommen kénnte, bietet das Aktionsspektrum fir
die nicht-photoreaktivierbaren Schiden. Es ist dem UV-Spektrum des Desoxy-
cytidins sehr dhnlich, d.h. einem Maximum (Minimum) in der UV-Absorption
entspricht ein hoher (geringer) Anteil an nicht-photoreaktivierbaren Schiden
in der DNS (J. K. SETLOW, 1963).

5. Ubereinstimmung von in vitro- und in vivo-Photoreaktivierung

Der Nachweis, daB der PR von UV-geschidigten Zellen derselbe enzyma-
tische Reaktivierungsmechanismus zugrundeliegt, wie er in vitro beobachtet
wird, kann erst dann als gesichert gelten, wenn die Ergebnisse der in wvitro-
Photoreaktivierung mit denen der ¢» vivo-PR in Ubereinstimmung gebracht
werden koénnen. Fiir Bakterienzellen (und Viren) trifft es zu, daB unter Be-
dingungen, unter denen indirekte Photoreaktivierungsprozesse ausgeschaltet
bzw. unterdriickt sind, die beobachtete PR auf die Wirkung eines photo-
reaktivierenden Enzyms zuriickzufiihren ist.

Eine Ubereinstimmung zwischen der PR 4% vivo und der in wvitro besteht
schon in bezug auf die Strahlendosen und Wellenlingen, die bei der Inaktivie-
rung und Reaktivierung angewendet werden, sowie in dem Grad der Wirk-
samkeit der PR (RUPERT, 1960a; 1964a). Die Mitwirkung eines photoreakti-
vierenden Enzyms bei der PR einer Zelle wird auch schon dadurch verdeut-
licht, daB photoreaktivierbare Organismen (E. colz, Hefe) einen enzymatisch
aktiven Extrakt liefern, nicht-photoreaktivierbare Zellen (E. coli phr—, Haemo-
philus influenzae) hingegen keinen (RUPERT, 1965; GOODGAL et al., 1957).
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Ein direkter Nachweis, daB3 wihrend der PR einer Zelle der photoreaktivier-
bare Schaden aus ihrer DNS entfernt wird, ist mit UV-bestrahlten E. col:-
Bakterien durchgefiihrt worden. Diese erlangen durch die PR ihre Kolonie-
bildungsfahigkeit zuriick. Die damit verbundene Photoelimination der UV-
Schiaden wird begleitet von dem Verlust der hitzestabilisierenden Wirkung
der Zell-DNS gegeniiber dem photoreaktivierenden Enzym aus Hefe (Ab-
schnitt IV, 2, 3) (RUPERT, 1965). Aus den UV-bestrahlten Bakterien werden
nach Belichten (PR) oder nach Inkubation im Dunkeln die Nucleinsiuren
extrahiert und mit dem Enzym zusammen erhitzt (2 min, 65° C). AnschlieBend
wird die verblicbene Enzymaktivitit im in vitro-System mit UV-bestrahlter
Transformations-DNS bestimmt. Eine geringe Enzymaktivitit resultiert,
wenn die DNS aus der Zelle das Enzym nicht stabilisierte. In diesem Falle
besaB die DNS keine UV-Schiden mehr. Ist die verbliebene enzymatische
Aktivitat jedoch noch hoch, muB sie zuvor stabilisiert gewesen sein, d.h. die
Zell-DNSS enthielt noch UV-Schiden. Auf diese Weise konnte gezeigt werden,
daB UV-inaktivierte Wildtypzellen von E.col: (wie auch von E.coli Bjr)
wihrend der PR ihrer Koloniebildungsfahigkeit die UV-Schaden in ihrer DNS
eliminieren. Hingegen bleibt in UV-bestrahlten E.coli phr—Zellen bei Be-
lichtung der UV-Schaden in der DNS erhalten.

Die Vergleichbarkeit von ¢» wvitro und n vivo-PR wird auch durch den
Nachweis einer intracelluliren kompetitiven Hemmung der PR verdeutlicht
(HarM und HILLEBRANDT, 1963). Die Geschwindigkeit der PR von gering
UV-inaktivierten T4-Phagen in E. colz B wird herabgesetzt, wenn die Zellen
gleichzeitig mit stark UV-bestrahlten Phagen desselben Genotyps infiziert
werden. (Bei den letzteren ist die UV-Dosis so groB, daB ihre Uberlebensrate
selbst nach maximaler PR sehr klein, d.h. der nicht-photoreaktivierbare
Schaden sehr groB ist.) Keine Verringerung der PR-Geschwindigkeit wird
beobachtet, wenn vor der Infektion mit den leicht bestrahlten Phagen die
stark inaktivierten Phagen maximal photoreaktiviert werden. Die hier beob-
achtete kompetitive Hemmung des E. coli-Enzyms konnte — im Gegensatz
zu der des Enzyms aus Hefe — in witro noch nicht nachgewiesen werden
(RUPERT, 1964a).

Auch die (irreversible) Hemmung des photoreaktivierenden Enzyms durch
BU-haltige DNS (Abschnitt IV, 3) hat ihre Parallele im Zellgeschehen. E. col:-
Zellen, in denen etwa 35 % des Thymins durch BU ersetzt sind, lassen sich nach
UV-Bestrahlung ebensowenig photoreaktivieren wie sich andererseits das
photoreaktivierende Enzym von demselben DNS-Material bei Belichtung in
vitro loslosen 148t (RuUPERT, 1961). BU-haltige Bakteriophagen sind nach
UV-Bestrahlung ebenfalls nicht photoreaktivierbar (StaHL et al., 1961).

6. Die Bedeutung der Photoreaktivierung in der Natur
Die im Laboratorium beobachtete PR von biologischen Systemen ist zu
verstehen als eine einer spezifischen Schidigung des Systems entgegen-
wirkende Reaktion desselben. Die Vermutung liegt daher nahe, daB in der
natiirlichen Umgebung die Notwendigkeit besteht — oder zumindest einmal
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bestanden hat — einen solchen Reaktivierungsmechanismus zu entwickeln
und zu unterhalten, um die Uberlebenschance eines Organismus zu erhdhen.
Wenn diese Hypothese richtig ist, dann miiBten in der Natur dieselben Mog-
lichkeiten zu spezifischen Schiadigungen, wie sie durch UV-Bestrahlung im
Laboratorium hervorgerufen werden, einmal vorhanden gewesen bzw. noch
gegeben sein.

Wie eingangs erwahnt (II, 1), werden in den Laboratorien UV-Strahlen-
quellen benutzt, die hauptsichlich Licht der Wellenlinge 2537 A emittieren.
Die Strahlung enthilt daneben auch noch einen geringen Anteil von noch kurz-
welligerem Licht (1850 A). Bestrahlungsversuche mit UV-Licht verschiedener
Wellenldngen im Bereich von 2000—3000 A haben gezeigt, daB die Wirkung
des langerwelligen Lichtes (nahe 3000 A) der des 2537 A-Lichtes dhnlich ist
(RUPERT, 1964a). Deshalb sind die bei 2537 A-Bestrahlung beobachteten
photobiologischen und -chemischen Prozesse auch fiir die im Wellenlingen-
bereich um 3000 A sich abspielenden Vorginge relevant. Nur die Letzteren
spielen in der Natur eine Rolle, denn wie aus der Analyse des in der Natur
vorkommenden UV-Lichtes hinsichtlich seiner Wellenldngenzusammensetzung
hervorgeht, wird die Erdoberfliche nur von Strahlen der Wellenlinge bis herab
zu 2900 A erreicht. Der kurzwelligere Anteil des UV-Lichtes der Sonne wird
durch eine Ozonschicht in der Atmosphire, die selbst durch Reaktion des
UV-Lichtes mit Sauerstoffmolekiilen entsteht, absorbiert (SANDERSON und
HuLBURT, 1955). Die UV-Strahlung im Wellenlingenbereich von 2900 bis
3000 A ist intensiv genug, um innerhalb eines Zeitraums von einigen Minuten
bis zu einer Stunde eine Inaktivierung eines biologischen Systems beobachten
zu konnen (RUPERT, 1964a).

Transformations-DNS, in UV-Licht durchlissigen QuarzgefiBen der
Wirkung von Sonnenlicht ausgesetzt, wird im Laufe von Minuten inaktiviert.
Der Zusatz von photoreaktivierendem Enzym aus Hefe bewirkt eine rasche,
wenn auch nicht vollstandige Reaktivierung (Abb. 7A). Dies ist méglich, weil
neben den inaktivierenden UV-Strahlen gleichzeitig die photoreaktivierende
Strahlung des Sonnenlichtes zugegen ist. Ist das Enzym vom Beginn der
Sonnenbestrahlung an dabei, so wird die Inaktivierungsgeschwindigkeit der
Transformations-DNS drastisch herabgesetzt (Abb.7B) (RUPERT, 1960b).
Dem Sonnenlicht ausgesetzte Bakterienzellen verhalten sich zhnlich (Harwm,
1966). Die Fihigkeit zur Koloniebildung der E. coli phr—-Mutante wird durch
Sonnenbestrahlung viel rascher inaktiviert als die des Wildtyps E. coli phrt.
Parallel damit lassen sich in der DNS der phr—-Mutante, nicht aber in der des
Wildtyps photoreaktivierbare UV-Schiaden nachweisen (RUPERT und HaRM,
1966). (Diesem Nachweis liegt die im Abschnitt IV, § beschriebene Wechsel-
wirkung der isolierten Bakterien-DNS mit dem photoreaktivierenden Enzym
zugrunde.) Allerdings eliminiert das photoreaktivierende System in Zellen
die durch Sonnenbestrahlung hervorgerufenen Letalschaden weniger effizient
als die durch 2537 A-UV-Licht erzeugten (HARM, 1966). Vermutlich entstehen
durch die Strahlen des langwelligen UV-Lichtes auch nicht-reaktivierbare
Letalschdden in anderen Zellbestandteilen.
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Bedenkt man, daB sich die Ozonschicht in der Atmosphire, welche die
intensive kurzwellige UV-Strahlung absorbiert, erst im Laufe der Erdent-
stehung ausgebildet hat, so miissen die Organismen frither viel stirker den
inaktivierenden Strahlen ausgesetzt gewesen sein. Es sollte daher eine evo-
lutionsgeschichtlich sehr frithe Ausbildung von photoreaktivierenden Systemen
stattgefunden haben. In Ubereinstimmung damit steht das weitverbreitete
Vorkommen lichtabhdngiger Reaktivierungsmechanismen in der Natur.
Betrachtet man aber die wenigen Objekte, bei denen bisher das Vorkommen
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Abb. 7a u. b. Inaktivierung von Transformations-DNS durch Sonnenlicht und ihre
Reaktivierung durch das photoreaktivierende Enzym aus Hefe. Transformations-DNS
(Haemophilus influenzae) wird in QuarzgefiBen dem Sonnenlicht ausgesetzt. —-@- DNS
allein; ~O— DNS mit photoreaktivierendem Enzym (PRE) aus Hefe. a Zusatz von Enzym
(Pfeil) nach einer vorausgegangenen Inaktivierungsperiode. b Das Enzym ist vom
Beginn der Sonnenbestrahlung an dabei. (Modifiziert nach RUPERT, 1960b)

eines photoreaktivierenden Enzyms nachgewiesen wurde, so ist die Notwendig-
keit des Vorhandenseins eines Enzyms aufgrund der augenblicklichen biologi-
schen Umgebung oftmals nicht gegeben.

Die Niitzlichkeit der Existenz eines photoreaktivierenden Systems in
Hefezellen ist offenkundig, denn Hefen sind bei ihrem Vorkommen an der
offenen Luft gewohnlich einer intensiven Sonnenbestrahlung ausgesetzt.
Auch das Fehlen des Enzyms in Haemophilus influenzae, einem Mikroorganis-
mus, der im nasopharyngealen Trakt anzutreffen ist, erscheint verstindlich.
Schwierigkeiten bereitet es aber schon, einzusehen, warum Enterobakterien
wie E. coli ein photoreaktivierendes Enzym besitzen, und das Vorhandensein
eines solchen Enzyms in der Leber eines Vertebraten (COOK und McGRATH,
1967) kann sicher nichts mehr mit der Photoreaktivierung UV-Strahlen-
induzierter Dimere in der DNS zu tun haben. Vielleicht war der Bedarf an
Photoreaktivierungssystemen zu Beginn der Evolution so groB, daB sich zu
dessen Synthesen ein entsprechend umfangreicher Genapparat entwickelt
hatte, der im Verlauf der Evolution zwar stark verkiimmert ist, aber in Rest-
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bestinden immer noch in vielen Organismen anzutreffen ist. Oder aber wir
beobachten in den Photoreaktivierungsprozessen gar nicht die eigentlichen
physiologischen Funktionen, die normalerweise den daran beteiligten Enzymen
in der Zelle zukommen. Beide Erklirungsméglichkeiten sind aber von dem
Gesichtspunkt her, daB die bisher bekannten photoreaktivierenden Enzyme
mit groBer Effizienz arbeiten, d.h. bis zu 90 % der durch UV-Licht induzierten
Letalschdden eliminieren kénnen, wenig zufriedenstellend.

V. Photoreaktivierung von Ribonucleinsiure enthaltenden Viren

Wie in Abschnitt 1V, 3 gezeigt wurde, ist UV-bestrahlte RNS im Gegensatz
zur DNS kein kompetitiver Hemmstoff fiir das photoreaktivierende Enzym
aus Hefe. Der Unterschied kann weder auf den verschiedenen makromole-
kularen Strukturen der beiden Nucleinsiuretypen (Doppelstrang bei DNS,
Einzelstrang bei RNS), noch auf den verschiedenen Dimertypen (Thymin-
Dimere bei DNS, Uracil-Dimere bei RNS) beruhen, denn sowohl UV-bestrahlte
einstrdngige DNS als auch Uracil-Dimere in enzymatisch synthetisierten
Polymeren aus Desoxyribonucleotiden sind photoreaktivierbar bzw. spaltbar
(RUPERT, 1964a; SETLOW et al., 1965). Die Annahme ist daher berechtigt,
daB das photoreaktivierende Enzym aus Hefe, ebenso wie viele andere Enzyme
des Nucleinsdurestoffwechsels, zwischen Desoxyribose und Ribose enthaltenden
Nucleinsduren unterscheidet.

Es darf aber nicht iibersehen werden, dal UV bestrahlte Ribonuclein-
sduren — im Gegensatz zu Desoxyribonucleinsiuren — neben den dimerisier-
ten Pyrimidinbasen auch Hydrate dieser Basen enthalten (Abschnitt II, 2).
Die Geschwindigkeit der Hydratisierung von Uracilbasen ist zudem — zu-
mindest in der Polyuridylsaure — gréBer als die der Dimerisierung (PEARSON
und Jonns, 1966). Wahrscheinlich werden auch in RNS-Molekiilen, die alle
vier Basen (Adenin, Guanin, Cytosin und Uracil) enthalten, pro UV-Dosis
mehr Hydrate als Dimere gebildet, weil jede Pyrimidinbase ein Hydrat bilden
kann, wihrend sie nur dann dimerisieren kann, wenn in Nachbarschaft eine
zweite Pyrimidinbase vorhanden ist. Ein nach UV-Bestrahlung tiberwiegend
Hydrate enthaltendes RNS-Molekiil kénnte aber die Wechselwirkung des
photoreaktivierenden Enzyms mit den in demselben Molekiil vorhandenen
Dimeren beeintrachtigen. Wenn dies auch nicht sehr wahrscheinlich ist, so
steht doch der Versuch noch aus, eine ausschlieBlich Dimere enthaltende RNS
daraufhin zu priifen, ob sie als Substrat fiir das Enzym in Frage kommt.

Ganz unabhingig von den negativen Ergebnissen mit dem photoreakti-
vierenden Enzym aus Hefe sind andere biologische Systeme daraufhin getestet
worden, ob sie die Kapazitit zur Photoreaktivierung von RNS besitzen. Unter-
sucht wurden RNS-Bakteriophagen in Bakterienzellen und die ebenfalls
RNS enthaltenden Pflanzenviren. Nur bei den Letzteren, und auch hier nicht
bei allen, ist eine Photoreaktivierung eindeutig beobachtet worden. Jedoch ist
in den entsprechenden Systemen der Nachweis eines photoreaktivierenden
Enzyms bisher noch nicht gelungen.
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1. RNS-Bakteriophagen

Mit einer einzigen Ausnahme sind alle bisher untersuchten RNS-Bakterio-
phagen, deren Wirtsbakterien entweder E. colz oder Pseudomonas aeruginosa
sind, nicht photoreaktivierbar (WINKLER, 1964; ZINDER, 1965; RAUTH, 1965.
WERBIN et al., 1967). Die Ausnahme macht der Phage f2, jedoch ist es auch
hier noch umstritten, ob eine Photoreaktivierung wirklich vorhanden ist.
Nach extracellulirer UV-Bestrahlung des intakten Virus und nachfolgender
Infektion der Bakterienzelle ist keine PR beobachtet worden, jedoch tritt ein
geringer lichtabhingiger Reaktivierungseffekt auf, wenn die RNS des Phagen
in Losung bestrahlt wird und anschlieBend mit ihr Protoplasten von E. coli
infiziert werden (WERBIN et al., 1967). Etwa 17% der UV-Schiaden werden
eliminiert. Man muB8 dabei bedenken, daB bei den E.coli-Phagen, die ein-
stringige DNS enthalten (#X174, S13, fd), auch nicht mehr als 20—30%
aller Schiden photoreaktiviert werden (HARM, 1967). Die Tatsache, daB3 nach
Infektion intakter Zellen mit UV-bestrahlten f2-Phagen keine PR erfolgt,
konnte auf der beobachteten Beeintrichtigung des Penetrationsvermdgens
strahlengeschidigter RNS-Molekiile durch die Zellwand beruhen (WERBIN et
al., 1968). Diese Erklirungsmoglichkeit 1aBt sich aber fiir die Nicht-photo-
reaktivierbarkeit eines anderen RNS-haltigen Virus, dem Bakteriophagen fr,
nicht heranziehen, denn bei ihm wurde auch nach UV-Bestrahlung von
phageninfizierten Zellen keine PR beobachtet (WINKLER, 1964).

