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The Central Role of Phagocytosis in Immune Reactions*

In the following pages I hope to draw your attention
to the important and possibly decisive contribution
made by phagocytic cells to the overall immune re-
sponse. Having thus persuaded you that macrophages
and other phagocytes are worth studying, we will
examine in some detail the interactions between
macrophages and particulate antigens such as bac-
teria. Finally we will apply our considerations to the
extremely narrow field of one particular bacterial in-
fection of mice — that known as mouse typhoid —
which may serve as a model for many other host-
parasite conflicts.

Those of you who are familiar with current immuno-
logical thought will realise that there is, at the moment,
a great debate concerning theories of antibody produc-
tion. The issue is the same as that between Darwinian
genetics and Lamarckism; the same as that which
faced microbiologists a decade or two ago in trying to
understand the origin of drug resistant strains of bac-
teria. The issue is that of adaptation versus mutation
and selection. In other words, whether antigens can
change cells phenotypically so that they produce
various antibodies or whether antigens merely act to
select those cells which are, by virtue of their genotype,
already producing a certain restricted number of anti-
bodies.

I am not competent to try to resolve this question
for you, nor for that matter do I believe the answer to
be very important. The useful purpose of these im-
munological polemics lies in the new knowledge which
we gain in struggling to achieve a decisive answer — a
goal which may never be reached. My objective is to
remind you that whatever the exact mechanism of
antibody production, the act of phagocytosis seems
certain to play a large and perhaps crucial part in the
initiation of the antibody-forming process.

If we examine the immune response, without at this
time giving much attention to detail, we can say with
certainty that if antigenic material is introduced into

animals by any route, it will soon be found localized
inside cells, such as macrophages and other compo-
nents of the reticulo-endothelial system. Yet when
antibody appears, some days later, it comes mainly
from cells such as lymphocytes and plasma cells
which are clearly different from those which contain
antigen. As the production of antibody is in this case
obviously related specifically to the introduction of
antigen, there are in the broad sense limited numbers
of possibilities to account for these facts. I can only
think of three. It is possible {irstly that the observed
removal of the greater part of the antigen by cells of
the reticulo-endothelial system is irrelevant to the
whole antibody forming process; and that a very
minor, undetected quantity of antigen has reacted
directly with the antibody-forming cells and produced
a direct stimulation without the intervention or par-
ticipation of other phagocytic cells at all. This seems
to me rather unlikely in view of the fact that the same
macrophage and reticulo-endothelial scavenging sys-
tem which takes up antigen in mammals, was de-
veloped early in phylogeny and occurs in the most
primitive metazoa. In these animals, as will be seen
later, this system has all the attributes necessary for
an efficient self/non-self recognition mechanism, which
has been emphasized to be the foundation of the im-
mune response. There are other bits of direct evidence,
none of them entirely satisfying, e.g. the pyronino-
phylic antibody-producing cells appear in the same
locations as the macrophages which contain antigen,
and the negative finding that antibody synthesis can-
not be provoked in vitro by antigen plus lymphocytes
alone. The alternative possibilities both involve macro-
phages. Either macrophages or some other phagocytic
cells change into plasma cells after digesting the anti-
gen, and this possibility has few supporters, or finally,

* This paper represents the first of three Warner-Lambert lectures
given at Rutgers University in October 1964.
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information about the antigen may be transferred from
the macrophages to the antibody forming cell. This
information must contain a highly specific element re-
lated to the chemical structure of the antigen and it
must also say, in nautical language: full steam ahead!

You will all know about the work of FisHman?
which points in this latter direction. In effect he finds
that for antibody production to occur in vitro a mix-
ture of lymphocytes and macrophages is necessary —
neither will work alone. The hypothetical message
which it seems must pass from macrophage to lympho-
cyte can be destroyed or inhibited by ribonuclease.
There are still a few snags in this story but you will
see that if all is well this constitutes extremely power-
ful evidence for the transfer of information between the
antigen-binding macrophage and the antibody-pro-
ducing lymphocyte. The ability of macrophages to
decide that a given material is foreign or antigenic and
the nature of the message passed to the lymphocyte
can be seen to be very fundamental questions of
molecular biology. This is my first and main reason for
soliciting your attention on behalf of the poor neglected
macrophage.

How can macrophages determine that a substance is
foreign or not? When phagocytic events have been
studied under as well-defined conditions as are avail-
able, we see that for the process to be efficient, the
particles or antigen must have reacted with some serum
factor, usually antibody. This requirement for a serum
recognition factor has all the specificity which is found
in other immunological phenomena. If there are anti-
body-reactive molecules present to combine with the
particle, this will be phagocytosed: the recognition is
provided by the possession of antibody. Even where
the particle is composed of so-called ‘inert’ material
there is evidence of this requirement. Several workers
have confirmed the observations of STraUuss and
STETSON? that uptake of polystyrene particles by
leucocytes is dependent on the presence of serum globu-
lins which can be adsorbed out by polystyrene as
though it were an antibody.

When we look further at the properties of reticulo-
endothelial cells we find that they are rather unique in
two ways. They are very well endowed with the
hydrolytic enzymes necessary for digestive function,
and in addition they show a remarkable capacity for
rapid multiplication and increased functional activity
following phagocytosis. Cytochemical staining shows
that Kuppfer cells of the liver possess high levels of
acid phosphatase by comparison with the other cells
around them and it has frequently been noticed that
during chronic infections these phagocytic cells contain
even greater amounts of the enzyme. Working with
mouse peritoneal macrophages we and other workers
have found high levels of acid phosphatase, g-succin
oxidase, and cathepsin. Coun and Hirscu3® have
shown that these hydrolytic enzymes are associated
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with cytoplasmic granules which can be seen to burst
following phagocytosis, liberating their enzymes into a
digestive vacuole. In our laboratory we have found
that injection of many particulate colloids into mice,
but most effectively of lipopolysaccharide, causes a
rapid increase both in the numbers of granules per
macrophage and in the total content of various en-
zymes within these phagocytic cells. We have sug-
gested that this may be an important component of
cellular resistance to infection®. In any event we can
see that the performance of their function of phago-
cytosis causes macrophages to change in such a way
that they can fulfil this function even more efficiently.
In addition to such intracellular modifications there
are concurrent changes in the total number of these
cells. It is now clear that a considerable component of
the increased reticulo-endothelial system ability which
occurs within 24 h of a suitable stimulus, is due to the
multiplication of pre-existing phagocytic cells. KELLY
et al.? showed recently that the very Kuppfer cells
which had taken up particles, were the ones which
divided to yield more phagocytic cells. It seems to me
that this is probably an example of a general phenom-
enon produced by the combination of antigen and anti-
body at the surface of cells. There are examples of this
with lymphocytes, eosinophils, peripheral leucocytes,
and peritoneal macrophages. MACKANESS® has shown
that mice, sensitized to an antigen, when injected
intraperitoneally some time later with a second shot
of the same antigen will respond with a rapid multipli-
cation of peritoneal macrophages. Within 24 h of the
second injection as many as 25%, of the macrophages
may show mitotic figures, and a pulse of H? thymidine
may label up to 609, of the peritoneal cell population.
The stimulus appears to be specific for the sensitizing
antigen. Since the work of ForBES and MACKANESS?
was done in vivo one could not be certain that the new
dividing cells arose from pre-existing macrophages.
Dr. LEUCHTENBERGER and I have extended this work
by giving the second injection of antigen in vitro to
tissue cultures of sensitized mouse peritoneal macro-
phages®. When the DNA content of individual macro-
phages was measured by a microspectrophotometric
method, it appeared that there was a shift to a higher
DNA content in these cells following in vitro stimula-
tion. In other words it seems probable that contact of
antigen with sensitized macrophages can induce them

1 M. FrsaMAN, J. exp. Med. 774, 837 (1961).

2 B. S. Strauss and C. A. STETSON jR., J. exp. Med. 772, 653 (1960).

3Z. A, Conn and J. G. Higrscw, J. exp. Med. 772, 1015 (1960).