Die Nicht-photoreaktivierbarkeit des Phagen fr ist insofern von Bedeutung,
als seine Nucleinsiure etwa denselben Anteil an Pyrimidinbasen enthilt wie
die des Kartoffel X-Virus. Eine UV-Inaktivierung diirfte deshalb in beiden
Virusarten durch annihernd dieselben photochemischen Reaktionen ver-
ursacht werden (WINKLER, 1964). Unter den photoreaktivierbaren phyto-
pathogenen Viren zeigt aber gerade das Kartoffel-X-Virus die gro3te Reakti-
vierbarkeit (BAWDEN und K1ECZKOWSKI, 1955). Man wird daher annehmen
miissen, daB das photoreaktivierende System in der Pflanzenzelle von dem in
der Bakterienzelle verschieden ist.

2. RNS-Pflanzenviren

Bei einer Reihe von Pflanzenviren ist die Uberlebensrate nach UV-Be-
strahlung verschieden, je nachdem ob die Pflanzen nach der Infektion dem
Licht ausgesetzt, oder erst fiir lingere Zeit im Dunkeln gehalten werden
(BawDEN und KLECZKOWSKI, 1955). In beiden Fillen folgt die Inaktivierung
einer Eintreffer-Reaktion nach der Exponentialfunktion:

S/Sy=¢""""  oder InS/Sy=—"Fk,, ¢

wobei S/S, die Fraktion der Uberlebenden nach ¢ Minuten Bestrahlung wieder-
gibt und %, oder £, Konstanten darstellen, die fir die UV-Empfindlichkeit des
Virus (bzw. der Virusnucleinsiure) bei Infektion im Dunkeln (;) oder im
Licht (%,) charakteristisch sind. Wenn keine PR stattgefunden hat, ist
k;=Fk;=1,0, bei vorhandener PR ist 2,> %, und das Verhiltnis k,/%, ist dabei
umso grofer, je effektiver die PR ist.
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In Tabelle 2 sind die Quotienten &,/%, fiir die bisher untersuchten phyto-
pathogenen Viren und ihre infektidsen Ribonucleinsiuren aufgefithrt. In
dieser Darstellung fillt auf, daB nur die beiden Virusarten, die aus starren
Stdbchen bestehen, keine PR zeigen, wahrend die Viren mit polyedrischer
Gestalt und diejenigen mit flexibler Stibchenform unterschiedliche Grade in
ihrer Reaktivierbarkeit aufweisen. Die flexibel-stibchenférmigen Viren, be-
sonders das Kartoffel-X-Virus, werden am effektivsten photoreaktiviert. Wie
am Beispiel des Tabak-Nekrose-Virus gezeigt wird, ist bei den photoreaktivier-
baren Viren das Ausmal der PR offenbar dasselbe, gleichgiiltig ob das intakte
Virus oder die Virus-RNS bestrahlt werden (Kassanis und KLECZKOWSKI,
1965). Eine PR ist auch beim Tabakmosaikvirus und Tabak-Rattle-Virus zu
beobachten, wenn nicht die intakten Viren, sondern die von der Proteinhiille
befreiten Virusnucleinsduren in Losung bestrahlt werden (BAWDEN und
KLECZKOWSKI, 1959; HARRISON und NIXON, 1959).

Die Photoreaktivierbarkeit intakter Pflanzenviren ist abhingig von der
Art der Nucleoproteidstruktur der einzelnen Virusarten. Bei den stdbchen-
formigen Viren liegt die RNS in einer Helixstruktur vor. Je nachdem, wie
stark dabei die Bindung zwischen der RNS und dem Hiillprotein ist, sind die
Stdbchen starr oder flexibel. Bei starker Bindung (starre Stidbchen), nicht
jedoch bei schwacher Bindung (flexible Stibchen) verhindert das Protein die
Bildung photoreaktivierbarer Schdden in der RNS. Entsprechend sind alle
polyedrischen Viren, bei denen keine oder nur eine schwache Bindung zwischen
Nucleinsdure und Protein existiert, photoreaktivierbar. Innerhalb der Gruppe
der photoreaktivierbaren Viren ist das Ausmaf der Reaktivierung wiederum
sehr verschieden. Hierfiir miissen andere Faktoren wie die unterschiedliche
Basenzusammensetzung und -sequenz der Ribonucleinsiuren, sowie die
PR-Kapazitit der verschiedenen Pflanzenarten verantwortlich gemacht
werden.

Bei den Stimmen U1 und U2 des Tabakmosaikvirus ist der Einflu3 der
Proteinhiille auf die UV-Inaktivierung und die PR der Nucleinsiure ein-
gehender untersucht worden. Die Ribonucleinsduren beider Stamme besitzen
dieselbe UV-Empfindlichkeit, jedoch ist das intakte U1-Virus etwa um den
Faktor 6 resistenter gegen UV-Strahlen als das intakte U2-Virus (SIEGEL et al.,
1956). Demnach schiitzt das Protein vom Stamm U1, welches sich von dem
Protein vom Stamm U2 in mindestens 33 Aminosiure-Positionen unter-
scheidet (WI1TTMANN-LIEBOLD und WITTMANN, 1967), die Nucleinsdure stirker
vor der Inaktivierung durch UV-Strahlen. DaB die abschirmende Wirkung
allein dem Virusprotein zukommt, erkennt man auch daran, daB die durch
Rekonstitution gewonnenen hybriden Viren U4 RNS — U2 Protein und
U2 RNS — U1 Protein dieselben UV-Empfindlichkeiten besitzen wie der
native Stamm, von dem das Profein stammt (STRETTER und GORDON, 1967).

Wenn nach UV-Bestrahlung des Tabakmosaikvirus (Stamm U1) die noch
verbliebenen Infektiositdten sowohl von dem intakten Virus wie auch von der
aus dem bestrahlten Virus isolierten RNS bestimmt werden, so findet man,
daB die Inaktivierungsgeschwindigkeiten von Virus und Virus-RNS identisch
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Tabelle 2. Photoreaktivierung von Pflanzenviren

Virus (Virus-RNS) Gestalt des kalky Literatur
Virus
Tabakmosaikvirus® Stiabchen 1,0 BawbEN und KLECZ-
(Tobacco Mosaic) (starr) KOWSKI (1955)
Tabakmosaikvirus-RNS —_ 2,0° BawpeN und KLECZ-

KOWSKI (1959), RusHizky
et al. (1960)

Tabak-Rattle-Virus Stdbchen 1,0 CapMmaN und HARRISON
(Tobacco Rattle) (starr) (1959)

Tabak-Rattle-Virus-RNS — 1,4—1,9 HARRISON und NIXON

(1959)

Bushystunt-Virus der polyedrisch 1,2 BawpeN und KiEcz-
Tomate (Tomato Bushy KOWSKI (1955)
Stunt)

Tabak-Nekrose-Virus polyedrisch 1,35 Kassanis und KLEcz-
(Tobacco Necrosis) KOWSKI (1965)

Tabak-Nekrose-Virus-RNS — 1,35 Kassanis und KLECz-

KOWSKI (1965)

Gurkenmosaikvirus polyedrisch 1,5 BawpeN und KirECzZ-
(Cucumber Mosaic) KOWSKI (1955)

Gelbmosaikvirus des Klees Stdbchen 1,8¢ CHESSIN (1965)
(Clover Yellow Mosaic) (flexibel)

Tabakringfleckenvirus polyedrisch 1,9 BawpeN und KiECzZ-
(Tobacco Ringspot) KOWSKI (1955)

Schwarzringfleckenvirus Stabchen 2,0 BawbEN und KLEcz-
des Kohls (Cabbage- (flexibel) KOWSKI (1955)
Black Ringspot)

Kartoffel X-Virus Stidbchen 3,1 BAwDEN und KLECz-

(Potato X) (flexibel) KOWSKI (1955)

a § verschiedene Stimme, unter ihnen U1 und U2, wurden untersucht.

® Gemessen im Wellenlédngebereich 2300—2800 A (RusHIzKY et al., 1960).

¢ Gemessen bei hoher UV-Dosis, da bei niederer Dosis die PR durch einen Inhi-
bitoreffekt des Lichtes auf die Virusinfektion maskiert wird.

sind (GODDARD et al., 1966). Alle bei der Bestrahlung des intakten Virus
erzeugten Letalschiden miissen demnach in dessen RNS auftreten. Keiner
dieser Schiden ist jedoch photoreaktivierbar, ganz im Gegensatz zu den photo-
reaktivierbaren Schédden, die bei Bestrahlung der Virus-RNS zu finden sind
(BAWDEN und KLECZKOWSKI, 1959). Die eigenartige Wirkungsweise der Virus-
proteinhiille besteht demnach darin, daB sie die Bildung photoreaktivierbarer
Schiden unterdriickt, die RNS aber dennoch nicht so gut abschirmt, daB nicht
doch letale Verinderungen in ihr auftreten.
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Neuere Untersuchungen haben gezeigt, daB bei UV-Bestrahlung von
Tabakmosaikvirus Proteinuntereinheiten an die RNS gebunden werden.
Etwa eine Untereinheit wird pro Letalschaden an der RNS fixiert (GODDARD et
al., 1966) Dieses Protein 1aB8t sich nicht durch warmes Natriumdodecylsulfat,
wohl aber durch Phenol von der Nucleinsdure wieder entfernen. Es ist demnach
nicht durch eine kovalente Bindung mit der Nucleinsdure verkniipft. Auf-
fallend ist, daB bestrahlte Tabakmosaikvirus-RNS nach der Rekonstitution
zum intakten Virus nicht mehr photoreaktivierbar ist (SMALL und GORDON,
1967). Wahrscheinlich verhindern die UV-Schiden in der Nucleinsiure die
normalerweise erfolgende Dissoziation des Nucleoproteids in der Zelle. Die
Verhinderung der PR ist aber nicht irreversibel, denn die RNS kann wieder
aus dem rekonstituierten, nicht-photoreaktivierbaren Virus extrahiert werden
und ist dann wieder photoreaktivierbar.

Es ist noch nicht bekannt, welche Art der chemischen Verinderung in
den Ribonucleinsduren der Pflanzenviren photoreaktiviert werden kann.
Vergleicht man bei der TMV-RNS die Dosisabhingigkeit der Bildung von
Uracil-Dimeren mit der der Inaktivierung, so findet man (unter sehr ver-
schiedenen Strahlungsbedingungen) pro letalen ,,Treffer weniger als ein
Uracil-Dimeres pro RNS-Molekiil. Die Dimerisierung kann also nicht — zu-
mindest nicht allein — fiir die letale Verdnderung verantwortlich gemacht
werden, Wahrscheinlich kommt auch der Hydratbildung der Pyrimidine eine
biologische Bedeutung zu (MERRIAM und GORDON, 1967). Untersuchungen iiber
den Verbleib der Photoprodukte, wie sie fiir die DNS in Bakterienzellen durch-
gefiihrt wurden (s. IV, 5), sind fiir die RN S-haltigen Pflanzenviren noch nicht
bekanntgeworden.
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Introduction

A variety of infectious agents are capable of producing perinatal diseases.
Rubella is of particular importance because of the high frequency of the
disease during epidemics and the wide spectrum of damage caused by the
virus on the developing fetus. The virus is capable of producing chronic
infection of the embryo which may persist after birth, together with congenital
malformations, mental retardation, and severe tissue involvement of various
organs.

It is our intention in this report to review the current status of knowledge
on rubella virus and to summarize recent advances in understanding the
mechanisms of infection as well as control of the disease.

Rubella as a Clinical Entity

Rubella was first recognized in 1815 when MATON described ‘“a rash liable
to be mistaken for scarlatina” (MaToN). Over a century later GREGG noted
a high incidence of congenital malformations, mostly cataracts, and reported
the association of these abnormalities with rubella contracted in the first
trimester of pregnancy (GREGG). Since the successful isolation of rubella virus
in 1962 (PARKMAN, 1962; WELLER, 1962; SEVER, 1962a), several groups have
reported on methods of detection of the virus.

It is well recognized that frequency and type of abnormality differ with the
time of maternal infection. Almost all abnormalities are associated with
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infection in the first months of pregnancy. The frequency of production of
abnormal children is approximately 50 % in patients who contract rubella in
the first month of pregnancy, 22% in the second month, and 6—8 % in the
third month (MicHAELS, LunDsTROM). The major findings reported were
heart lesions, cataracts, deafness, microcephaly, and mental retardation.
Recent studies indicate that congenital deafness, mental and motor retardation
may occur when rubella is contracted in the second or early third trimester of
pregnancy (HARDY, in press). Chronic infection of the fetus usually persists
in the child after birth for a period of months to years. The virus can be
readily recovered from throat, urine, spinal fluid and most tissues. Children
with congenital rubella also may show thrombocytopenia with petechiae and
ecchymoses (50%), hepatosplenomegaly (40%), pneumonia (40%), and
radiolucency of the long bones (60%). In some cases there is also hepatitis,
myocarditis, or encephalitis which may be fatal (KoroNEs, RupoLPH).

The chronicity of infection is generally attributed to the greater suscepti-
bility of embryonic tissue and relative immaturity of immunological responses
in the developing fetus. There is no detectable antibody response in the fetus
until after mid-pregnancy, when both passive and early active immuno-
globulins have been found. The possible impairment of immune defenses should
be studied further as a contributing factor in persistent infection with rubella
virus. It is conceivable that in the fetus and newborn poorly functioning
cellular immune mechanisms or interferon production, which has been shown
to be the case in mice (HEINEBERG), might play a major role in the chronicity
of rubella infection.

For adults, acute rubella is a mild, one-to-four-day exanthem. Infection
usually confers long-lasting immunity with the persistence of high levels of
neutralizing antibodies years after infection. Postauricular and/or subocci-
pital lymphadenopathy is frequently present even when rash does not occur.
A second attack is probably a rare occurrence. Among women of childbearing
age, approximately one-third to two-thirds of infections occur without rash.

Obviously the importance of rubella as a public health problem is directly
proportional to the incidence of congenital rubella. Diagnosis of the latter
can be made on the basis of the characteristic abnormalities, a history of
maternal rubella, and unusual clinical findings reported in the newborn period.
Laboratory data such as isolation of the virus from the placenta, posterior
nasopharynx, urine or cerebrospinal fluid of the infant, and positive serologic
findings are of great assistance in confirming the diagnosis.

Epidemiology of Rubella

In a survey of 30,000 pregnant women in the Collaborative Perinatal
Research Study, it was found that the frequency of clinical rubella was approxi-
mately 1:1,000 during non-epidemic years (WHITE, 1966). In the course of the
1964 epidemic, however, the incidence increased to approximately 22:1,000
(Fig. 1). In a recent serological study of 500 pregnant women during the 1964
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Fig. 1. Incidence of clinical rubella in 6,161 pregnant women. From Perinatal infections

affecting the developing fetus and newborn by J. L. SEVER, The prevention of mental

retardation through control of infectious diseases (U.S. Department of Health, Education,
and Welfare)

Fig. 2. Results of serological study of 500 pregnant patients during 1964 rubella epidemic.

From Perinatal infections affecting the developing fetus and newborn by J. L. SEVER,

The prevention of mental retardation through control of infectious diseases (U.S. Depart-
ment of Health, Education, and Welfare)

epidemic (SEVER, 1966a), 68 % were serologically immune, 2.6 % had serologic-
ally confirmed clinical rubella, and 1.2 % had subclinical infection which was
detected serologically (Fig. 2).

The frequency of congenital rubella as compared to reported clinical viral
infections during pregnancy is summarized in Fig. 3. The analysis is based on
a broad survey of approximately 30,000 pregnancies (SEVER, 1968). Sero-
epidemiological investigations conducted since the Collaborative Perinatal
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Research Study was initiated in 1958 provide data for minimum estimates of
certain infections. The minimum frequency of confirmed clinical cases per
10,000 in the study population would be: mumps, 10; rubella, 8; varicella-
zoster, §5; rubeola, 0.6.

Rubella is worldwide in distribution and it appears that epidemics usually
occur at regular intervals ranging from § to 10 years. Several large prospective
studies are furnishing new data on the epidemiology of this disease and, as

Approximate frequency/ 10000 pregnancies
0 20 40 60 80 100 120 IS0 200 250 300 350
T T T T T T

T T T T
V7 nt senzal Ty - Tike -illness 7]
7] Cold sore/herpes simplex

V7772

Viral laryngo-pharyngitis /tonsillitis

Viral gastroenteritis

1 Measles

<

A Viral conjunctivitis

A Viral pneumonitis

i Infectious mononucleosis
i Pleurodynia

i Warts

i Hepatitis

Fig. 3. Frequency of reported clinical viral infections during pregnancy. From Intra-
uterine viral infections by J.L. SEVER, and L. R. WHITE, Ann. Rev. Med., Chap. 19
(1967)

one would expect, their data indicate that the attack rates depend upon the
population being observed, and are affected by numerous factors such as
geographic location, season of the year, age groups and interval since the last
epidemic.
Immunological Responses

Along with infection, children with congenital rubella also have neutralizing
antibody in their sera in utero which persists after birth, apparently for life
(WELLER, 1964). This immunological paradox of simultaneous infection and
antibody is still unexplained.

The antibody response in acquired rubella differs from that in congenital
infection. In the acute (acquired) form of infection, hemagglutination inhibition
(HAI), neutralizing (Neut), fluorescent (FA), and complement-fixing (CF) anti-
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bodies appear shortly after the onset of rash (SEVER, 1966b). Neut, HAI, and
FA antibodies persist indefinitely while CF antibody gradually decreases and
tends to disappear completely. With chronic (congenital) rubella, Neut anti-
body has been detected in the fetus at about the fifth month of gestation and
thereafter (BANATVALA). At birth the child has Neut, HAI, FA, and CF
titers similar to those of the mother (SEVER, 1966b). During the first few
months of life there is a reduction in CF antibody whereas the other antibodies
remain detectable and apparently persist for life in most cases.

Antibodies appear to have little if any direct role in the termination of
infection (MonIF, ALFORD). The prolonged persistence of congenital infection
presumably indicates an impairment of mechanisms concerned with recovery
from viral infections, among which special attention should be given to cellular
immune mechanisms including delayed hypersensitivity, and production of
interferon/intracellular antiviral protein.