4 Ieva Avuzins and D. RowrLey, Aust. J. exp. Biol. med. Sci. 40,
283 (1962).

51. S. KeLLy, B. A. Browy, and E. L. Dosson, Proc. Soc. exp.
Biol. Med. 770, 555 (1962).

8 G. B. MACKANESS, J. exp. Med. 776, 381 (1962).

7 1. J. ForBEs and G. B. MackaNEss, Lancet 7963 41, 1203.

& D. RowrLey and C. LEUCHTENBERGER, Lancet 7964 i, 734.
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to multiply. Both the increased functional ability and
the increase in numbers provide the animals with an
excellent physiological response to immunological
stress.

As with the physiological responses to various stim-
uli, there must also in this case be a limiting or con-
trolling constraint put normally on the immune re-
sponse. If this were not so, then continued contact with
antigen would result in a neoplastic division of cells
leading to an overproduction of antibody, as appears
to happen in myelomatosis. It seems likely that with
increasing amounts of antibody, new mechanisms are
brought into play which act so as to limit the immune
response. There are many examples of this. Injection
of soluble antigen/antibody complexes formed in anti-
body excess gives little or no antibody response. FrrcH
and ROWLEY? have shown in rats that prior injection
of passive antibody may completely inhibit the active
antibody response to foreign red cells. Perhaps the
most impressive demonstration that such examples are
not unimportant laboratory phenomena, is to be
found by examining the influence of ABO blood groups
on the incidence of hemolytic disease of the new-born.
As you know, in the case of a Rh-negative mother with
a Rh-positive foetus, there is a chance that Rh-positive
red cells from the foetus will cross the placenta into the
circulation of the mother, who may then form anti-Rh
globulins. If these occur to a sufficiently high titre
they may cross into the child’s circulation about the
time of birth and cause hemolytic disease. The inci-
dence of this disease, which is quite rare, is much
higher in women whose major blood group is the same
as that of the foetus. If the mother possesses antibody
to the major ABO components of the Rh-positive
foetal cells, she tends to form less anti-Rh antibody
than the mother whose major group is compatible with
her foetus. It is believed that this is due to the rapid
elimination and degradation of foetal red cells by a
mother who possesses isohemagglutinating antibody
against the major parts of the foetal cells. Since the
foetal cells are then rapidly eliminated, there is less
opportunity for them to exert their antigenic stimulus.

Another possible control mechanism to exert a brake
on excessive antibody synthesis which should be con-
sidered, is the cell damage which often occurs when
antigen/antibody reactions take place at cell surfaces
in the presence of complement. At higher concentra-
tions of antibody, the complexes formed with new
antigen will tend towards the type antigen/antibody,
which has the greatest C'-fixing ability and presumably
therefore the greatest cytotoxic effect. It is possible
that when the antibody concentration reaches a cer-
tain level, sufficient of it will adhere to lymphocytes
and macrophages and that new antigen will react with
these so as to destroy them by the well-known cytolytic
effect of antibody + C!. My only real evidence is that
provided by the work of UHR and BauMan?!?, who
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studied the effect of pre-existing antibody on the anti-
body response to diphtheria toxoid. The significant
finding is that even when given 5 days affer the antigen,
at a time when antibody synthesis was certainly going
on, the passive administration of antibody could de-
press further antibody production. This obviously im-
plies the inhibition of a pre-existing antibody syn-
thetic mechanism and may be a good model for the
second controlling path suggested. To summarize at
this point, we see that contact of antigen with tissues
in the presence of very low levels of antibody is fol-
lowed by a rapid increase in both numbers and func-
tional ability of the cells associated with the immune
response, and this leads to further antibody produc-
tion. On the other hand, at increasingly higher anti-
body levels, controls begin to operate in such a way as
to limit further antibody release.

There is an apparent difficulty in this suggested
scheme which I have so far avoided, this is, if reactive
proteins are necessary for uptake of antigen by macro-
phages in order to stimulate further antibody produc-
tion, what induces the formation of these early anti-
bodies? It would obviously imply that somewhere
along the production line of development the animal
formed antibodies (more or less specific in character)
in the absence of antigenic stimuli. Once this initial
antibody was formed, of course, an antigenic stimulus
could work in the way I have suggested. This, after all,
is not very different (in degree of difficulty to visu-
alize) from the clonal ideas where it is proposed that
separate clones of antibody-forming cells arise, by
mutation, in the absence of antigenic stimulus. This is
where we reach the essence of the question of Dar-
winism versus adaptation. It really comes down to
this — does the fertilized egg contain, whilst still in the
single cell stage, the DNA and RNA templates to
provide the information for antibody synthesis of all
kinds? Or do these DNA templates arise by mutation
at an extraordinary rapid rate, so that by the time of
birth approximately 100 cell generations later, there
are many hundreds of different antibody forming
clones which have arisen by mutation ?