Delayed hypersensitivity is an important immune mechanism and although
there is no accepted in vitro test to assay delayed-type immunity to rubella
virus, lymphocyte transformation has been used to study cellular response in
congenital rubella. MONTGOMERY et al. have indicated that peripheral lympho-
cytes of newborns with the disease show a depressed response to the mito-
genic effect of phytohemagglutinin (MONTGOMERY). This depression could be
observed only during active infection and was readily duplicated in normal
cells exposed to rubella virus prior to the addition of the mitogen. The same
phenomenon was noted in other studies, in addition to the demonstration of
prolonged impairment of lymphocyte transformation to certain antigens
following primary immunization (WHITE, 1968a). While lymphocytes of normal
children acquired responsiveness to vaccinia and diphtheria after exposure to
these antigens, those of children with congenital rubella failed to do so. These
results might lead to a general hypothesis that the immunologic competence of
peripheral lymphocytes is altered by congenital rubella being gradually
recovered with maturation.

Theinterferon system is a strong candidate for a possible defective mechanism
contributing to the persistent infection. This view is supported by experiments
showing the absence of interferon in the serum or urine of patients with
congenital rubella syndrome (DESMYTER). It would appear, however, that
tissue cultures derived from embryos or newborns infected during intrauterine
life persist chronically infected in vitro, but are unable to produce measurable
amounts of interferon (RAWLS).

Unfortunately, only limited studies have been done to determine whether
or not an impairment of the interferon mechanism exists in congenital rubella
and, if so, to what extent this condition would be involved in the maintenance
of persistent infection (RAWLS). An animal model system would be animportant
and necessary tool to elucidate the pathogenesis of chronic neonatal rubella
infection. The newborn ferret is known to become readily chronically infected
(FaBrvi), and this animal is presently being used for studies of circulating
interferon and intracellular antiviral protein following rubella virus inoculation.
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Since many infants with rubella begin producing antibody to the virus
antigen weeks before birth, an increase in serum IgM levels is frequently found.
This elevation in the serum IgM concentration in 50 % or more of such infants
has some immediate diagnostic value when determined in the newborn period
but cannot be relied upon to be increased in all cases (SEVER, 1967a).

Since the embryo is synthesizing IgM antibodies, it might be reasonable
to expect IgG production prior to birth as well. Moreover, if fetal IgG is
transferred to maternal circulation, the mother might react to the foreign
protein by producing her own antibody. A possible subsequent perfusion of
the embryo with maternal anti-IgG antibodies could result in serious conse-
quences such as immunoglobulin dyscrasia or abnormalities in the develop-
ment of fetal lymphoid tissue. This possibility was investigated in 24 pregnant
women with rubella (WHITE, 1968b). It was found that anti-IgG activity
was 3 times as great in the delivery serum of mothers who were infected as
in uninfected mothers. However, this increase in frequency was similar to that
expected in non-pregnant persons with a recent history of rubella infection,
and mercaptoethanol treatment abolished the anti-IgG activity, indicating that
the condition was associated with IgM rather than cross-placental fetal IgG.

Serological Methods, Detection and Propagation of the Virus

The obvious importance of serological determinations for rubella in clinical
medicine should lead experienced laboratories to employ standard techniques
and to repeat all determinations under code.

Rubella antibody determination was introduced in 1962 with the indirect
neutralization test (PARKMAN, 1962; WELLER, 1962). Since then, three addi-
tional serologic tests for rubella have been developed: FA, CF and HAI.
The Neut test is reliable and titers determined by this method correlate well
with donors’ susceptibility or resistance to infection (ScHIFF, 1965). The FA
can be performed in hours, whereas the Neut takes days. However, FA is not
as sensitive for determining the development of antibody as the latter. Simi-
larly the CF test is rapid and easy to perform and detects the development of
antibody with great accuracy (SEVER, 1967a). Unfortunately, both CF and
FA tests show loss of detectable antibody or weakening of fluorescence with
specimens taken more than a few months after infection. This factor reduces
their value in determining past infection and susceptibility. The HAI is the
most recent and perhaps the most accepted test (STEwWART). This technique
is rapid to perform and consistently gives much higher titers than the other
methods.

For serological diagnosis of acute acquired rubella, all four tests are
quite suitable. However, due to rapidity of performance, HAI and CF have
some advantage over the others. For serological diagnosis of congenital rubella
syndrome, HAI, Neut, or FA tests may be used. A significant HAI and CF
titer in children with chronic rubella at 7 months to 1 year of age usually
indicates a severe infection. To determine individual susceptibility to rubella
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virus, the HAT and Neut tests are most useful since these antibodies seem to
persist for life.

Methods used for the performance of these tests may differ slightly from
laboratory to laboratory, but in general, they are essentially the same. Neut
tests are based on the enterovirus interference method in primary African
green monkey kidney tissue culture (AGMK) (ScHIFF, 1963), or by techniques
employing direct cytopathic changes (CPE) in RK-1 (Hull), or in RK-13 (Beale)
tissue culture systems. CF tests are performed with antigen prepared by infecting
BHK-21 tissue cultures, and utilizing either the micro or the macro technique
(SEVER, 1962a). FA determination is easily carried out according to the
method described by BrRowN and MaassaB (BRowN) utilizing chronically
infected LLC-MK, cell line. The HAI test is indeed a simple test once its
variables are appropriately controlled. Variations in this test may be caused
by modification of the method of treatment of the antigen, the concentration
of red blood cells used, the pH of the test, treatment of the sera and employ-
ment of macro or micro methods.

Rubella virus can be readily isolated from a variety of specimens from
patients with congenital or acquired infection. Most body fluids and tissues
were found to reveal the presence of virus; nasopharynx washings or swabs
are particularly useful for the detection of the agent.

Basically there are two techniques for rubella virus isolation: the direct
technique and the indirect interference method. WELLER and NEVA (WELLER,
1962) first introduced the direct method in 1962 when they described CPE
of rubella virus in primary cultures of human amnion cells. Presently the spec-
trum of tissue culture systems capable of supporting growth of rubella with
characteristic CPE, after adaptation, is quite large. These include the RK-13
line (McCarTHY), GMK-AH-1 line (GunaLP), SIRC line (LEERHOY), BHK-21/
WI-2 line (VAHERI), and many others. In primary cells rubella virus very
seldom produces CPE (VAHERI), and when CPE is present the changes are
slow to appear and difficult to detect.

The indirect technique is based on the interfering action of the virus
to superinfection with enteroviruses (usually ECHO-11 and Coxsackie A-9)
in AGMK. This blocking action can be abolished with immune rubella
serum which is the basis for the Neut test. More recent studies have
shown that rubella virus can be propagated and can produce interference
to a number of superinfecting viruses in a variety of cell cultures (PARK-
MAN, 1964).

As the number of tissue culture systems sensitive to the virus broaden,
different and more convenient serological techniques are developed. Each
system has its advantages and disadvantages, but generally speaking, the
interference technique in AGMK has proven to be the most sensitive for
recovering virus from crude specimens (ScHIFF, 1966, HORTA-BARBOsA).
Comparative data obtained from studies in which fresh field specimens known
to be positive for rubella were inoculated simultaneously into AGMK and
RK-13 are presented in Table 1.
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Table 1. Comparison of rubella isolations from throat swab specimens: African green
interference method and RK-13 divect

Interference method RK-13

No. positive 24 5
No. negative 18 37
Total 42 42

From Rubella: Recent laboratory and clinical advances by G. M. ScHIFF, and
J. L. SEVER: Progress in Prog. Med. Virol. 8, 30—61 (1966).

A number of attempts were made to produce rubella in laboratory animals
(SEVER, 1962a; HEGGIE; PARKMAN, 1965). SEVER et al. (SEVER, 1962b)
did not observe clinical symptoms in rhesus monkeys infected with tissue
culture grown rubella virus which would produce clinical disease in human
volunteers. HEGGIE and RoBBINS (HEGGIE) reported similar results.

More recently, studies on the pathogenesis of the disease in ferrets indicate
that infection follows inoculation by different routes, preferably the intranasal
(ScHIFF, 1964). Virus multiplies in various organs and is easily recovered from
them, which encourages the use of ferrets for vaccine and drug efficacy studies.
Another indication that the ferret might become the non-human in vivo
model of choice for rubella studies is the prompt development of chronic
infection by newborn animals following virus inoculation (FABIYI, 1967).
However, an in utero model system to study congenital rubella and its terato-
genic mechanism is still not confirmed. Attempts to produce congenital
infection in ferrets have been promising. Studies in cynomolgous monkeys,
rats and rabbits appear promising but await extension and confirmation.

Immunologically many species respond to rubella virus infection. Usually
rabbits, monkeys and ferrets are used to make hyperimmune serum (PARKMAN,
1962; WELLER, 1962; SEVER, 1962a; SCHIFF, 1964; PLOTKIN, 1963).

Control and Prevention

The obvious solution for the rubella problem is the development of an
antigen which would prevent the occurrence of epidemics. Intensive efforts
have been made in the last few years and hopefully a safe and effective vaccine
will be available before the next major epidemic. Both killed and live attenua-
ted preparations have been studied. To date the strongest candidate is the
attenuated live HPV-77 strain developed by PARKMAN and MEYER (PARKMAN,
1966; MEYER). The HPV-77 rubella virus (High Passage Virus-77th
passage in AGMK) shows several “ markers”, differing from the low passage
virus by producing more interferon, rapid CPE in RK-13, and no viremia or
virus in the nasopharynx of monkeys. After extensive safety testing, a vaccine
trial with rubella-susceptible females demonstrated good antibody response
with no signs of clinical disease, and, more important, none of the contact
children became infected. These findings indicate that attenuation has been
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produced to a point where vaccinees demonstrate pharyngeal shedding of
virus, but no transmission to susceptible contacts. However, the susceptibility
of the fetus to live rubella virus vaccine remains an unanswered question.
Furthermore, more proof is necessary that the virus shed by the vaccinees
is not transmissible to large numbers of pregnant susceptibles. Thus far only
one preliminary report by Karz (KaTz) implies non-transmission of HPV-77
vaccine to the fetuses of 2 vaccinated pregnant women.

As a practical weapon against rubella, since the possible hazard of trans-
mission of virus to the fetus has not yet been established, the use of live
vaccines could be restricted to children in the prepubertal period if it can be
determined that long term immunity is produced. Even then, it is important
to remember that the pregnant population would be at risk unless the non-
communicability of the virus can be definitely demonstrated. While these
questions remain, it is appropriate to think of inactivated vaccines and gamma
globulin as supplements to a future safe live vaccine for the control and
prevention of rubella.

Besides the HPV-77 strain, other live attenuated strains have been report-
ed. CaBasso et al. (CaBAsso) prepared a live vaccine derived from the 50th
passage level of the M-33 strain 3 in AGMK. Clinical trials with this preparation
gave similar results to those described for HPV-77. Equivalent results were
reported by STOKES (STOKES) with the use of a rubella strain serially passed
in duck embryo tissue culture. PLOTKIN et al. have described clinical trials
using two rubella virus strains (PLOTKIN, 1967), one isolated from the
urine of a patient and passaged serially (21 times) in primary rabbit kidney
tissue culture (Cendehill-21), the other isolated from a fetus and passaged
successively 21 times in WI-38 cell line. These strains produced good
antibody responses and contact controls did not seroconvert or develop
clinical illness. However, rash and lymphadenopathy were observed in some
of the vaccinated children. GITNICK et al. (GITNICK) suggested the use of RIF-
free chick embryo tissue culture for the preparation of rubella live vaccine, which
is most desirable since this tissue is free of contaminating agents and has been
largely administered in live vaccines. Of the tissue reported to date for live
vaccine studies only two have been licensed for general use in live parenteral
vaccines in the United States: chick embryo and canine kidney. Both are
being investigated at the present time as sources of live attenuated rubella
vaccine. African green monkey kidney has the well known disadvantage of
harboring latent simian viruses and other agents which may be oncogenic.

In summarizing the various approaches for the control and prevention
of rubella, four main points should be emphasized: 1) the use of accurate sero-
logical techniques in determining individual susceptibility. If a woman is
immune to the virus she need not fear exposure during pregnancy. Neut and
HALI tests are quite reliable for this purpose and one test may be used to
confirm the other. The CF test is of great value in documenting clinical disease
in pregnant women exposed to rubella as well as in detecting subclinical
infection with the use of appropriately paired sera. 2) Although gamma
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globulin is not entirely effective in preventing rubella syndrome defects, it
has been proven that its use does reduce the incidence of clinical disease
(GREEN, BrODY). Gamma globulin antibody titers determined with the HAI
and Neut methods (Table 2) indicate the need for intensive studies on the

Table 2. Rubella antibody. Gamma-globulin — Rubella antibody titers

Lot Gamma-globulin Population Antibody titer
source concen- number location hemagglu-  neutrali-
tration of donors  of donors  tination zation
(%) inhibition
1 Com.2 A 16.5 8,000 Japan 2,048 256
2 Com. A 16.5 8,000 Japan 2,048 512
3 Com. A 16.5 8,000 Japan 4,096 2,048
4 Com. B 16.5 13,000 Urban 4,096 1,024
East U.S.
5 Com. C 12.0 b Sweden 2,048 256
6 Com. C 12.0 b Sweden 2,048 512
7 DBS 16.5 Rubeola reference 2,048 512
8 Convalescent  12.0 b Sweden 8,192 4,096
9 Convalescent  16.5 85 Illinois 8,192 4,096

a Commercial standard gamma-globulin.
b Not available.

From Rubella antibody determinations by J.L. SEVER, D. A. FucciLro, G. L.
GitnIck, R. J. HUEBNER, M. R. GiLkesoN, A. Ley, N. Tzan, and R. G. Traus,
Pediatrics 40, 780—797 (1967).

efficacy of this product for the prevention of rubella in pregnant women
(SEVER, 1967b). 3) An effective killed vaccine assuring long lasting immunity
could in itself control the problem of rubella. However, a killed vaccine con-
ferring even a short-term immunity would still be valuable for protecting
pregnant women during epidemics of the disease. 4) A safe live attenuated
vaccine seems to be the major prophylactic measure now in sight against the
rubella syndrome since live antigens produce active long lasting immunity.

Summary

Rubella was shown to produce birth defects a quarter of a century ago.
A high incidence of malformations is associated with rubella infection in the
first trimester of pregnancy, and severe chronic infection of the newborn has
also been demonstrated. Rubella epidemics of worldwide distribution generally
occur in intervals of 5 to 10 years.

The role of immune and non-immune mechanisms in the pathogenesis of
the disease was discussed, and an immuno-serological analysis of congenital
and acquired rubella was attempted.
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A variety of reliable laboratory methods is now available for the isolation,
propagation and neutralization of the virus. Available serological tests,
including FA, HAI, CF, and Neut antibody determinations, are of great
importance in the diagnosis, control and prevention of the disease.

Animal studies indicate that subclinical and chronic rubella are readily
produced in ferrets which provide a useful animal model system for the study
of rubella.

Rapid progress is being made on testing of candidate vaccines. To date,
most live vaccines produce good antibody response and very little illness.
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Introduction

This review deals with immunologic aspects of the effects of endotoxins
in susceptible hosts. The subject matter is divided into three sections as
follows: (1) biologic effects of endotoxins and immunologic implications,
(2) endotoxins as adjuvants, and (3) endotoxins as immuno-suppressants. Not
considered is the extensive literature on the antigenic make-up of endotoxins,
characterizing the numerous O and R antigens, and endotoxins as immunogens.

Biologic Effects of Endotoxins and Immunologic Implications

Endotoxins, products of gram-negative bacteria, are macromolecules
composed of polysaccharide, lipid, and protein or polypeptide. They are
integral parts of the outer triple-layered envelope, which, in turn, is a portion
of the cell wall of gram-negative bacteria (BLADEN et al., 1967; MERGENHAGEN
et al., 1966). When isolated from smooth strains, they characterize the O
antigenic specificity of species, sero-groups, or serotypes of these microorgan-
isms, and it is the polysaccharide moiety that carries the antigenic deter-
minants. Significant progress has been made during the past few years in the
identification of the various haptenic determinants, largely due to the in-
vestigations of WESTPHAL, LUDERITZ, STAUB, and KAUFFMANN (cf. LUDE-
RITZ et al., 1966; LUDERITZ et al., 1968; and @RsSKoV et al., 1967). Endotoxins
are produced also by rough strains, and again it is the polysaccharide that is
responsible for the serologic R specificity.

In susceptible animals, these macromolecules produce an extraordinary

array of physiologic and pathologic effects. Equally remarkable is the host
range, from invertebrates (LEVIN, 1967) to primates (GILBERT, 1962), and

* The author’s research was supported by Grant AI00658, National Institute
of Allergy and Infectious Diseases, U.S.P.H.S.
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including man as well. In human subjects the hemorrhagic lesions of the
Waterhouse-Friderichsen syndrome as well as shock associated with systemic
infection due to endotoxin-producing bacteria closely resemble similar pheno-
mena seen in experimental animals. It must be emphasized, however, that
marked differences exist between various animal species with regard to their
susceptibility to endotoxin and to the lesions it engenders. In one such study
by BEeRrczr et al. (1966) a lethal dose of E. coli endotoxin (mg/kg) was 0.025
for calf, 3 for rabbit, and > 50 for chicken. In another study (K and Watson,
1966), the LD;, of intravenously injected endotoxin was approximately
500 ug/kg for the rabbit, 100 ug/kg for the newborn piglet, and 10,000 pg/kg
for adult Balb/Sy mice 10 weeks old. The complexity of the problem is well
illustrated by the observations of PIERONI and LEVINE (1968) who showed
that the CFI mouse strain, which is at least as susceptible as the CFW strain
to the lethal effect of typhoid endotoxin, is nevertheless refractory to its
histamine sensitizing effect. It is of interest to point out, too, that the route of
administration is significant, the intravenous route being more effective than
the intraperitoneal route in the rabbit but not in the mouse. Of equal interest
is the observation that raising the environmental temperature of experimental
animals from 22—23°C to 37°C results in a striking decrease in the LDy, dose:
in the mouse from 240 ug to 4 (Kass et al., 1964). As will be discussed below,
certain of the toxic effects of endotoxins have immunologic features, involving
antibodies and/or complement, and so does tolerance induced by repeated
administration of these macromolecules.