There is some evidence that the former is possible —
using sea urchin’s eggs Gross et al.!! have found that
in the presence of actinomycin D which inhibits RNA
synthesis, the eggs continue to synthesize protein in
the normal way. They conclude with admirable con-
servatism that if RNA templates are necessary for
protein synthesis, then the egg must be provided with
a little store of this RNA. It could be the same with
regard to antibody synthesis.

? D. A. Rowrey and F. W. Fircy, J. exp. Med. 720, 987 (1964).

0 J, W, Uur and J. B. BAuMaNN, J. exp. Med. 773, 935 (1961).

11 P, R. Gross, L. I. MarkiN, and W. A. MovgRr, Proc. nat. Acad.
Sci. USA 57, 407 (1964).
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The conceptual difficulties in the idea of pre-existing
antibody as a requirement for antibody synthesis
would be diminished if the natural pre-existing anti-
body was much less specific than the acquired kind. At
the moment this possibility seems distinctly unlikely —
all the evidence indicates that natural antibody be-
longs to the class of 19S5 globulin and is identical with
the early response 195 antibody first found after active
immunization. This has been well studied by SvErAG!2
in whose hands the physico-chemical characteristics of
natural 195 anti-polio antibody were found to be the
same as those of the early acquired 195 antibody. Two
important points emerge: firstly, both natural and
early 195 antibody possess two-stage heat inactivation
curves which indicate a two-component system; sec-
ondly, the heat stability of immune antibody increases
with increasing time after immunization. SVEHAG sug-
gests that the two components in normal serum are
19S antibody and C1, which, of course, is more heat-
labile and has been shown by various workers to be
involved in virus neutralization by normal serum.
Against this suggestion is the fact that the early stage
of heat inactivation could not be restored by addition
of CL. It seems possible that there is another heat-labile
component in normal serum, other than C1, which is
required for antibody activity. In the recent studies of
HirscH and STRAUSS on the opsonic power of normal
rabbit serum?!® they found evidence for a heat-labile
factor (not C') which was necessary for maximum
phagocytosis to occur. One of the areas in immunology
which is most in need of further work and clarification
is that which concerns the antibody activities in the
serum of normal, non-immunized animals.

In the scheme which I have outlined to you, the
macrophage performs a key function in phagocytosing,
digesting and further processing the antigen so that
specific information for antibody production can be
obtained. There are many infectious diseases of man
and animals in which the production of antibody is the
decisive factor which leads to recovery or immunity.
Can we account for some of the known individual or
species differences in susceptibility by variations of
this initial phagocytic or digestive role of macrophages.
One can see that antibody production might be dimin-
ished if any of the steps above involving macrophages
were severely restricted for one reason or another.

A very interesting example of a block in immune ac-
tivity possibly due to macrophages is provided by the
recent work using synthetic polypeptide antigens by
BENACERRAF et al.1% among others. They have shown
that although 100%, of a population of guinea-pigs can
respond to the hapten di-nitrophenol when this is at-
tached to a protein, if the same hapten is attached to
a synthetic polypeptide such as poly-r-lysine, then
only a proportion of the animals are capable of respond-
ing. None of the animals produce antibody when the
hapten is combined with poly-p-lysine. Moreover, re-
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sponsiveness was shown by progeny-testing to be a
dominant single-gene controlled characteristic. Some
of the animals lack the capacity to translate the anti-
gen into information for antibody synthesis although
they manifestly do not lack the ability to respond
when the same antigenic grouping is provided in the
form of the DNP protein complex. Where the defect
lies is not yet clear, but this fascinating approach
should lend itself to solution.

An obvious reason for lack of phagocytosis of anti-
genic material would be lack of the initial reactive
serum proteins which are usually involved. A possible
cause for their deficiency would be a similarity of anti-
genic structure between host and its parasite. If the
necessary anti-parasite antibody were formed, it
would be auto-antibody and would tend either to be
adsorbed onto host constituents or to eliminate its own
further production by means of the controlling
mechanisms already discussed. We have suggested
that this sharing of antigenic similarities may be an
important factor in those infections where the speci-
ficity of the host to its parasite is particularly re-
stricted 5. In other words, one would expect such con-
siderations to be more important in infections such as
cholera, smallpox and influenza in man where the host
range is extremely limited; in contrast to the infections
caused by M ycobacterium tuberculosis, Streptococci and
Staphylococci which can involve many different
animal species with equal severity. When Dr. JENKIN
and I put forward this suggestion we chose S. typhi-
murium infections of mice as our example. This is a
natural disease to which mice are very susceptible.
Injection of as few as 10 organisms may kill 509/ of the
mouse population, whereas rats and other animals
may easily resist 107 organisms. We have three bits of
evidence for antigenic similarities between mouse and
S. typhimurium. A rabbit-anti-mouse serum was highly
effective in promoting phagocytosis of S. fyphimurium
and this property could be absorbed from the sera with
either mouse cells or S. fyphimurium. Secondly, rats
which are resistant to this organism will become quite
susceptible if made partially tolerant of mouse tissue
by neonatal grafting. In other words when their ability
to react immunologically against mouse is diminished,
so is their capacity to resist S. typhimurtum. Finally,
mice which have become chronic carriers of this or-
ganism following infection, develop a positive Coombs
test, their red cells agglutinate when treated with a
rabbit antimouse globulin serum indicating the pres-
ence on the red cells of reactive globulins1é. None of

12 S, E. SVEHAG, J. exp. Med. 779, 517 (1964).

3 T, G. HirscH and B. Stravss, J. Immunol. 92, 145 (1964).

4 B. B. LEviNg, A. Ojepa, and B. BENACERRAF, Nature 200, 544
(1963).

1 D. Rowrey and C. R. JENkin, Nature 793, 151 (1962).

1 C. R. Jenkin and D. RowLey, Bact. Rev. 27, 391 (1963).
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these data is conclusive and although a good deal of
suggestive evidence is now available from other work-
ers this will remain just a nice idea until cross-reacting
antigens can be isolated from both host and parasite.
There are other situations in which defective phago-
cytosis may be the reason for lack of antibody syn-
thesis. It has been shown by DRESSER!? that centrifu-
gation of y-globulin, so as to remove aggregated
material, greatly diminishes its antigenic powers. That
this is presumably due to ineffective phagocytosis is
supported by experiments of FREI and BENACERRAF '8
in which they gave rabbits a large dose of albumin
intravenously and injected a second rabbit with serum
from the first some hours later. The serum, of course,
contained albumin, but only that portion of it which
was less easily phagocytosed — the recipient rabbits
consistently failed to form antibody to the albumin.
My final example concerns the practical and impor-
tant area of gastro-enteritis in young animals, particu-
larly calves. The disease of calf scours occurs typically
in young calves deprived of colostrum and kept under
crowded, dirty conditions, an overwhelming enteric
infection often results which may be caused by many
strains of E. coli and much effort has been exerted to
try to find characters of these strains which can ac-
count for their extreme pathogenicity. The new-born
calves have very low amounts of antibody, mostly of
the less efficient 7S type. The intestinal epithelium is
known to be very well supplied with macrophages at
this early age and I suggest that in the presence of
copro-antibody these phagocytes can help to maintain
the balance of the intestinal flora. Without colostrum,
however, the antibody level may be almost limiting
and superimposed on this is a high intake of enteric
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organisms by mouth, many of which will survive the
achlorhydric conditions in the stomach of the new-
born. These conditions are analogous to absorbing a
weak multipotent antiserum with a mixture of or-
ganisms; sooner or later one of the strains will have
removed all its specific antibody and the phagocytes
in the intestine will no longer operate against that
strain. I suggest there may be nothing more special
about the so-called pathogenic strains of E. coli than
that these are the ones against which the animal first
runs out of antibody. This is a man-made situation in
which lack of phagocytosis may be the reason for
failure of the immune response.