The physiologic and pathologic effects produced by endotoxins include
the following, often inter-related, reactions, summarized here, for the sake
of convenience, into ten major groups:

(1) Fever; endotoxins are highly effective pyrogens. The minimal effective
dose depends upon the particular endotoxin and the criteria used for docu-
mentation of the febrile response. HASKINS et al. (1961) produced fever in
the rabbit with as little as 0.00015 pg/kg. Human subjects, too, are susceptible,
a total dose of 0.05 to 0.1 ug producing a temperature elevation in man
(WEsTPHAL, 1957). In the pathogenesis of fever, the release of endogenous
pyrogen plays a significant role (cf. CoLLiNs and Woobp, 1959; ATKINS and
SNELL, 1965). That endogenous pyrogen is not the sole mediator of fever is
evident from the facts that cerebral injection of endotoxin is more effective
than intravenous administration and that this febrile response does not
depend upon the presence of circulating granulocytes (Du Buy, 1966).

(2) The localized and gencralized Shwartzman and Sanarelli reactions
(DAcHy, 1967), increased reactivity to epinephrine resulting in hemorrhagic
lesions (NETER et al., 1960), and to serotonin (WEINER and ZWEIFACH, 1966),
hemorrhagic tumor necrosis (MiHICH et al., 1961), and placental injury with
fetal wastage or pre-mature delivery (McKay and WoNG, 1963), all are prod-
uced by endotoxin,

(3) Alterations of the hematopoietic system, such as leucopenia and leuco-
cytosis, and changes in the coagulation and fibrinolytic mechanisms (GANs

6*
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and Krivit, 1961; TRENTIN, 1967) are effected by these macromolecules. The
decrease in the number of circulating lymphocytes and granulocytes is followed
by leucocytosis, almost exclusively due to an increase in granulocytes. This
secondary granulocytosis depends upon the availability of cells from the bone
marrow pool. It is for this reason that endotoxin has been used clinically to
gauge marrow granulocyte reserves (HERION et al., 1965). Recent studies by
CHERVENICK et al., (1967) indicate that endotoxin in mice causes release of
neutrophils from the bone marrow, and the investigations by BoGas et al. (1968)
suggest that in human subjects endotoxin causes the release of a factor in
plasma capable of inducing significant neutrophilia. Thrombocytopenia may
follow intravenous injection of endotoxin and is not rarely encountered in
patients with infection due to endotoxin-producing microorganisms (SPIEL-
VOGEL, 1967). Endotoxin also alters erythropoiesis (FRUHMAN, 1966). Of
particular importance are the results of recent investigations on the effects of
endotoxin on complement, and the implications of these findings regarding
the mode of action of endotoxins are discussed below, It is noteworthy, also,
that in susceptible hosts endotoxin may lead to the generation or increased
production of C-reactive protein (PATTERSON et al., 1968; PATTERSON and
HiGGINBOTHAM, 1965) and of interferon or interferon-like viral inhibitors
(OH, 1966).

(4) Changes in metabolism and biochemical homeostasis, such as hypo-
glycemia, represent yet another group of host reactions. During the past
decade BERRY and his associates (BERRY et al., 1959 ; BERRY et al., 1967) have
undertaken a systematic study of metabolic changes engendered by endo-
toxin, and they have documented that endotoxin in the mouse causes a lower-
ing of the activity of the hormonally inducible liver enzyme tryptophan
pyrrolase and, contrariwise, an increase in the activity of a similarly inducible
liver enzyme, tyrosine-alpha-ketoglutarate transaminase. These effects must
be mediated indirectly, for endotoxin added in vitro to liver cells fails to cause
a parallel alteration of enzyme activity. Of particular importance, too, is the
labilizing effect of endotoxin on lysosomes with attendant alteration of intra-
cellular enzyme levels (WEISSMANN, 1964).

(5) Decrease and/or increase in activity of the RES are among the char-
acteristic endotoxin effects (BENACERRAF and SEBESTYEN, 1957; ARRE-
DONDO and KAMPSCHMIDT, 1963 ; MILER, 1963 ; FORBES, 1965).

(6) Changes in nonspecific resistance to various pathogens can be induced
by these microbial products. Increased resistance pertains to a variety of
infections, including those caused by bacteria (RowLEY, 1956; DuBos and
SCHAEDLER, 1956; LANDY, 1956), viruses (WAGNER et al., 1959), fungi (Kim-
BALL et al., 1968), and protozoa (SINGER et al., 1964). It is of interest to note
that increased resistance can be produced during the early period of onto-
genesis (PETERSON and PAVEL, 1967). Possible mechanisms have been reviewed
by WHITBY et al. (1961). Stimulation of resistance has been documented also
by lipid derived from endotoxin (MERGENHAGEN et al., 1963). The stimulation
of interferon production by endotoxin has been explored as one mechanism



Endotoxins and the Immune Response 85

of increased resistance by, among others, YOUNGNER and STINEBRING (1960)
and STINEBRING and YOUNGNER (1964).

(7) Endotoxin is an immunogen in suitable animals.

(8) Increase or decrease in the immune response to certain non-self antigens,
and alteration of hypersensitivity reactions, are effected by endotoxin.

(9) Circulatory changes, including shock, and finally,

(10) Death may result from endotoxin administration.

In view of the fact that microorganisms producing endotoxin are wide-
spread in nature and that the endotoxin is heat-stable, the possibility of
accidental and unintentional contamination of a variety of materials has to be
given careful consideration, to avoid erroneous conclusions in experimental
studies. As early as 1923, Florence SEIBERT (1923) and SEIBERT and MENDEL
(1923) provided strongly suggestive evidence of such contamination of various
proteins and even of distilled water. More recently, KEsSSEL et al. (1966c)
detected such contamination in a coliphage preparation and suggest that even
some of the commercially available gamma globulin preparations may contain
endotoxin.

Many of the phenomena of endotoxicity have indirect mechanisms. It is
for this reason that changes observed in the intact animal cannot always be
reproduced by exposure of isolated organs or cell populations to endotoxin.
Among the organs and tissues studied are cardiopulmonary preparations,
isolated intestine, and lungs of guinea pigs (GARTNER et al., 1964), isolated
liver of the rat (NoLAN and O’CoNNELL, 1965), and aortic strip of the rabbit
(WEINER and ZWEIFACH, 1966). Reference has been made above to the
observation that the liver enzyme changes, studied by BERRY et al. (1959,
1967) are not observed upon addition of endotoxin to liver cells; nor is lysosome
labilization effected by ¢n wvitro addition of endotoxin to isolated lysosomes
(WEISSMANN, 1964). Endotoxin administered to mice augments, after initial
depression, the phagocytic and bactericidal activity of peritoneal leucocytes
to a significantly greater extent than does lipopolysaccharide treatment iz
vitro (WIENER et al., 1965). Certain other alterations, however, are observed
in vitro upon exposure of cell populations to endotoxin; for example, endotoxin,
even at low concentrations (0.005 to 0.05 ug/ml), inhibits the migration of
splenic macrophages of guinea pig, rabbit, and man and causes severe damage to
large wandering cells (HEILMAN and BAsT, 1964, 1967; HEILMAN, 1964, 1968).
Mention should be made also of the fact that the lipopolysaccharides readily
become attached to erythrocytes and to other cells as well, thus endowing
these cells with a newly acquired serologic specificity (SPRINGER and HorToN,
1964 ; NETER et al., 1956; NETER, 1956, 1965). As a result, antibodies directed
against the polysaccharide component of the lipopolysaccharides produce
hemolysis #n vitro and in vivo and, conceivably, other types of cell injury as
well (SHUMWAY et al., 1963). Thus, indirect immunologic injury can be me-
diated by these lipopolysaccharide antigens.

It has been clearly established that the protein or polypeptide of the
macromolecule is not required for endotoxicity, for lipopolysaccharide also
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produces the alterations. It appears likely that the lipid A component?!, as
originally postulated by WESTPHAL and his associates (1958), plays a role in
endotoxicity (e.g. NETER et al., 1960; MIHICH et al., 1961; ARGENTON et al.,
1961). Major progress has been made in our understanding of the critically
important components of the endotoxin molecule by the study of mutants.
Kt and WATsoN (1967), utilizing mutants from Salmonella, observed that
endotoxin, containing mostly lipid A and ketodeoxyoctonate (KDO) and
prepared from a mutant deficient in both O- and R-antigens and the back-
bone sugar, heptose, is biologically active, and they concluded that it is the
lipid portion of the molecule, which includes also KDO, that is responsible
for endotoxicity. Similarly, the O-polysaccharide is not responsible for comple-
ment fixation in guinea pig serum by LPS which leads to the morphological
defect or “lesion”’ on thelipopolysaccharide particle (MERGENHAGEN etal., 1968).
Similar conclusions were reached by Kasar and NoworNy (1967), who studied
the biologic activities of a glycolipid from a heptoseless mutant of Salmonella
minnesota. The authors point out that this product is as active as the lipopoly-
saccharide regarding pyrogenicity, Shwartzman reaction, and lethality in chick
embryos, but, it is less effective when measured by lethality tests in mice.
Further studies, however, will be needed, for KESSEL et al. (1966) observed that
endotoxin isolated from a mutant possessing only the backbone was less toxic
than endotoxin from smooth and rough strains. Whether it is the isolation
procedure, the particular strain, or other conditions that are the basis for
these divergent results remains to be determined in the future.

Endotoxin was visualized as a membranous structure by electron micro-
scopy (BLADEN etal.,, 1967; and SuaNDsetal., 1967). ROTHFIELD et al.
(1966) suggested a ““leaflet structure” for lipopolysaccharide. Electron micro-
scopic studies by SHANDS et al. (1967) suggest that the major morphological
determinant of the lipopolysaccharide is the lipid moiety and that the ““core”
polysaccharide contributes to the trilaminar structure, in contrast to the
O-polysaccharide side-chains. RupBacH, MILNER, and RiB1 (1967) have
postulated that a minimal molecular size and a critical tertiary or quaternary
structury are necessary for endotoxins to elicit the characteristic host reactions;
the endotoxin is visualized as a micellar bundle of subunit chains held together
by secondary or tertiary forces. It will be of considerable interest to elucidate,
by means of electronmicroscopy, the structure of endotoxoids, to be discussed
below. It remains for future investigations, also, to identify the components
of lipid A that may account for biologic effects of lipopolysaccharide and to
learn whether the two concepts, one, assuming a toxic part of the molecule,
and the other, emphasizing the critical role of the configuration of the whole
macromolecule, rather than being mutually exclusive, may, in fact, supple-
ment each other. It is conceivable that a portion of the endotoxin molecule,
perhaps lipid A, is responsible for certain toxic effects, but that the macro-

! The term “lipid A” is used in this communication without inferring that it
represents a well defined entity. Rather, the term refers to the firmly bound lipids
of the endotoxin molecule.
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molecule containing this toxic component is required for complete manifesta-
tions of biologic activity. This concept would be analagous to that of antibodies,
a portion of the immunoglobulin being responsible for combination with
antigenic determinants and the remainder for certain related biologic activities,
such as complement fixation.

If there is a primary event, on a molecular basis, common to many, if
not all, of these physiologic and pathologic changes engendered by endotoxins,
such a mechanism has not yet been identified. In view of the multiplicity of
host reactions and the differences in susceptibility of various animal species,
such an analysis presents obvious difficulties. Based on presently available
information, endotoxicity apparently has at least two significant components:
(1) certain primary toxic reactions, being probably associated with the see-
mingly nonantigenic lipid A and (2) reactions of an immunologic type, in the
broadest sense of the term, between the antigenic polysaccharide-lipid-protein
(or polypeptide) molecule and the host. Support for the concept of a direct
pharmacologic effect of endotoxin in susceptible animals, independent of the
presence of natural antibodies, has been provided by the elegant studies of
Kim and WATSON (1966). These investigators found that germ-free, neonatal,
and colostrum-deprived piglets do not possess natural antibodies, detectable
by modern and sensitive techniques, and yet these animals are susceptible to
endotoxin. In this connection it is of interest to mention that endotoxin in
pig serum fixes the same relative percentage of C’ as it does in adult guinea
pig serum (SNYDERMAN et al., 1968b). It should be mentioned, however,
that WEBB and MUSCHEL (1968) recently described the presence of bactericidal
antibodies in the serum of newborn piglets before ingestion of colostrum, al-
though the titers were very low. Sow colostrum was shown to protect these
piglets against the lethal effects of endotoxin. Although Kim and WATson
(1966) have observed that the protective antibody resides in the 19 S fraction,
it is not the O antibody that is effective in passive protection. The specificity
of the antibody has not yet been identified, i.e., the antigenic determinant of
endotoxin molecules remains to be determined. It would be of interest, also,
to learn whether colostrum protects against lipid A, provided this material
is lethal to these piglets. Thus, it appears that certain toxic effects produced
by endotoxins are not dependent upon the presence of circulating antibodies
and, in fact, can be prevented by a yet unidentified antibody. The second
mechanism of endotoxicity may be related to the immunologic reactivity of
the host. For example, MERGENHAGEN and JENSEN (1962) showed that mice,
harboring few, if any, veillonellae, are made resistant to the lethal effects of
endotoxin derived from these microorganisms by prior immunization. Several
students of endotoxins have long invoked an immunologic basis for many,
if not all, manifestations of endotoxicity. STETSON (1964), for the past 15 years,
has suggested that hypersentitivity plays a role in endotoxicity, by pointing
out that the major effects produced by endotoxin, namely, fever, shock,
death, as well as the local and generalized Shwartzman reactions, can all be
produced by antigen-antibody interactions in defined systems, and he postu-
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lates that ““antibodies to endotoxin” play a significant role in these phenomena.
Since endotoxin fixes complement components, including components 5 through
9 (ADKINSON et al., 1968; GEWURz, SHIN, and MERGENHAGEN, 1968), certain
host reactions may have a mechanism similar to that of the Arthus reaction.
It would be a singularly important advance to have available the identification
of the responsible antigenic determinant in order to study decisively the role of
these antibodies. Kim and WATSoN (1964) reported that papain inactivates the
pyrogenic and lethal activities of endotoxin, and they suggest that, if a part of
endotoxicity is related to hypersentitivity of the host, a peptide portion of the
macromolecule would be the most likely determinant. Additional studies clearly
are needed. Such an immunologic pathogenesis may even apply to toxic effects
demonstrated with certain cell populations /% vitro. KESSEL and BRAUN detected
cytotoxicity of lipopolysaccharide on guinea pig macrophages that may be
mediated by cytophilic antibodies (KESSEL and BRAUN, 1965; KESSEL et al.,
19664a). Studies by FREEDMAN et al. (1967b) suggest the participation of the
protein part of the whole endotoxin molecule in certain host reactions, the
immunologic basis possibly being akin to delayed hypersensitivity. Among
the endotoxin manifestations that may have an immunologic basis is thrombo-
cytopenia, possibly related to immune adherence (SPIELVOGEL, 1967). It is
noteworthy to mention the recent studies of PAvLovSKis and SPRINGER (1967),
who have identified an endotoxin-receptor on the membrane of erythrocytes,
with which these macromolecules interact. In unpublished experiments carried
out in the laboratories of SPRINGER and NETER, it was observed that this
lipopolysaccharide-receptor has features of specificity, in as much as it reacts
with polysaccharide and another antigen of gram-negative bacteria (common
antigen) but not, even in considerably larger amounts, with a common antigen
of gram-positive bacteria. Asyet, it is not known whether similar receptors are
present in other endotoxin-susceptible cells, and what role, if any, these
receptor molecules play in the initial stages of endotoxin injury. If, indeed,
part of endotoxicity is related to immune mechanisms, secondary effects may
be due to the release, following cell injury, of cellular materials, such as
oligodeoxyribonucleotides, which, in turn, may profoundly affect host reac-
tions (KESSEL et al., 1966a). The subject of the biodynamic effects of oligo-
nucleotides was admirably discussed by BRAUN and FIRSHEIN (1967). If these
considerations of a dual pathogenesis of endotoxicity are valid, then, all
studies designed to discern and differentiate these two basic mechanisms
should be carried out in parallel with lipid A, endotoxoid, and the total endo-
toxin complex, clearly a formidable, albeit necessary, undertaking.

Based on the results of studies on the interaction of endotoxin and the
complement system, MERGENHAGEN and his co-workers suggest that at least
one major effect of endotoxin in producing biologic reactions in susceptible
hosts is related to the activation of the complement system without obvious
participation of antibodies. As early as 1961, SPINK and Vick (1961) suggested
that complement may play a role in endotoxic shock. GILBERT and BRAUDE
(1962) observed that lethal doses of endotoxin causes a fall in complement
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titers in rabbits, in addition to lowering of antibody titers. In a detailed study
BLADEN et al. (1967) made the important observation that lesions, similar
to these seen on erythrocytes during immune hemolysis, develop both on the
surface of Veillonella alcalescens as well as on the isolated lipopolysaccharide.
These lesions are due to activation of the complement system. The authors
suggest that lipopolysaccharide is a substrate for the complement enzymes and
that the latter may account for certain biologic effects of endotoxins. GE-
WURZ et al. (1968), then, documented the fact that lipopolysaccharides isolated
from other microorganisms as well fix complement present in normal guinea
pig, rabbit, mouse, and human serum. Detoxified endotoxin (endotoxoid) was
markedly less active. It is primarily C’'3t that is fixed under these conditions.
MERGENHAGEN et al. (1968) also observed that the endotoxin isolated from
S.minnesota mutant, deficient in heptose and O-polysaccharide, was as
active as that of the wild-type strain. As expected, electron microscopic
examination of both endotoxins, after treatment with fresh guinea pig serum,
revealed numerous characteristic lesions, approximately 90A in diameter.
As reported in the spring of 1968, ADKINSON et al. (1968) made the additional
observation that endotoxin, during or after consumption of C’3 and later
acting complement components, results in the generation of anaphylatoxin.
It remains to be seen whether or not antibody is involved in this phenomenon.
In addition to the anaphylatoxin, a chemotactic substance for polymorpho-
nuclear leucocytes is generated (SNYDERMAN et al.,, 1968a, b). These results
from MERGENHAGEN'’S laboratory may lead to a more definitive understanding
of certain biologic activities of endotoxin.

Attention may be called to the fact that, although an enormous amount of
effort has been directed toward the elucidation of endotoxicity, surprisingly
limited information is available with regard to the role of endotoxin in infec-
tions caused by gram-negative microorganisms. Among these inadequately
explored areas are (1) endotoxic activity of intact bacteria in blood and tissues,
(2) the release of endotoxin from microbial cells under ## vivo conditions, and
(3) the fate of biologically active material in a variety of infections due to
endotoxin-producing pathogens of both animals and man.

The nature of the refractoriness of animals to endotoxin after repeated
injections of this material has not been unequivocally identified. It has been
known for many years that repeated injections of one endotoxin renders the
animal less susceptible to certain toxic effects of the identical (e.g., from
Neisseria) or seemingly unrelated endotoxin (e.g., from Salmonella). BERGER
and Fuxkur (1963) reported that repeated injections of endotoxin, which
result in tolerance, do not preclude the development of increased resistance to
experimental infection in mice, assuming that two moieties exist in endo-
toxin or that two modes of action are involved. Some students of endotoxicity
relate this “tolerance” to nonspecific mechanisms, notably altered RES
function, but others have provided suggestive evidence of an immune mecha-
nism. GREISMAN et al., (1964) have shown that tolerance of healthy volunteers
following daily intravenous injections of bacterial endotoxin was not associated
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with increased nonspecific activity of RES, in removing labeled aggregated
human serum albumin, and they conclude that tolerance in man involves the
participation of antibodies resulting in more effective clearance by the RES
and/or inactivation of the endotoxin molecule. More recent investigations have
revealed that the induction of tolerance by one endotoxin against that from
a seemingly unrelated microorganism may yet be based on the presence of
antibodies against shared antigenic components. A common antigen between
S.typhosa and Pseudomonas has been postulated to explain cross-tolerance
(GREISMAN et al., 1964). KiMm and WaTsoN (1966) and WarsoN and Kim
(1963) have shown that endotoxin from Chromobacterium violaceum induces
refractoriness against that of E.colz O8 but not in the reversed order. It is
not the O antibodies, however, that induce tolerance (KiM and WATSoN, 1965).
It should be kept in mind that microorganisms share antigenic determinants
not only among themselves, an area that has not received adequate and
systematic investigation, but bacteria also have antigens in common with
higher animals, for example, blood group specificity, studied in great detail
by SPRINGER and associates (1966). That endotoxins from S.¢yphosa and
E.coli 0127 differ when one is used for induction of tolerance and the other
for challenge was demonstrated by FREEDMAN and SULTZER (1964), and these
authors also suggest that antibodies play a role in the development of tolerance,
contributing to the removal and/or degradation of the endotoxin. The complex-
ity of the problem is well illustrated by the results of recent studies indicating
that there exist at least two distinct mechanisms leading to tolerance: Rabbits
treated with endotoxin from three different microorganisms were equally
tolerant 24 hours later to one of them; in contrast, after 7 days the rabbits
were tolerant only to the endotoxin used for the induction of tolerance. Sera
from animals injected 7 days previously transferred tolerance passively, and
this was ascribed to the presence of specific antibodies (MILNER and RUDBACH,
1968). On the basis of their observations, WaTsoN and KM (1964) and Kim
and WATSON (1966) postulate that tolerance is, in fact, the result of immunity
to endotoxin. At the present time, however, information is lacking as to the
antigenic determinant(s) common to several endotoxins and the particular
antibodies, humoral or cell-attached, that are effecting immunity (tolerance).
Investigation of the nature or tolerance in various animal species is made even
more complex by the fact that significantly different amounts of endotoxin
produce similar host manifestations. For example, as mentioned by GRE1s-
MAN et al. (1964), the respective doses of a single endotoxin for man and
rabbits are 0.007 ug/kg for the former and 0.7 pg/kg for the latter. Attempts
to study the role of antibodies in endotoxin tolerance by WOLFF et al. (1965)
have revealed that 6-mercaptopurine treatment of rabbits does not interfere
with the induction of tolerance and that plasma from these treated animals,
presumably poor in antibody content, was as effective in passively transferring
tolerance as that from presumably antibody-rich control animals.

The role of the immune status of the host in influencing susceptibility to
endotoxin has presented difficulties in evaluation. It is not questioned that
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antibody directed against some antigenic determinant of the endotoxin
molecule can alter ¢ vivo responses. Indeed, careful studies by Noworny et al.
(1965) as well as RADvANY, NEALE, and NowoTNY (1966) have clearly shown
that mixing of endotoxin and O antibodies prior to injection alters some
of the biologic reactions of the host. Rather, it is the documentation that
these antibodies are a conditio sine qua mon for susceptibility to, or
resistance against, endotoxicity in various animal species, the identity
of the antigen-antibody systems, and the analysis of all pertinent host
reactions affected by these antibodies, that are needed for a definitive assess-
ment of the role in endotoxicity of various immunologic events. The difficulties
are compounded by the possibility that delayed type hypersensitivity with
attendant antibody function of cells may play a role in host susceptibility to
endotoxin; it is conceivable, too, that after injection of endotoxin hitherto
non-operative antigenic determinants may emerge by #» vivo alteration of the
macromolecule; and, finally, methodology becomes important, for it is clear
that all antigen-antibody reactions cannot be documented by most serologic
procedures, for example, the common antigen of enteric bacteria (see below)
is not precipitated by the corresponding antibody, nor does the latter cause
agglutination of bacterial cells that have the antigen on the surface.

At this point, it may be opportune to summarize briefly the concept,
advanced by WaTson and KM (1963, 1964), on the immunologic aspects of
endotoxicity and tolerance. Toxicity has two components, primary toxicity
(part of the fever response, lethality, and tissue damage) is non-immunogenic
in nature and secondary toxicity (skin hyperreactivity, Shwartzman reaction,
and part of the fever response) is due to hypersensitivity of the host.
Tolerance is a form of immunity, based on action of antibody in conjunction
with RES,

The term ““endotoxin’’ is a misnomer for two reasons, firstly, because these
macromolecules are part of the cell wall rather than of the cytoplasm and,
secondly, because they produce, among other reactions, increased resistance
to infection that hardly can be termed toxic. Obviously, too, they differ from
the classic bacterial toxins, such as diphtheria, tetanus, and botulism toxins,
in several aspects. The classic toxins are proteins and the corresponding anti-
bodies abolish toxicity (active and passive immunity). The endotoxins, on the
other hand, are lipopolysaccharide in nature, the lipid moiety by itself appar-
ently not being immunogenic and antibodies with O specificity against the
polysaccharide part not abolishing toxicity. The term ‘toxoid” as applied
to the derivatives of classic toxins and of endotoxins also has different conno-
tations. With regard to the former, toxoids are nontoxic immunogens. So far
as endotoxoids are concerned, at least on an operational basis, the term applies
to those endotoxin derivatives which produce diminished toxic ‘‘side-effects”’
but retain their ability to stimulate the desirable nonspecific resistance to
infection, enhancement of the immune response of the host, and/or immuno-
genicity. Such endotoxoids may be prepared by a variety of chemical proce-
dures (JoHNsON and NowoTNY, 1964; FREEDMAN and SULTZER, 1962;
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NowoTNY, 1963 ; MARTIN and MARcUS, 19662, b; NowoTNY, 1964), by ionizing
radiation (PREVITE et al., 1967), or by combining endotoxin with the corre-
sponding O antibodies (NowoTNY et al., 1965). NowOoTNY (1968) reported that
endotoxoid remains immunogenic in rabbits. It is evident from the foregoing,
then, that, although much has been learned of endotoxicity in the last few
years, the immunologic aspects of both toxic manifestations and tolerance
require further investigations.

Endotoxins as Adjuvants

Extensive studies during the past decade have unequivocally documented
the adjuvant effect of endotoxins, and substantial progress has been made in
the analysis of its mode of action. In retrospect it appears likely that this
phenomenon was encountered decades ago, although for obvious reasons puri-
fied lipopolysaccharides could not be used at that time. Of course, it is im-
portant to keep in mind that lipopolysaccharides are not the only adjuvants.
Most widely used in experimental animals is FREUND’s adjuvant; a monograph
on this adjuvant was published by FINGER (1964), and the topic of adjuvants
was presented at a recent symposium of the International Association of
Microbiological Societies (REGAMEY et al., eds., 1967). It must be kept in
mind that many substances possess the capacity to enhance the immune re-
sponse, reference being made only to the adjuvancy of lipids and surface-
active substances, without attempting a review of the large literature (cf.
BARRIE and COOPER, 1964; DRESSER, 1961; FINNEGAN and DIENNA, 1953).

Half a century ago, BIELING (1919) showed that pre-treatment of rabbits
with dysentery bacilli enhanced the production of agglutinins against the
typhoid bacillus. This enhanced response was interpreted as due to non-
specific anamnestic recovery. In passing, it may be mentioned that the author
considered his findings to be contrary to EHRLICH’S side-chain theory. More
than four decades ago, LEwis and Loomrs (1926) documented the adjuvancy
of Brucella infection on the immune response to an unrelated antigenic stimu-
lus. These authors coined the term of ““allergic irritability”’. Enhancement of
the immune response was described in 1924 by KHANOLKAR (1924) under the
heading of ‘‘non-specific training of antibody production”. The author
showed that gram-negative bacilli, including E. coli and Pseudomonas aeru-
ginosa, in contrast to staphylococcus and yeast, enhance antibody production
to a Salmonella strain. Adjuvancy presumably due to endotoxin was studied
as long as 30 years ago also by RaMoN and ZOELLER (1926). Detailed studies
on the adjuvancy effects of pertussis vaccine on the immunogenicity of
diphtheria and tetanus toxoid were reported as early as 20 years ago (GREEN-
BERG and FLEMING, 1947, 1948; FLEMING et al., 1948; BARR, 1956; FARAGO
and Puszral, 1949). MACLEAN et al. (1940) clearly showed that the amount
of tetanus antitoxin produced by immunized human subjects was more than
5 times greater when tetanus antigen was given together with typhoid-para-
typhoid A and B vaccine than when the former was administered alone. The
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modern era commenced with the report by CoNDIE et al. (1955a) on the
adjuvant effect of meningococcal endotoxin in rabbits immunized with bovine
serum albumin, and the authors stated in the abstract that preliminary data
suggest that very large amounts of endotoxin may suppress the immune
response.

During the past 12 years the adjuvant effect of endotoxins has been well
documented. The pertinent data are summarized in Table 1. Perusal of the
table clearly shows that endotoxins exert adjuvant effects in varied animal
species, including mouse, rat, rabbit, guinea pig, and chicken. It is clear, too,
that the immune response is enhanced to both soluble and cellular antigens.
Among the former are bovine gamma globulin, bovine serum albumin, human
serum albumin, and diphtheria toxoid, and among the latter sheep erythro-
cytes and Rauscher virus. Worthy of mention is the fact that in one study
enhancement of the immune response to a hapten has been observed (TARMINA
et al., 1968). Adjuvancy has been documented by increase of titers of circulat-
ing antibodies, increase in the number of antibody-producing cells, accelerated
antigen elimination, shortening lag period of the immune response, and/or
longer persistence of circulating antibodies.

Jounson et al. (1956) showed that endotoxins do not enhance the immune
response to polysaccharides, namely, Pneumococcus type 111, Pasteurella
(Francisella) tularensis, and Vi antigens. So far as this reviewer is aware, the
possible adjuvant effects of endotoxin on the immune response to various
polysaccharide antigens have not been pursued further, unless enhanced anti-
body formation to sheep erythrocytes is due to polysaccharide antibodies.
Such studies appear to be particularly needed, in as much as it has been
shown that endotoxins are capable of breaking immunologic tolerance to
polysaccharides, as discussed below. It will be of interest, too, to ascertain
whether endotoxins enhance the antibody response to nucleic acids, for anti-
bodies against these antigens have now been unequivocally identified (PLESCIA
and BRrAUN, 1967).

Use has been made of the adjuvancy of lipopolysaccharides in the produc-
tion of high titered antisera, for example, antiserum against Gc antigen of
human serum (TurowskA and Turowskl, 1965) and antiserum against
Rauscher virus (SiBAL et al., 1968). Of considerable interest, too, are the
observations on adjuvancy of endotoxin during immunization with tissue
antigen (DAVIES et al., 1963).

Information on the amounts of lipopolysaccharides or endotoxins used for
the demonstration of enhanced antibody production is summarized in Table 2.
It is evident that, on a weight basis, striking differences exist with regard to
effective amounts in various animal species, the rabbit and the chicken being
far more susceptible than the mouse and the guinea pig. Dose response curves,
however, so far as this reviewer is aware, have not been established in compara-
tive studies with several antigens used in varied animal species, and informa-
tion on minimally effective doses of endotoxin is, therefore, not available for
definitive assessment.
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Table 2. Amounts of endotoxins effective as adjuvants in various animal species

Animal species Effective Ineffective Authors

amounts of amounts of

endotoxins endotoxins

(v8/ke) (n8/kg)
Mouse 2,500 FARTHING et al. (1967)
Mouse 500—5,000 50 Jounson et al. (1956)
Mouse 1,200 SiBAL et al. (1968)
Rat 400 P1ERCE (196743, b, )
Rat 100 DaVIES et al. (1963)
Rabbit 0.1to5 JoHNSON et al. (1956)
Rabbit 3 TARMINA (1968)
Guinea pig 1,000 KIERSZENBAUM et al. (1967)
Chicken 4 SIBAL (1961)

Table 3. Adjuvancy of endotoxin and time relationship to antigen administration

Animal Antigens? Adjuvancy of endotoxin® Authors
species observed not observed
Mouse SRC —24 hr +10to12ds FREEDMAN et al.
(19674a)
Mouse BGG up to —7 ds, MERRITT and JOHNSON
(Balb) up to+6ds (1963)
Rabbit HSA 0, up to —6to24hr KiIND and JOHNSON
+48 hr (1959)
Guinea pig Diphtheria 0, +24 hr —24 hr, FARTHING and HoLT
toxoid +>24hr (1962)
Chicken BSA 0, +24 hr —24 hr LuEeckE and S1BAL (1962)
Rat Heart 0 +8, —8 Davies et al. (1963)
tissue

# Abbreviations: SRC = sheep erythrocytes; BSA = bovine serum albumin; HSA
=human serum albumin; BGG =bovine gamma globulin.

b | =time after antigen injection; — time prior to antigen injection; 0 = simul-
taneous injection with antigen; hr =hours; ds = days.

Of particular interest are the observations regarding the time relationships
between injection of antigen and of endotoxic adjuvant. Pertinent information
is summarized in Table 3. There is no question that, for endotoxin to enhance
the immune response, it has to be injected either together with the antigen or
within critical periods of time before or after antigen. It is noteworthy that
marked differences exist between animal species: in the guinea pig injection
of endotoxin either 24 hours before or more than 24 hours after antigen
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injection is ineffective; in contrast, in Balb mice enhancement was documented
when endotoxin was injected as long as 7 days before or 6 days after admini-
stration of antigen. Clearly, additional studies utilizing various antigens and
animal species are needed, and the reasons for the observed differences remain
to be elucidated.

Endotoxin exerts yet another type of adjuvant effect that is of particular
significance, namely, it is capable of breaking the state of immunologic tol-
erance (unresponsiveness). BROOKE (1965) demonstrated that Salmonella
typhosa endotoxin terminates unresponsiveness in 10 week-old CAF; mice
injected with specific soluble substance of type III pneumococcus, this effect
being documented both by demonstration of circulating antibodies and by
resistance to challenge with viable pneumococci. Endotoxin in amounts of
400 pg was injected intraperitoneally, and the polysaccharide was administered
in amounts of 25 to 200 ug. Of 64 mice which had received endotoxin at
various times after pneumococcal antigen, 62 survived the challenge. In con-
trast, of the control mice, which had received endotoxin alone or pneumococcal
polysaccharide alone, all died. Likewise, 59 out 64 mice that had been injected
with endotoxin and antigen formed demonstrable circulating antibodies. This
effect of endotoxin is observed only if it is injected after, but not prior to,
the pneumococcal polysaccharide. As yet unexplained is the observation that
the effect of endotoxin is less marked in C3H/He ] male mice, 9 weeks of age.
MARGHERITA and FRIEDMAN (1965) reported that Serratia marcescens endo-
toxin increased resistance to challenge with viable pneumococci in animals that
had been immunologically paralyzed with high doses of the corresponding
polysaccharide. Although the authors considered the possibility that endotoxin
may have terminated the state of paralysis, they suggested that a specific
humoral factor was not involved in the production of nonspecific resistance.
In a later study, MARGHERITA and PATNODE (1968) showed that endotoxin
(50 ug) terminates immunologic unresponsiveness produced by 500 pug of
type VIII pneumococcal polysaccharide when the animals were challenged
20 hours after endotoxin administration with antigen in amounts of 0.5 pg.
In this connection it is important to call attention to the observations of
NEEPER and SEASTONE (1963) who showed that immunologic unresponsiveness
can be reversed by nonspecific mechanisms; water-in-oil emulsion abolishes
unresponsiveness in mice induced by pneumococcal polysaccharide. CLAMAN
(1963) made the interesting observation that immunologic tolerance, which is
induced in adult mice by a single injection of supernate from ultracentrifuged
bovine gamma globulin, does not develop when endotoxin is given intra-
venously. Attention may be called also to the implications of the model pro-
posed by TALMAGE and PEARLMAN (1963), suggesting a dual effect of antigen,
one being specific and the other nonspecific. It is conceivable that the non-
specific effect of antigen may be replaced by unrelated substances. COHEN et al.
(1964) documented the adjuvant effect of endotoxin on the immune response
of unresponsive cells. These results suggest that termination of immunologic
paralysis can be effected by endotoxin and that seemingly nonspecific resistance

7 C.T. in Microbiology, Vol. 47
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engendered by endotoxin in unresponsive mice may have, in fact, a specific
immunologic basis. It will be of considerable interest to learn whether lipid A
and endotoxoid in suitable amounts also are capable of terminating the state
of immunologic unresponsiveness. Additional investigations may reveal also
whether the mode of action of endotoxin as an adjuvant to protein antigens
differs strikingly from that responsible for termination of immunologic un-
responsiveness to polysaccharides.

Finally, endotoxins may affect the immunologic apparatus by causing an
increase in the titers of ““normal”’ antibodies and/or in the number of immuno-
globulin-producing cells in the absence of a known antigenic stimulus. If the
term ‘“adjuvancy” connotes only enhancement of the immune response to
an antigenic stimulus, then, this effect of endotoxins on the immunologic
apparatus cannot be considered as due to adjuvancy. The pertinent data on
the effects of endotoxins on the immunologic activity in the absence of known
antigenic stimuli are summarized in Table 4. It can be seen that endotoxins
from a variety of gram-negative bacteria are effective and that this activity
has been documented in a variety of animal species, including mice, rabbits,
guinea pigs, and pigs.