You will all have realized by this time that T have
been deliberately provocative in my observations. But
even allowing for my natural bias towards phago-
cytosis, T hope I may have convinced you that the
handling of antigen by macrophages is an important
component of the immune response which should not
be forgotten.

Zusammenfassung. Die Phagocyten tragen wesent-
lich zur Immunreaktion bei, indem das Antigen zer-
stort wird und eine spezifische Reizung der Lympho-
cyten herbeifithrt. Die Makrophagen sind dieser Rolle
gut angepasst, da sie in einer ersten Phase der Im-
munreaktion zunehmen und in einer spiteren Phase
sowohl zahlenmissig wie funktionell durch einen Uber-
schuss an 7S-Antikérpern herabgesetzt werden.

17 D. W. DRrEssER, Nature 797, 1169 (1961).
8 p, C. Frel, B. BENACERRAF, and G. J. THORBECKE, personal
communication (1965).

The Kinetics of Phagocytosis™

Ever since the days of METCENIKOFF and PFEIFFER
there have been arguments about the relative impor-
tance of cells versus humoral factors in the defence of
the body against infection. One might have thought
that these had been happily resolved by the demon-
stration of ALMROTH WRIGHT that for phagocytosis of
bacteria to occur efficiently, both cells and serum fac-
tors (called opsonins) were necessary. However, the
arguments still continue in a slightly altered form and
were, 1 think, revived by the observations of LURIE
in 1940! that resistance to M. tuberculosis in immu-
nized rabbits appeared to be a property of the mono-
nuclear phagocytic cells in the complete absence of any
effect of the serum. Since that time the concept of

cellular immunity has grown and associated with this
have been examples of phagocytosis occurring in the
apparent absence of antibody. One of the main diffi-
culties in studying phagocytic mechanisms to delineate
the component parts is that, by necessity, one of the
components of the reaction is a living cell. And even if
the work has utilized cells cultured in vitro, one can
never be certain that they do not have important fac-
tors derived from their original host adsorbed onto

* This paper represents the second of three Warner-Lambert
lectures given at Rutgers University in October 1964,

1 M. B. Lur:zg, J. exp. Med. 75, 247 (1942),
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their surfaces. This is particularly true with phago-
cytic cells which have always been used as primary
cultures. There is now ample evidence that normal
serum proteins cannot be removed from cells by re-
peated washing in isotonic solutions. To demonstrate
that such well-washed cells are capable of phagocytosis
in the absence of added serum, is not a satisfactory
proof that serum proteins are unnecessary for the
event. My point is greatly strengthened by the minute
amounts of protein which may be involved, as I will
demonstrate. If 108 unopsonized (i.e. not treated with
antiserum) S. fyphimurium are injected intraperi-
toneally into normal mice and the surviving intra-
peritoneal bacteria are enumerated at intervals, it will
be found that little, if any, reduction in numbers occurs
within 90 min. If, however, as little as 0.00002 ug of
specific 19S antibody is injected together with the 108
organisms, then rapid killing will occur. That this is
due to phagocytosis and further action by the peri-
toneal cells, can be deduced by washing out the mouse
peritoneum and lightly centrifuging at 500 rpm for 5
min to bring down the cells before counting the viable
bacteria in the supernatant fluid. A high percentage of
the viable organisms are found to be cell-associated, in
contrast to the situation in which no antibody is
present.

We can make an interesting calculation from this
simple experiment — in each mouse peritoneum there
are approximately 5+ 10% macrophages and we in-
jected 108 organisms. Assuming a molecular weight of
10¢ for macroglobulins we can say:

10% g = 6 + 10% molecules
(Avogadro’s number)
6-10% . 2

2+10-5 Hg = -16_6“1—0?‘-36; molecules

= 12 - 10% molecules.

This works out at 12 molecules/bacterium or about 2
molecules/macrophage — in either case an incredibly
small amount. It is surely never possible to be certain
that this number of molecules is not already adsorbed
onto the macrophages, in which case addition of more
serum would not increase the amount of phagocytosis.
You will see from the next paper that it is possible to
elute from the washed macrophages of normal or im-
mune mice many thousand times this amount of
protein.