A challenging thesis, relating to this ability of endotoxin to initiate non-
specific responses, has been proposed by BRAUN, YAJiMA and NAKANO (to be
published), postulating that upon antigenic stimulation, processing by macro-
phages results in the formation of a complex of non-specific activator and
antigenic determinant, which normally results in a subsequent activation of
appropriate pre-existing stem-cells of antibody-forming populations, the
activator being guided into the proper stem-cells by permeability-modifying,
membrane-associated reactions between the antigenic determinant (of the
complex) and antibody-like recognition sites on the lymphocytic stem-cells.
It is assumed that the activator can normally not enter other stem-cells
since permeability barriers prevent its entrance; the consequence is a specific
response. However, in the presence of endotoxin, or in the presence of other
known modifiers of membrane permeability, the activator can enter other
stem-cells; this ‘“misguidance” then results in the activation of ““wrong”
stem-cells, the consequence being a *“non-specific”’ response. BRAUN et al. have
furnished some experimental support for this conclusion by studying specific
and non-specific responses to an antigen such as sheep red blood cells, given
with or without endotoxin, to mice that were tolerant to the adjuvant effects
of endotoxin.

From the foregoing, then, it is clear that endotoxins may influence the
immunologic apparatus in at least three sets of circumstances. Endotoxins
may (1) enhance the immune response to certain antigenic stimuli, (2) terminate
immunologic unresponsiveness (tolerance), and (3) cause an increase in the
activity of the immune system in the absence of known antigenic stimuli.

Regarding the modes of adjuvancy of lipopolysaccharides and of the
numerous other materials that have served as enhancers of the immune
response, the following mechanisms may be considered.
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(1) Adjuvants affect the antigenic stimulus, such as slow release of antigen
from the site, protection of the antigen from possible destruction, or other
factors that relate to absorption of the antigen.

(2) Adjuvants affect antigen-processing, such as mobilization of operative
cells, facilitation of interaction of antigen with membranes, phagocytosis or
pinocytosis, or alteration of the very intracellular processing events that
operate as part of the immune response.

(3) Adjuvants affect antibody-producing cells by stimulation of prolifera-
tion, alteration of protein synthesis, etc.

(4) Adjuvants may affect cells that are not strictly part of the immunologic
apparatus, for example, causing release of DNA breakdown products, which
in turn affect the immune system.

(5) Adjuvants may affect feedback mechanisms operative in antibody
production.

Obviously, endotoxins and other adjuvants may have more than one of
the above mentioned effects.

A great deal of effort has been directed toward the elucidation of the mode
of action of endotoxins as adjuvants.

Early investigations by ConbDIE and Goop (1956) suggested that adju-
vancy is related to toxic properties of endotoxin, in as much as production of
tolerance by repeated injections of endotoxin into rabbits abolishes the
adjuvancy of this material. Similarly, FREEDMAN et al. (1966), studying the
adjuvant effect of Serratia marcescens endotoxin on the immune response,
measured by the Jerne plaque technique, to sheep erythrocytes in tolerant
and nontolerant mice, found that endotoxin in tolerant animals fails to effect
an increase in the number of hemolysin-producing cells of the spleen. When
tolerance was broken by the injection of carbon, the capacity to react to
endotoxin with an increase in the number of antibody-forming cells was
restored. However, a series of observations suggest that adjuvancy does not
depend entirely upon the toxicity of endotoxins. This is evident from the
observation of LUECKE and SiBAL (1962) who reported that, in chickens,
endotoxin in amounts as small as § or 10 pg/kg sufficed to enhance the immune
response to bovine serum albumin. These amounts are similar to those effective
in the rabbit, although the latter is substantially more susceptible to pyrogenic
and other toxic effects than the chicken. This conclusion is supported also by
the findings that it is possible to reduce the toxicity of endotoxins without
parallel reduction in adjuvancy. Raussetal. (1958), for example, showed
that treatment of endotoxin with Al(OH); diminishes toxicity and yet increases
adjuvancy approximately 10 times. Also, lipid A, which is less toxic than
the parent lipopolysaccharide was found to enhance immunogenicity, although
it was somewhat less effective than the endotoxin (FArTHING, 1961). Of
particular significance are the results with endotoxoids. Jounson and NowoTNYy
(1964) reported that endotoxoids are capable of enhancing the antibody
response of mice to serum proteins (human gamma globulin, bovine gamma
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globulin) and also noted that adjuvancy differs slightly depending upon the
method used for detoxification of endotoxin.

Much remains to be learned regarding the adjuvancy of various endotoxin
preparations. TARMINA et al. (1968) observed that Salmonella enteritidis endo-
toxin with adjuvant properties can be dissociated into molecules of lower
molecular weight by means of sodium deoxycholate. The latter molecular
species exert less adjuvancy than the former, suggesting that the colloidal
properties of endotoxin are of import in its biologic activities. FREEDMAN et al.
(19674a) studied the adjuvant effect on antibody-forming spleen cells in mice
after pretreatment with S. abortus equi endotoxin. It is significant that differ-
ences were observed between endotoxins containing protein and a protein-free
preparation and also whether or not endotoxin of the same source had been
given previously. In connection with the above observations it is of interest
to mention the findings of MILNER and FINKELSTEIN (1966) to the effect that
the state of dispersion of endotoxin does not affect lethality in mice but has a
profound influence on pyrogenicity and lethality in chick embryos. These
observations were made by comparing clean cell walls of enterobacteriaceae
with the respective endotoxins. Although it is not entirely clear why certain
antigens are immunogenic and others are not, such as bovine gamma G
protein and bovine gamma A protein, such differences must be related to
those parts of the molecule that endow the latter with adjuvanticity rather
than to the antigenic determinant. DRESSER (1968) made the interesting
observation that vitamin A may act as adjuvant, probably because of its
effects in damaging lysosomal membranes and thus stimulating cell division,
and it is conceivable that endotoxin produces adjuvancy, in part at least, by a
similar mechanism.

Particularly convincing are the studies suggesting that adjuvancy of endo-
toxins is related to the liberation of tissues breakdown products capable of
increasing the immune response (cf. book on Nuclein Acids and Immuno-
logy, PLEscia and BRAUN, 1968). BRAUN and NArANO (1965) showed that
DNA breakdown products, administered together with antigen, increase the
number of antibody-forming cells present in the spleen of mice. This adjuvant
effect is observed only when antigen is administered concurrently, unless
permeability changes are effected, for example, by chlorpromazine. It should
be noted that these oligodeoxyribonucleotides differ in their effect on the
immune apparatus from endotoxin in as much as the latter stimulates anti-
body formation in the absence of an antigenic stimulus. MERRITT and JOHNSON
(1965) as well as JAROSLOW (1960), also suggest that it is true cell injury and
the liberation of nucleic acid products that account for adjuvancy of endo-
toxin. This concept is in accord with the findings of TALIAFERRO and JAROs-
Low on the restoration of antibody formation in x-irradiated rabbits by
nucleic acid derivatives (TALIAFERRO and JAROSLOW, 1960). Release of these
nucleic acid breakdown products may be mediated by cell-associated anti-
bodies (KESSEL et al., 1964). BRAUN (1964) made the interesting observation
that degradation products of nucleic acid enhance the adjuvant effect of
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endotoxin. He found that when subeffective amounts of Serratia marcescens
endotoxin are combined with nonpyrogenic DNA degradation products, the
number of hemolysis-forming spleen cells increases to a greater extent than is
effected by either material alone. DNA breakdown products (oligodeoxyribo-
nucleotides) also are capable of stimulating antibody production in endotoxin-
tolerant animals. It is noteworthy, too, that endotoxin-tolerant animals react
in a normal fashion to the injection of antigens, indicating that tolerance does
not preclude a normal immune response (FREEDMAN et al., 1966).

Studies on the comparative efficacy in various animal species of endo-
toxins and endotoxoids regarding cell injury, release of DNA breakdown
products, and adjuvancy are indicated in order to clarify further the mode(s)
of action of these adjuvants.

FREEDMAN and BRAUN (1965) observed that oligodeoxyribonucleotides
stimulate the phagocytic activity of the reticuloendothelial system. Nucleic
acid breakdown products also may play a role in antigen-processing by
macrophages (JoHNsoN and JoHNSON, 1968). These authors showed that
macrophages exposed to BGG and poly A-U, when re-injected into mice,
enhance the antibody response when comparison is made with animals that
received antigen and poly A-U but no macrophages. In this connection,
attention may be called to the recent studies by ARGYRIS (1967), NicoL et al.
(1966), FrEl et al. (1965), F1sEMAN and ADLER (1967), UNANUE and ASKONAS
(1968), BisHoP et al. (1967), as well as GALLILY and FELDMAN (1967) dealing
with the role of macrophages in the immune response. It should be kept in
mind, however, that intracellular residence in polymorphonuclear leucocytes
and alveolar macrophages may result in destruction of immunogenicity of
E.coli in contrast to that in peritoneal macrophages (CouN, 1064). MOSIER
(1967) concludes that two cell types are required for antibody production and
that these cell types can be separated by their ability or inability to adhere
to plastic dishes. It is of further interest to note that brief exposure of the
adherent cells to antigen suffices for initiation of the ¢ vitro antibody response.
Clearly, the effects of endotoxins in these systems deserve investigation,

In view of the fundamental role of the thymus in immunologic competence
of certain animal species (Goob and GABRIELSEN, Eds., 1964 ; METCALF, 1967),
the question arises as to whether endotoxin’s adjuvancy is related to the
thymus. CAMPBELL et al. (1965, 1966) studied the effects of thymectomy in
CBA mice at either 2 or 5—7 weeks of age; bovine gamma globulin was used
as antigen and S.{yphosa lipopolysaccharide as endotoxin. The immune
response was measured by both antigen elimination and hemagglutinin titra-
tion. Endotoxin proved to be effective irrespective whether thymectomy or
sham-thymectomy had been carried out in the older mice. Reduction in anti-
body response was observed, however, in mice that had been thymectomized
at two weeks of age. It is evident, therefore, that the thymus is not required
for endotoxin to be effective as an ajduvant. The reduced immune response
in the animals thymectomized shortly after birth may reflect the absence of a
full component of immunologically potent cells. In this connection it is of
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interest to note that endotoxin causes loss of thymic lymphocytes and altera-
tion of thymic morphology in the mouse, as well as temporary stunted growth,
this temporary effect seemingly related to the development of endotoxin
tolerance (KIND et al., 1967).

RowLANDs et al. (1965) studied the effect of endotoxin on the thymus in
CBA female mice, 5 to 6 weeks old. Injection of S.¢yphi endotoxin caused a
decrease in weight of the thymus during the first 3 days; the weight returned
to normal by the 10th day. Histologically, the most striking effect of endo-
toxin was the rapid loss of thymic lymphocytes associated with an apparent
increase in cells with pyroninophilic cytoplasm and an increase in the RNA/
DNA ratio. The authors suggest that the adjuvant effect of endotoxin may be
related to its effect on the thymus.

Some of the future studies may utilize systems described during the past
few years. Although thymus cells apparently do not produce antibody, cells
from a thymus graft may proliferate in response to certain antigenic stimuli.
These cells have been referred to as reactor cells. GERSHON et al, (1968) made
the interesting observation that antigen exposure prior to transfer may inter-
fere with the activity of the reactor cells and this inactivity may contribute
to immunologic tolerance. LANDY et al. (1965) reported that S.enteritidis
O antigen injected into rabbits in amount of 5 pg resulted in an increase in the
number of O antibody-forming cells in the thymus. This reaction was associated
with loss of weight and cellularity of this organ. It is possible that differences
exist in this reactivity in different animal species. OsoBa (1968) showed that
thymectomized mice, heavily irradiated and given isogenic bone marrow,
failed to recover the capacity to produce normal numbers of antibody-forming
cells after antigenic challenge. Implantation of cell-impermeable diffusion
chambers containing thymus restored this capacity. The author suggests that
the influence of the thymus is directed at the differentiation of antigen-
insensitive precursor cells in bone marrow to antigen-sensitive cells, and
concludes that the thymic influence is mediated by a humoral factor. Recent
evidence (CLAMAN et al., 1968) indicates that thymus and bone marrow
cells together play a role in immunocompetence. It will be of interest to
determine the effects of lipopolysaccharide under these experimental con-
ditions, particularly since endotoxin affects both bone marrow and the lym-
phatic system.

A number of studies, bearing on the mode of action of endotoxin as adju-
vant, were carried out in animals whose immunologic apparatus had been
altered by splenectomy, irradiation, corticoids, or immunosuppressive drugs.
PIERCE (1967Db, c) observed that in intact rats S.¢yphi endotoxin enhances
the primary immune response to BGG, and the antibodies produced are of
the 19S class. In splenectomized animals endotoxin also acted as adjuvant,
but both in the primary and secondary immune response the antibodies pro-
duced were of the 7S variety. On the basis of these observations the author
suggests that adjuvancy is due to interference with feedback inhibition of
antibody production and this effect results in enhanced and prolonged anti-
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body production. This assumption is supported by the observation that
passive immunization of splenectomized rats suppressed the primary response
and also interfered with sensitization for a secondary response. In the intact
rat passive immunization interfered with sensitization for a secondary re-
sponse. Endotoxin eliminates the suppressive effect of passive immunization.
Attention may be called to the observations of SOLLIDAY et al. (1967) that
Salmonella typhi endotoxin overcomes the immunosuppressive effect of anti-
bodies directed against the immunizing antigen. The role of feedback in anti-
body production is in accord with current ideas, but it remains to be deter-
mined whether, and to what extent, adjuvancy is due to this mechanism.
Similar studies utilizing other animal species and additional antigens are
needed.

Preliminary experiments by KinD and JoHNSON (1959) indicate that endo-
toxin may partially restore antibody formation in x-irradiated rabbits. Sim-
ilarly, COHEN et al. (1964) observed that endotoxin acts as adjuvant in x-
irradiated mice after transfer of spleen cells and antigenic stimulation. That
endotoxin counteracts cortisone-induced immuno-suppression was reported
by WARD and JoHNSON (1959). It is likely that both compounds affect the
early events of the immune response. Of interest are the observations by
KIERSZENBAUM et al. (1967) who reported that diminution of proliferative
reactions by colchicine did not abolish the adjuvant effect of lipopolysaccha-
ride. It is on the basis of these observations that the authors suggest that
activation of antibody production by cells rather than cell differentiation or
hyperplasic phenomena account for adjuvancy. Fox et al. (1968) confirmed
the observation that endotoxin causes an increase in the number of pre-
existing antibody forming cells and that, as revealed by analysis of the effects
of FUDR, this effect does not follow the same pathway as that stimulated by
antigen.

There is no question that endotoxin acts as an adjuvant in the primary
immune response to protein antigens ( JoHNSON, 1964). There is less agreement
regarding its effect on the secondary response. RETHY (1967) who carried out
extensive studies on adjuvancy, concluded that the secondary response is
enhanced by these macromolecules. PIERCE (1967a) failed to observe enhance-
ment of the secondary response by S.#¢yphosa endotoxin in rats immunized
with bovine gamma globulin. Antibodies produced in either the primary or
secondary response after immunization with antigen alone had no detectable
precipitating activity. In contrast, precipitating 7S antibodies appeared
during the secondary response in animals injected twice with antigen and
endotoxin. From these observations it is evident that additional studies in
various animal species and with different antigens are needed regarding the
adjuvant effects of endotoxin on the secondary response, and that careful
attention must be paid to the properties and class of antibodies produced
under these conditions. In this connection attention may be called to the
observation (SASSEN et al., 1968) that heat-treated, but not untreated, human
gamma globulin is a good antigen for the initiation of the primary antibody
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response in mice. Both materials, in contrast, are effective as immunogens for
the secondary response. This observation suggests important differences be-
tween primed and non-primed spleen cells in their requirements of cellular
organization for the initiation of the antibody response.

The adjuvancy of endotoxin can be investigated and analyzed also in cell
transfer experiments. MCKENNA and STEVENS (1957) as well as STEVENS and
McKENNA (1958) studied the production of antibodies by spleen cells n vitro.
Endotoxin administered 24 hours before antigen increased the antibody
response. They reported also that endotoxin was effective ¢n vitro in enabling
spleen fragments to produce antibodies. KoNG and JoHNSON (1963) repeated
these experiments and were unable to confirm the results and the conclusions.
Their studies indicate that in the cell transfer system the adjuvant effect of
endotoxin is at best suggestive. It remains to be seen whether such effects can
be documented if it were possible to maintain cell viability of the tissues for
longer periods of time. S1BAL (1961) in elegant experiments, has shown that
endotoxin given to adult chicken together with BSA as antigen led to anti-
body production by spleen cells transferred to the chick chorioallantoic
membrane. Cells transferred 24 hours after antigen administration produced
antibodies in only 2 out of 59 transplants. In contrast, spleen cells taken
24 hours after administration of endotoxin (S.abortus equi) and antigen
consistently produced antibody following transfer to embryonic recipients.

PEARLMAN et al. (1963) studied the question whether adjuvancy might be
mediated by action of endotoxin on complement. Previously, TALMAGE and
PeEARLMAN (1963) had postulated that complement may act as inhibitor of
cell divisions and complement fixation or inactivation within antibody-
forming cells may be a necessary step in the immune response. Since comple-
ment titration of intracellular material is not feasible as yet, PEARLMAN et al.
(1963) studied its effect on serum complement. Both S. ¢yphi and S. enteritidis
lipopolysaccharides were used. In albino rabbits, endotoxin produced a strik-
ing decrease in complement activity within 6 hours, complement titers re-
turning to normal levels by 24 hours. In some instances complement titers
increased beyond the pre-injection levels for at least 48 hours thereafter. On
the basis of these results the authors postulate that endotoxin may serve as
adjuvant because of the effects on serum complement activity. These results
are in accord with the findings from MERGENHAGEN’S laboratory (GEWURz et
al., 1968). If, in fact, adjuvancy of lipopolysaccharide is related to its effect
on the complement system, then, the interaction of endotoxin and cell mem-
branes becomes of interest. SPIELVOGEL (1967), by means of electron micro-
scopy, has provided evidence that endotoxin adheres to platelets and that
this interaction may require the participation of complement, in addition to
antibody. In connection with the possible role of complement in adjuvancy
it is of interest to note that, according to RossE et al. (1968), partially purified
component (C’la) increases the binding of cold-reacting antibodies to appro-
priate cells. It will be of interest to learn whether endotoxin affects this
reaction. However, it is not likely that the ability of endotoxin to fix comple-
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ment is the major effect responsible for adjuvancy, for endotoxoid enhances
antibody formation and is less active in complement interaction.

Brief reference will be made to some miscellaneous studies related to the
mode of action of endotoxins as adjuvants, studies that need to be expanded
in the future. STERZL et al. (1961) made the observation that lipopolysaccha-
ride of S. typhi or E. cols is less effective as an adjuvant in very young than in
adult rabbits. The difference may conceivably be related to lack of sensi-
tization to endotoxin of the young animal. In this connection it is of interest
to note that Corynebacterium parvum is a powerful adjuvant in adult rabbits
but not in neonatal animals (PINCKARD et al., 1967). Studying the mechanism
of adjuvancy of endotoxin, the Soviet investigators UcHITEL and KHASMAN
(1965) found that doses of S.#yphi endotoxin which stimulate antibody
production in chinchilla rabbits also cause an increase in the incorporation of
labeled methionine-S%* into blood serum proteins, lymphnodes, spleen, and
adrenal glands. It is postulated by the authors that adjuvancy is related to
increased protein synthesis. It will be of interest to determine whether endo-
toxoid has the same effect. ROSENBLATT and JOHNSON (1963) observed that the
adrenergic blocking agent, dibenzyline, does not inhibit adjuvancy, nor does
epinephrine given intravenously potentiate adjuvancy. Thus, no evidence
was obtained on the role of the autonomic nervous system as a critical factor
in adjuvancy. Having established that endotoxin counteracts the immuno-
suppressive effect of cortisone, WARD et al. (1961) studied the morphologic
alterations associated with this treatment. The primary antibody response to
bovine gamma globulin in the rabbit stimulated by E.coli endotoxin was
associated with the appearance and proliferation of pyroninophilic reticular
cells in the centers of splenic follicles. The same authors (WARD et al., 1959)
concluded from the results of another study that endotoxin augments the
histologically demonstrable changes observed during the primary immune
response. The morphologic changes associated with the antibody response and
as affected by endotoxin were described also by THORBECKE et al. (1962).
FARTHING and HoLT (1962) concluded from their studies that hyperplasia
of antibody-producing cells is an important factor in adjuvancy. A study in
rabbits by LANGEVOORT et al. (1963) revealed that administration of endo-
toxin together with BGG not only enhanced serum antibody titers but also
plasmacellular reaction and the formation of secondary nodules arising in the
white pulp of the spleen.

From a comparative study of the effects of various lipids (triolein, choleste-
rol oleate, ethyl palmitate) and of endotoxin, STUART and DAVIDSON (1964)
emphasize the role of the macrophage in the production of antibodies to
foreign cells. DAVIES et al. (1963) studied the effect of lipopolysaccharide on
the immune response to homologous heart tissue homogenate in rats and
observed a marked adjuvant effect. This adjuvant effect was present only
when antigen and lipopolysaccharide were injected together rather than
separately. The authors postulate that the auto-immune process, at least in
part, results from modification of the tissue antigen by linkage to endotoxin.
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A definitive appraisal of the mode of action of endotoxin as an adjuvant
is rendered difficult because of two facts, namely, the numerous alterations
produced by these macromolecules in the host and our inadequate knowledge
of the major events of the early immune response. Because of the numerous
biologic alterations produced by endotoxin in susceptible hosts, it is difficult
to relate, on a cause-and-effect basis, those events that are concerned with
enhancement of the immune response. For example, increased protein syn-
thesis produced by endotoxin may or may not play the major role in adju-
vancy. Several approaches may reveal additional information, particularly if
the experiments compare endotoxin, lipid A, and endotoxoids, and utilize
different animal species, as well as immunologically virgin, “allergic”’, and
immune animals, To the reviewer it seems particularly timely to study the
effects of endotoxin with the macrophage RNA transfer system, just de-
scribed by PINCHUCK et al. (1968). Following previous studies on the effects
of RNA extracted from macrophages after exposure n vitro to antigen on the
elicitation of the immune response of lymph node cells from non-immunized
animals, these authors made the important observation that antibody for-
mation is initiated in poorly responsive normal mice following transfer of the
RNA extract from macrophages that had been incubated with synthetic poly-
peptides. Thus, it should be possible to determine whether endotoxin is
operative as an adjuvant in the emergence of immunologically operative RNA
and/or of immunocytes following exposure to this RNA-antigen product. Also,
the model of HARRIS and CramP (1968) and of HARRIs (1968) on DNA syn-
thesis measured by uptake of (1C)-thymidine by spleen cells of rabbits im-
munized with protein antigens and the effect of antigen, antibody, and antigen-
antibody complexes, appears to lend itself to further study of the adjuvancy
of endotoxin.

Endotoxins as Immunosuppressants

As early as 1955, ConDIE et al. (1955a) reported that, on the basis of
preliminary experiments, very large amounts of endotoxin, instead of increas-
ing the immune response of rabbits to bovine serum albumin, suppressed anti-
body production. Surprisingly little attention has been given to endotoxins
as immunosuppressants during the ensuing decade. BRADLEY and WATSON
(1964) reported that endotoxin administered to mice either with actinophage
MSP8 or three days after antigen inhibited the production of neutralizing
antibodies. This effect was noted with large doses of endotoxin (4,000 pg/kg).
Daily administration of endotoxin in these amounts after antigenic stimulation
also caused a marked reduction in the production of antibodies. Discontinua-
tion of endotoxin administration was followed, after a lag period, by the
formation of antibodies. The secondary response was also affected. From these
experiments it is evident that endotoxin only temporarily decreased or sup-
pressed the immune response.

A different and seemingly novel type of immunosuppression came to
light during studies of a bacterial antigen common to numerous entero-
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bacteriaceae. The pertinent information leading to these studies is briefly
summarized herewith. In 1962, KunIn et al. (1962) observed that erythrocytes
coated with crude preparations of O antigens of various serogroups of E. cols
and S.#yphosa were agglutinated by E.coli O14 but not by other group-
specific E. colt antisera. Even more surprising was the observation that red
blood cells coated with O antigen preparations from other enteric bacteria,
such as strains of Proteus, Shigella, Salmonella, and Klebsiella, also were
agglutinated by E. coli O14 antiserum, although the degree of hemagglutina-
tion varied. On the basis of these observations the authors suggested that
various enterobacteriaceae contain a hitherto overlooked common hapten.
Since antisera obtained by immunization of rabbits with various other entero-
bacteriaceae do not contain hemagglutinating antibodies against this common
antigen in high titers, they suggested that the antigen is non-immunogenic
(haptenic) in enteric bacteria other than E.coli O14 and fully immunogenic
in the latter. For the sake of brevity, this common antigen of enterobacteriaceae
will be referred to as CA. Attempts by KuNIn (1963) to purify CA were only
partially successful, the isolated product, composed of polysaccharide and
polypeptide, no longer coating erythrocytes nor inducing a significant immune
response. CA was detected also in spheroplasts of Salmonella typhosa (WHANG
and NETER, 1965a). Antibodies against CA of rabbit origin are largely present
in the 19S fraction, irrespective as to whether early or late antisera were
studied (WHANG et al., 1967). Antibodies against CA can be demonstrated
by hemagglutination and its hemolytic modification. As yet unexplained is
the fact that these antibodies fail to agglutinate heterologous enteric bacteria
containing CA, although this antigen is present on the surface, as revealed
by fluorescent antibody studies (AoxI et al., 1966). Nor do CA antibodies
precipitate the antigen. It is of more than passing interest that the antibodies
do opsonize various enterobacteriaceae for phagocytosis by rabbit peritoneal
polymorphonuclear leucocytes (DoMINGUE and NETER, 1966a). DOMINGUE
and NETER (1966Db) also observed that latex particles modified with CA are
opsonized in the presence of CA antibodies. Lipopolysaccharide and its lipid A
component interfere with opsonization by CA antibodies, in spite of the fact
that latex particles treated with both antigens absorb CA antibodies equally
well as do particles treated with CA alone. These observations suggest
the possibility that CA antibodies may protect against infection by
various enterobacteriaceae. Indeed, preliminary studies have revealed
that this approach, by both active immunization with CA and passive
immunization with CA antibodies, merits further exploration (GorzyNsKI and
NETER, 1968).

Since E.coli O14 produces more CA than other enterobacteriaceae, the
possibility was considered that the differences in immunogenicity of CA
preparations may be only quantitative rather than qualitative. NETER et al.
(1964), however, showed that intravenous injection of equivalent amounts
of CA of E. coli O14 and of other enterobacteriaceae caused a specific immune
response in the rabbit only with the former antigen. It was necessary, there-
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fore, to search for another explanation regarding the striking differences in
immunogenicity of CA from various sources. In order to determine whether
CA is an integral part of the lipopolysaccharide (endotoxin) macromolecule,
WHANG and NETER (1962) carried out a comparative study of CA in crude
antigens (supernates of agar-grown cultures) and highly purified lipopoly-
saccharides. The antigens were used for modification of erythrocytes and then
tested with E.coli O14 and the corresponding O antisera. While the latter
antisera produced the expected agglutination of erythrocytes modified with
either crude or purified antigens, E.cols O14 antiserum caused agglutination
only of red blood cells modified with the crude antigens, with the single
exception of a S.sommer lipopolysaccharide. The lipopolysaccharides used
in these studies were prepared according to WESTPHAL’S phenol-water extrac-
tion method and kindly supplied by Professor WEsTPHAL and Dr. LUDERITZ.
In view of these findings, unsuccessful attempts were then made to detect
CA in the discarded fractions obtained during isolation and purification.
Finally, it was learned that the cultures had been killed with ethanol prior to
extraction. SUzUKI et al. (1964a), then, found that CA is ethanol-soluble and
can be separated from the ethanol-insoluble O antigen (lipopolysaccharide).
Thus, ethanol treatment of the cultures presumably had resulted in the
elimination of CA. It may be noted in passing that the isolated CA exhibits
only minimal toxicity characteristic of endotoxin, and this minimal toxicity
may have been due to contamination with small amounts of endotoxin (KEs-
SEL et al., 1966d). Surprising was the observation that the ethanol-soluble
CA fraction from organisms other than E. coli O14 proved to be highly im-
munogenic upon intravenous injection into the rabbit. Injection of the mixture
of the ethanol-soluble and insoluble fractions resulted in a minimal antibody
response to CA. Thus, it was shown that CA produced by organisms other than
E. coli O14 is, in fact, highly immunogenic and that this immunogenicity is
decreased by the simultaneously present ethanol-insoluble fraction. It ap-
peared, therefore, that CA as produced by enterobacteriaceae other than E'. cols
014 represents the counterpart of haptens: both react ¢»n vitro with the corre-
sponding antibody; hapten, however, is non-immunogenic unless coupled
to a carrier (Schlepper), whereas CA is immunogenic and its immunogenicity
is decreased by the simultaneous presence of the ethanol-insoluble fraction.
Subsequent studies have revealed that purified lipopolysaccharides, when
mixed with CA prior to immunization, inhibit the immune response of the
rabbit to CA (Suzuxki et al., 1964b). Thus, lipopolysaccharide was identified
as an immunosuppressant. It is important to point out that lipopolysaccharides
do not affect the antigenic determinant by hindrance or other mechanisms,
since CA reacts with antibodies equally well ¢» vitro irrespective as to whether
lipopolysaccharide is present or absent. Equally important is the observation
that lipopolysaccharide when injected separately, albeit simultaneously, does
not inhibit CA antibody production. On the basis of these observations it
was postulated that CA, being fully immunogenic in the isolated state, is
complexed with the immuno-suppressant lipopolysaccharide (endotoxin), thus
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accounting for the lack of a specific immune response of rabbits injected with
crude supernates or bacterial suspensions other than E.coli O14. Further
studies of the immunosuppressive effects of endotoxin revealed the following.
Lipopolysaccharide suppresses the immune response of the rabbit to CA even
when the mixtures are injected repeatedly. In one such experiment the anti-
body titers of rabbits so immunized increased from <1:10 to 1:14, at best an
insignificant response. In contrast, injection of identical amounts of CA in the
absence of lipopolysaccharide resulted in a titer of 1:108,800 (WHANG and
NETER, 1967b). In addition, lipopolysaccharide-CA mixtures do not elicit a
secondary response in animals primed to CA. suggesting that the inhibitor
prevents the specific stimulation by antigen of memory cells leading to the
emergence of antibody-producing cells. It is of considerable interest to note
that lipid A has similar immunosuppressive effects (WHANG et al., 1965).
Although lipopolysaccharide effectively inhibits the production of circulating
CA antibodies, rabbits immunized with mixtures of CA and lipopolysaccharide
are immunologically primed and respond with an accelerated and more intense
production of CA antibodies upon the injection of subeffective amounts of
isolated CA (NETER et al., 1966). The question was entertained whether endo-
toxin permits the emergence of committed or memory cells in the absence of
antibody-excreting cells or whether liberation of antibody from the latter
population is prevented. To this end, DoMINGUE and NETER (1967) utilized
the Jerne plaque technique and observed that the number of CA antibody-
producing cells of spleen or lymph nodes is not significantly increased upon
immunization of rabbits with mixtures of CA and lipopolysaccharide. In
contrast, a striking increase in the number of plaque-producing cells occurs
upon injection of isolated CA.

That the immunosuppressive effect of lipopolysaccharide and its lipid A
component is not restricted to one particular antigen is evident from the
observation that these materials also suppress the production by rabbits of
antibodies directed against the common antigen of gram-positive bacteria
(WHANG and NETER, 1967a). This particular antigen was first described by
RANTZ et al. (1956). It is noteworthy that in this system, too, immunosuppres-
sion is observed only when antigen and inhibitor are injected as a mixture and
not when injected separately, albeit simultaneously.

Several possibilities were considered to explain the above observations.
(1) Lipopolysaccharide may be a competing antigen. This assumption appears
to be untenable because separate injection of antigen and endotoxin does not
result in immunosuppression and because lipid A, at best, is a poor immunogen.
(2) Immunosuppression is the result of tolerance. This thesis is incompatible
with the observation that animals immunized with mixtures of antigen and
lipopolysaccharide are immunologically primed. (3) Immunosuppression is due
to toxicity of lipopolysaccharide. This explanation does not appear to be
reasonable, for there is no basis for the assumption that toxicity is dependent
upon simultaneous injection of endotoxin and antigen and because lipid A,
of lesser toxicity than endotoxin, produces the same effect.
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On the basis of the above observations the following working hypothesis is
suggested. It is assumed that lipopolysaccharide or its lipid A component
interact with the antigen and that this reaction assures the presence of the
inhibitor on or in cells involved in the early phases of the immune response,
perhaps by altering the uptake or processing of the antigen. The fact that
separate injection of antigen and endotoxin does not suffice to effect immuno-
suppression may then be explained by the assumption that under these con-
ditions the inhibitor may not be present in the majority of cells involved in
antigen-uptake or processing. If this assumption were correct, one may con-
sider future studies on immuno-suppressants that are coupled, perhaps like
hapten and Schlepper, to effect immunosuppression under conditions in which
separate injection of immunosuppressant and antigen might be ineffective.
With these considerations in mind, a study of the effects of other lipid sub-
stances as possible inhibitors of the immune response was undertaken, and
these investigations are facilitated by the fact that lipopolysaccharides readily
complex with a variety of other materials (NETER et al., 1953 ; NETER et al.,
1955; NETER et al., 1958a; LUDERITZ et al., 1958; NETER et al., 1958Db). In-
deed, cardiolipin a naturally occurring cell component, proved to be such an
inhibitor of the immune response of the rabbit to both common antigens
(WHANG and NETER, 1968a). Again, inhibition takes place only when cardio-
lipin is injected together with the antigen.

Attention was then focused on the reasons for the immunogenicity of CA
produced by E. colz O14. SuzuKi et al. (1966) reported that CA of E. coli 014
is ethanol-insoluble and thus differs from CA of identical specificity produced
by other enterobacteriaceae. Further, a product of Pseudomonas aeruginosa,
presumably an enzyme, destroys CA of enteric bacteria other than E. cols
014 but not that of the latter (WHANG and NETER, 1964). A similar product was
isolated from psychrophilic Pseudomonas (WHANG and NETER, 1965b). On
the basis of these observations, then, it was suggested that the identical
antigenic determinant exists in two different molecular forms. Unfortunately,
the chemical nature of these molecules and of the antigenic determinant
accounting for CA specificity have not yet been elucidated.

Antibodies against the common antigen of gram-negative bacteria are
present in serum of healthy subjects and in commercial gamma globulin
preparations (WHANG and NETER, 1963). The antigenic stimulus conceivably
could be due to colonization with either E. colt 014 or other CA-producing
enteric bacteria. If the latter were the case, to explain CA antibody production
in spite of the presence of immunosuppressant lipopolysaccharide, at least
two possibilities present themselves: either the presumed CA-lipopolysaccha-
ride complex is split, possibly by microbial or tissue enzymes, or the immuno-
suppressant effect of lipopolysaccharides is countered by antagonists. The
latter possibility is suggested by the observation that cholesterol inhibits the
immunosuppressive activity of lipopolysaccharides (WHANG and NETER,
1968Db). Studies along these lines are needed to account for moderate CA
immune response of rabbits to the injection into the footpad of supernates of
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enteric bacteria other than E. coli O14, with or without Freund’s adjuvant
(GorzyNsKI et al., 1963) and for the enhanced immune response to the in-
jection of erythrocytes modified with both CA and lipopolysaccharide in the
cell-attached rather than soluble states (NETER et al., 1964). The observation
by Diaz and NETER (1968) that children with shigellosis respond with the
production of CA antibodies significantly better than patients with salmonello-
sis or urinary tract infection suggests that the microbial flora of the colon may
affect the presumed complex.

The above mentioned investigations, then, have led to the recognition of
two seemingly different models of immune suppression by endotoxin: In one,
a systemic effect accounts for temporary inhibition of antibody production,
and in the other, lipopolysaccharide is carried presumably with the antigen
to the cells involved in the immune response. The latter mechanism may be
the counterpart of hapten and carrier (Schlepper). In the schema of immune
suppression presented below endotoxin represents types II(a) and II(c).