This difficulty, due to cell-adsorbed proteins, can
only be discounted if, in the technique used to study
phagocytosis, there is no uptake in the absence of
added factors. Such a system obtains when one works
with organisms such as the Streptococci, and the re-
sults seem clear that without addition of specific anti-
capsular antibody there is no phagocytosis; in its
presence there is rapid uptake followed by intracellular
killing. This whole process was studied on a quantita-
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tive basis by the delightfully photogenic work of
ArMINE T. WiLsoN who followed this by a combina-
tion of time-lapse cinematography and viable count-
ing. He found phagocytosis to be extremely rapid and
the subsequent intracellular killing of the bacteria to
have a half life of 6~7 min. Over the past six or seven
years my colleagues and I have extended these findings
of WILsoN to other organisms using several techniques
but restricting our attention mainly to mouse macro-
phages. This narrow restriction is for the very good
reason that it is only from the mouse that one can
conveniently obtain large numbers of peritoneal
macrophages without any previous treatment. From
othér laboratory animals one can only collect sufficient
and workable numbers of cells if they have been stimu-
lated by the previous intraperitoneal injection of
glycogen, starch or other particulate, phagocytosable
material. These have, of course, already engulfed the
provoking material and may no longer represent the
normal cell.

In our first method we have used the mouse perito-
neum itself as our culture chamber?; this normally con-
tains several million macrophages, which can be re-
covered simply by injecting 1.5 ml of tissue culture
medium intraperitoneally and sucking this out within
a few seconds. The in vivo method consists of injecting
a known number of living bacteria intraperitoneally
into a group of mice and then recovering the intra-
peritoneal cells and organisms from individual mice at
timed intervals, each interval requiring the sacrifice
of at least one mouse. The distribution of bacteria be-
tween cells and supernatant is estimated by lightly
centrifuging the washout, as described above.

In other techniques we have transferred the macro-
phages to tissue culture tubes either after phagocytosis
has occurred in vivo, so that we could follow the con-
tinuing intracellular killing, or the whole process has
been done under in vitro conditions3.

The main conclusions we have reached are as fol-
lows:

(1) There are many organisms which are not phago-
cytosed under any conditions unless serum factors
have been added. Some organisms are taken up in the
absence of added serum and, for the reasons given
earlier, one cannot be certain about the requirements
for opsonins in these cases. :

(2) Once inside the cells all the organisms we have
studied are killed at rather similar initial rates, with
half-lives around 6-9 min, the one exception being
St. aurens which gave a half-life of 20 min — a figure
in good agreement with the 20-30 min found by
MEeLry and RoGers? and by MACKANESSS.

2 J. L. Wuarrsy and D. Rowrey, Brit. J. exp. Path. 40, 358 (1959).

3 D. RowLeEy and J. L. WuITBY, Brit. J. exp. Path. 40, 507 (1959).

4 M. A. MeLLy, J. B. TuomisoN, and D. E. RoGEers, J. exp. Med.
772,1121 (1960).

5 G. B. MackanEss, J. exp. Med. 772, 35 (1960).
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(3) The phagocytic cells are heterogeneous with re-
spect to their bactericidal activity. Conditions in our
experiments have always provided a very great excess
of macrophages/bacteria so that in the ultimate analy-
sis we have studied single bacterium/single cell inter-
actions. In spite of this the initial rate of killing usually
ceased when there were still considerable numbers of
macrophages containing single bacteria. I will discuss
this heterogeneity more fully in my next lecture.

One of the most noticeable features of work of this
kind is that no in vitro system yet designed can ap-
proach the intraperitoneal rate of phagocytosis. I
believe most people would agree with this. Some ex-
periments of my colleague AvuziNs may help us to
understand the reasons for the difference in efficiency.
She studied the very earliest step in phagocytosis, i.e.
adherence of bacteria and macrophages®. She mixed
opsonized bacteria together with macrophages in sus-
pension and was able to take frequent samples of the
free bacteria by passing the suspension through filter
paper, which held back the macrophages but not the
free, unattached bacteria. She found extremely rapid
adherence to occur, but it stopped when 509%, of the
bacteria were still free. I believe this was due to
equilibrium between adsorption and desorption of the
bacteria, which can obviously occur in suspension.
When the cells are attached to a surface as in the
mouse peritoneum the adsorbed bacteria must often
be trapped against the endothelial linings and in this
way a reversible equilibrium is largely prevented. In
other words this is the efficient ‘surface phagocytosis’
which Woob has stressed for years?.