Mechanisms of Immune Suppression

I. Immunologically produced immune suppression
(a) By antigens: tolerance, unresponsiveness
(b) By antibodies: feedback inhibition

II. Non-immunologically produced immune suppression

(a) Mechanisms not restricted to immunologic apparatus, such as irradi-
ation, immunosuppressive drugs, corticoids, endotoxin, viruses

(b) Mechanisms largely restricted to immunologic apparatus, such as
thymectomy and anti-lymphocytic serum (particularly if a more
cell-specific antiserum can be produced)

(c) Antigen-carried immunosuppressants, such as endotoxin and cardio-
lipin (counterpart of Schlepper in rendering hapten immunogenic)

Outlook

Although much has been learned of the immunologic aspects of endo-
toxins and their biologic effects, many moot questions remain. It can be
expected that progress will be made in the future, leading to a more complete
understanding of these remarkable bacterial products and of their extra-
ordinarily complicated effects in susceptible hosts. Among the areas in need
of additional research are the structure of the macromolecule and the identi-
fication of biologically active parts, the reasons for the striking differences in
susceptibility to endotoxins of various animal species and tissues, the role and
precise identification of immune mechanisms operative in endotoxicity,
adjuvancy, and immunosuppression, and the identification and function of
antibodies directed against parts of the endotoxin molecule other than the
R and O antigenic determinants. These investigations, in turn, promise to add
to our understanding of basic aspects of various biologic phenomena, including
the complicated process of the immune response.
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The term ““serum inhibitors of myxoviruses’’ has been used to designate
proteinaceous substances differing from antibody and occurring in animal sera.
These substances prevent agglutination of red blood cells by myxoviruses and
at least some of them also inhibit reproduction of myxoviruses in susceptible
cells.

To distinguish them from specific antibody, the term ‘““non-specific inhibi-
tors” has been employed in the literature. This term is not fully adequate
since some of the inhibitors are to a certain degree ““specific”’, namely strain-
specific (they inhibit only certain viral strains).

The terms alpha-, beta-, and gamma-inhibitor have been introduced to
designate different types of serum inhibitors of influenza viruses. These designa-
tions, corresponding to the initial characters of Greek alphabet, have been
given to inhibitors consecutively after it became clear that not a single com-
ponent of serum, but substances of a different nature and possessing different
properties were involved.

The terms “Francis’ inhibitor” (equivalent to alpha-inhibitor) and ““Chu’s
inhibitor”’ (equivalent to beta-inhibitor), derived from the discoverer’s name
(Francis, 1947; CHu, 1951), are also frequent. In the second case we think
that the name of MCCREA has been disregarded, since MCCREA already in 1946
described a thermolabile inhibitor in some animal sera, the properties of which
correspond to those of beta-inhibitor.

With gamma-inhibitor, a designation according to the discoverer’s name
has not been used. This inhibitor was first named by SHiMOJo (1958) to dis-
tinguish it from alpha- and beta-inhibitor (before SuiMo0jO, several authors
used the name “A2 influenza virus inhibitor”’ to emphasize its considerable
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Table 1. Characteristics of influenza virus inhibitors

Inhibitor type

« B Y
Virus types inhibited A, A1, A2, B A, A1 A2
Neutralization of — -+ -+
infectivity
Difference between inhibition -+++4 — + or +
of live and indicator virus
Difference between inhibition — +++ + or +
of mouse-adapted and
non-adapted virus
Effect of heat Unaffected or inactivated increased
slightly increased titre
titre
Effect of CO, Partially removed partially unaffected
removed
Inactivation by:
neuraminidase + — —
trypsin + + +
periodate + — -+
citrate — -+ —
Distribution Sera of most bovine, horse,
species. Some mouse, rabbit, guinea-pig,
mucoids ferret, rabbit,
guinea-pig ferret,
swine,
human

strain-specificity). A designation according to the virus strain against which
the inhibitor is active has been proposed by Styk (1955) for the C-inhibitor
(i.e. C influenza virus inhibitor).

In recent years data on serum inhibitors have been accumulating so fast
that the information started to become confusing.

Several authors tried to summarize and classify the knowledge about non-
specific inhibition of viruses in the form of reviews (e.g. JANDASEK, 1964;
NicuLEscU, 1965 ; OrsI, 1966; BORECKY, 1967).

We have included in the present report material published up to December,
1967. But we have to point out that in spite of our efforts, some data were
not accessible in the original.

To specify the subject of our report, we are presenting the characteristics
of some of the best known serum inhibitors in Table 1. It has been compiled
mainly from data by SHiMOJ0 (1958), COHEN et al. (1963 a), OrsI et al. (1967).

It is evident that the various inhibitors show different specific activities
against different strains of viruses, different modes of interaction (binding)
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with the virus, a distinct susceptibility to the action of certain chemicals
and to physical effects, and specific differences in the occurrence in sera of
different animals.

Considering the ability of non-specific inhibitors to modify various mani-
festations of the viral activity, our discussion will be divided into three parts.
We shall deal with:

1) the nature of non-specific inhibitors and their interaction with influenza
virus;

2) the methods of removal of non-specific inhibitors from immune sera
used either in studies on the antigenic structure of viruses, or for routine
diagnostic purposes; and

3) the problem of the possible role of non-specific inhibitors in the natural
resistance of animal organisms against viral diseases.

The Nature of Non-Specific Inhibitors

Based on results published hitherto, two groups of serum inhibitors may
be distinguished: the inhibitors of glycoprotein nature, to which belong the
alpha-, gamma-, and C inhibitors, and those of protein nature, like the beta-
inhibitor. Because of several specific features of the individual inhibitors it
seems useful to deal with each of them separately.

Alpha-Inhibitor

Among the serum inhibitors, the alpha-inhibitor resembles most closely
the red blood cell receptors of influenza virus (BOwARNICK et al., 1947; GOTT-
SCHALK, 1959; KATHAN et al., 1959, 1961, 1963) and eventually also receptors
of cells supporting virus multiplication (KrRiZANOVA-LAUCIKOVA et al., 1961a;
NicULESCU, 1965 ; LoBODZINSKA et al., 1966). Both alpha-inhibitors and recep-
tors are of glycoprotein nature; they both inhibit only influenza virus haem-
agglutination and have no virus-neutralizing activity. The active group in
both of them is sialic acid. The alpha-inhibitor is thermostable at 56° C for
30—60 minutes and inhibits haemagglutination by strains of A and B influenza
virus (SMITH et al., 1949). This inhibitor reacts more effectively with *indi-
cator” virus, i.e. virus stripped of sialidase activity by heating at 56° C for
30 minutes (STONE, 1949), than with native (unheated) virus. Receptor-
destroying enzyme (RDE) as well as the native (IsaAcs et al., 1951 ; BORECKY
et al., 1962a) or ether-disrupted (ScHMIDT et al., 1960) virus split off sialic
acid from alpha-inhibitor. These reactions result in a loss of its haemagglutina-
tion-inhibiting activity.

Nowadays it is generally accepted that it is not solely the presence of
sialic acid but presumably its specific steric arrangement in the molecule of
the inhibitor, which seems to be important for the inhibiting activity of the
molecule (LAURELL, 1960; Lancet, 1961 ; BELYAVIN, 19063).

Of equal importance is the size of the molecule of the glycoprotein, since
a certain minimal dimension of the molecule seems to be necessary for the
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manifestation of haemagglutination inhibiting activity (GOTTSCHALK, 1960).
By means of polymerization, WHITEHEAD (1965), WHITEHEAD et al. (1965),
and MorawIECKI and Lisowska (1965) succeeded in demonstrating an increase
in the originally low haemagglutination-inhibiting activity of orosomucoid
towards some strains of myxoviruses. The inhibiting action against PR 8
influenza virus was increased by a factor of 1,600; with other strains this
factor was lower. SPRINGER (1967) pointed out that the inhibition of the
haemagglutination by some myxoviruses depended largely on the molecular
size of the glycoprotein tested. The haemagglutination-inhibiting and blood-
group activities were highest with the largest molecules.

Using electrophoresis on starch, TYRELL (1954) found alpha-inhibitor in the
mucoprotein fraction of the alpha-globulins of rabbit sera. The alpha-inhibitor
activity of human sera was bound to alpha;- and alpha,-globulins. However,
BURGI et al. (1961) could not demonstrate any haemagglutination-inhibiting
activity in pure alpha,-glycoprotein prepared from human plasma. According
to these authors, the residual haemagglutination-inhibiting activity in alpha,
fraction could have been due to traces of the alpha, acid glycoprotein. Using
electrophoresis on starch, HARBOE et al. (1958) also found the maximal haem-
agglutination-inhibiting activity in the fraction containing both albumins and
fast-moving globulins. With the exception of pure albumins and pure gamma-
globulins, all remaining fractions still showed an appreciable activity. These
authors are of the opinion that, in rabbit serum, various glycoproteins of
different electrophoretic mobility may display alpha-inhibitor activity.

The first successful purification of the alpha-inhibitor was achieved by
STULBERG et al. (1951) who also showed its mucoprotein nature. HARBOE et al.
(1958) argued against their results, stating that, after electrophoresis of the
pure mucoprotein, STULBERG et al. made no attempt to elute the particular
fraction and to test it for haemagglutination-inhibiting activity.

Several purified glycoproteins isolated from human sera were assayed for
their haemagglutination-inhibiting activity by LAURELL (1960). She found
haptoglobulin and coeruloplasmin to be the most active inhibitors of in-
fluenza A and B viruses. On the other hand orosomucoid inhibited haem-
agglutination only when heated virus was used. Moreover, high concentrations
of alpha,-macroglobulin were necessary to demonstrate its haemagglutination-
inhibiting activity. The latter finding is in disagreement with the results of
BIDDLE et al. (1967), who found an appreciable part of the inhibiting activity
of human sera in the alpha,-macroglobulins. These authors characterised alpha-
macroglobulins as a complex of several glycoproteins, several of which possess
biological activity. According to BIDDLE et al. (1967), all inhibitors of influenza
viruses could be found in this particular complex.

Based on LAURELL’s (1960) and ODIN’s (1955) findings, the presence of
sialic acid in a biologically active glycoprotein cannot be considered crucial
for the haemagglutination-inhibiting properties of the glycoprotein. Thus,
while a solution of haptoglobulin containing 0.003 pg of sialic acid inhibited
4 haemagglutinating units of influenza virus, a solution of alpha,-macro-
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globulin containing 30 pg sialic acid produced no inhibition. The authors
mentioned suggested that either a specific binding of sialic acid in the molecule
is necessary to provide its complementarity to the viral neuraminidase, or that
the steric configuration of the prosthetic groups in the inhibitor (receptor)
is essential for the binding of the influenza virus particles.

In a similar way the affinity of different strains of influenza virus for the
inhibitor is determined mainly by the steric configuration of the viral surface
(N1cuLEscu, 1965). The binding between the inhibitor and the virus is mediated
through “specific”’ groups of both reacting surfaces. An electron-microscopic
demonstration of the binding of the inhibitor on the virus surface was offered
by BAYER (1965).

A change in the surface structure of influenza virus may be achieved by
treatment with certain chemicals or by physical processes, e.g. mild heating
of the virus (STONE, 1949), treatment with KIO, (BORECKY et al., 1962a;
STYK, 1962a; KRASOVSKAYA, 1964) or ether (NICULESCU, 1965) or gel filtration
(IsACHENKO, 1965). A change in the sensitivity of influenza virus population
to the inhibitor is frequently achieved either by passaging the virus in another
host (STONE, 1951 ; BrIODY et al., 1955 ; BRIODY, 1957a; MEDILL-BROWN et al.,
1955; STYK, 1957; COHEN et al., 1960a; WERNER et al., 1960; BORECKY et al.
1965) or by passaging the inhibitor-sensitive virus in chick embryos in the
presence of the given inhibitor (DAVOLI et al., 1959; FAUCONNIER et al., 1959;
Orsi et al., 1967; CHOPPIN et al., 1960b).

The mode of action of alpha-inhibitors may be explained as a result of
competition for virus between the inhibitor and the cell-receptor (ANDERSON,
1948; GOTTSCHALK, 1959). The haemagglutination-inhibiting reaction occurs
when the affinity of the virus to the inhibitor is greater than its affinity to
the cell receptor (SMITH et al.,, 1950). From this it follows that the titre of an
inhibitor depends not only on the virus used, but also on the quality of the
erythrocytes used in the reaction (STvk, 1955; REIMOLD, 1959 ; LOBODZINSKA
et al., 1965). The alpha-inhibitor is devoid of virus-neutralizing activity.
Native influenza virus, like RDE, splits off sialic acid from the inhibitor which
results in a loss of the inhibitor’s ability to bind the virus. As shown by HoLL6s
(1963), however, the coupling of the diazonium salt with the cyclic amino acid
of the peptide part of the alpha-inhibitor results in an alteration of its molecule
in such a way that the molecule is able to form a firm complex with the virion,
which will inhibit the replication of influenza virus. (The modification resulted
in the ability to neutralize the infectivity of influenza virus.)

Beta-Inhibitor

Opinions about the chemical nature of beta-inhibitor (sometimes also called
the thermolabile serum inhibitor or the virus-neutralizing factor) are even more
confusing than those about the alpha-inhibitor. A number of papers (BURNET
et al., 1946; GINSBERG et al., 1949; SMITH, 1951; CHU, 1951; SMORODINTSEV
et al., 1951; BraNs et al,, 1953 ; KARZON, 1956) reported on certain thermo-
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labile components found in sera which neutralize the infectivity of various
viruses. As shown by LuzyaNINa et al. (1960), normal animal sera often
neutralize not only several myxoviruses, but also enteric viruses, e.g. polio,
ECHO and Coxsackie viruses, and certain strains of adenoviruses. It is not
clear whether all these serum substances represent the beta-inhibitor or
whether there exist also other components in normal animal sera which could
act similarly on other viruses. RATHOVA et al. (1963) compared the virus-
neutralizing activities of bovine serum and of the purified beta-inhibitor
prepared from the same serum against several groups of viruses. They found
that different inhibitor must be taken into consideration only in the case of
mumps virus. No activity of purified beta-inhibitor against this virus could
be detected.

Some authors considered the virus-neutralizing activity of sera to be
mediated through the properdin system (WAGNER, 1955 ; KARZON, 1956, 1960;
VoLuyskaya et al., 1958; GINSBERG et al., 1960; KarzoN, 1960). However,
recent experimental evidence supports the view that thermolabile inhibitors
of normal animal sera are distinct from the properdin system (Kon~o, 1958;
RatHOVA et al, 1959; LuzyaNINA et al., 1961; KRiZaNovA et al., 1963;
KRIKSZENS, 1967). For instance, no correlation could be demonstrated between
the amount of properdin in different sera and their virus-neutralizing activity.
The purified beta-inhibitor did not possess any properdin activity despite its
high virus-neutralizing activity. Some properties of both properdin and beta-
inhibitor are alike, but in contrast to properdin the beta-inhibitor needs Ca ions
but does not need components of complement for its activity (KriZanovA
et al., 1963).

In this respect the results of ToUSsSAINT et al. (1959) may be considered
the most convincing. These authors found that after absorption of normal sera
with Escherichia coli, the amount of properdin decreased 2—3 times, while
the phage-neutralizing activity remained unchanged. Subsequent absorption
of the serum with phage produced no further decrease in the properdin activity,
but the phage-neutralizing activity was completely abolished.

McCRrEA (1946) was the first to use either ammonium sulphate or sodium
sulphate to purify the beta-inhibitor. He found the beta-inhibitor activity in
the gamma-globulin fraction of serum. Another successful purification of beta-
inhibitor by means of its adsorption on zymozan was carried out by KoNNo
(1958). His beta-inhibitor also possessed a high specific virus-neutralizing
activity, but he still obtained two peaks on centrifugation. KoNNo charac-
terized the beta-inhibitor as an euglobulin whose activity depends on Ca ions
and which has an electrophoretic mobility between the gamma- and the beta-
globulins. Subsequently several authors tried to isolate and identify beta-
inhibitor. LuzyANINA et al. (1958) and PoLyAK et al. (1959) considered the
beta-inhibitor to be a beta-lipoprotein, while HANA et al. (1962) and HANA
(1963 a) considered it a beta-2M globulin. These discrepancies can be partially
explained by the fact that the authors used different isolation procedures.
So far the purest preparation of beta-inhibitor from bovine serum was obtained
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by adsorption on to and elution from influenza A1 virus (a beta-inhibitor-
sensitive strain) (KriZANOvVA et al., 1963, 1966; KRIKSZENS, 1967). Purified
beta-inhibitor is of protein nature and contains 2—5 % sugar which is not
essential for its activity. Buoyant density gradient centrifugation reveals a
density of 1.35 (1.3—1.4) (Fig.1). An analysis in the ultracentrifuge showed
the beta-inhibitor to be a homogeneous material sedimenting at 4 S (KRr1Za-
NOVA et al., 1963, 1966). When gel filtration on Sephadex G-200 was used
a pure beta-inhibitor was eluted between the albumin and ethyldehydrogenase
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Fig. 1. Equilibrium density gradient centrifugation of bovine serum beta-inhibitor in

CsCl solution. Abscissa: fraction number (bottom fraction = 1). Ordinates: I HI activity

per ml (shaded columns); I ug proteins per ml (solid line); I1I density/S,s; (dashed line).
[Reprinted from KriZaNnovA and SoxoLr: Acta virol. 10, 35—42 (1966)]

fractions. But when whole serum was subjected to gel filtration, the beta-
inhibitor activity was found in the first peak, e.i. in macroglobulins. Mercapto-
ethanol did not influence the activity of beta-inhibitor purified by the virus
adsorption-elution procedure. However, in the ultracentrifugally separated
inhibitor (presumably complexed with macroglobulins), mercaptoethanol en-
hanced its activity (KRIKSZENS, 1967). Both this activation and the results
obtained by gel filtration suggest that beta-inhibitor may be complexed with
macroglobulins present in whole serum. This complex may be disrupted by
the presence of virus. Based on KRrIKszeENS’ finding, the inability of the beta-
inhibitor-virus complex to fix complement seems to indicate that beta-inhibitor
cannot be considered a “classical” antibody, but rather a substance naturally
occurring in bovine serum with a capacity to combine with influenza virus.
This assumption is supported by the results of BORECKY (1967) who found
all three types of inhibitor (alpha-, beta-, and gamma-inhibitors) in the serum
from a patient with the clinical diagnosis of agammaglobulinaemia. (Such
patients, despite the presence 