No talk on phagocytosis would be complete without
a mention of the pioneer work of BENACERRAF et al.
on the kinetics of clearance by the intact reticulo-
endothelial system. They have developed quantitative
methods for its study which are of great value and
have also underlined the importance of antibody for
the clearance of bacteria by the reticulo-endothelial
system®. Bearing in mind the complications due to
adsorbed serum factors and allowing for this, we can
get a great deal of information from studies of the
phagocytic ability of the reticulo-endothelial system
in situ. My colleagues Howarp and WARDLAW tried to
define the requirements for phagocytosis using a liver
perfusion system in the rat®. Briefly they cannulated
the portal and inferior vena cava so that the portal
circulation of the liver was isolated. Then they ran
through suspensions of various bacteria under differing
conditions. With E. coli, perfused in Ringer-Locke
solution, phagocytosis during one pass through the
liver was negligible. Addition of fresh rat serum to the
perfusion fluid increased the efficiency so that about
409, of the bacteria were removed in one pass. Treat-
ment of the rat serum to remove complement, or ab-
sorption of natural antibody in the serum by bacteria,
decreased its ability to promote phagocytosis. They
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concluded that specific natural antibody was by far
the most important opsonic factor and that comple-
ment, if present, also enhanced uptake. When this
work was extended to many other organisms they made
the surprising finding that some bacteria did not, by
this technique, need any added serum for their removal
and indeed there were a few whose uptake was
diminished by serum?®. At the time we had no good
explanation of this, but I now wonder if this could be
a blocking of antigenic sites on the bacteria by non-
complement-fixing antibody of the y;-kind which
BENACERRAF has demonstrated. It would certainly be
interesting to know if excess antibody in vivo could
ever act by inhibiting phagocytosis; as we believe it
may do with soluble antigens when presented in a
complex of the type Ag/Ab(,1{)-

Phagocytosis and clearance of foreign material by
special cells is a function possessed by most if not all
invertebrates, in spite of the fact that these animals
do not produce conventional mammalian-type anti-
body. Since ontogeny and phylogeny often follow re-
lated paths there has been much interest in studying
the development of reticulo-endothelial system func-
tion during embryonic life. In our Department we have
followed this in the incubating hen’s eggs!! and in
foetal rats!?. With both systems, the technique has
been to follow the rate of clearance of P32-labelled
bacteria from the circulation after injection into the
allantoic vein of the egg or the anterior orbital vein
of the rat foetus. KarTHIGASU and READE, who did
this work, were both able to span the last one-third of
the gestation period and both studies indicated that
phagocytic function in the reticulo-endothelial system
develops throughout this period, as does the capacity
to form antibody.

All this work indicates that for phagocytosis by
mammalian cells to occur efficiently, antibodies or
reactive globulins are necessary to sensitize the parti-
culate or antigenic material. HowARD and WARDLAW's
work on liver perfusion had indicated the desirability
of complement, and the work of NELSON on immune-
adherence!®, which one might think was a necessary
preliminary to phagocytosis, had strongly implicated
complement in this reaction. Within the past year or so
SPIEGELBERG, MIESCHER, and BENACERRAF have
turned this possibility into a probability by their work

6 IEwa Avuzins and D. RowLty, Aust. J. exp. Biol. Med. Sci. 47, 539
(1963).

7 W. B. Woop Jr., M. R. SmiTH, and B. WarTson, J. exp. Med. 84,
387 (1946).

8 B. BENACERRAF, M. M. SEBESTYEN, and S. SCHLOSSMAN, J. exp.
Med. 770, 27 (1959).

9 J. G. Howarp and A, C, WAarprAw, Immunology I, 338 (1958).

10 A, C. WarprLaw and J. G. Howarp, Brit. J. exp. Path. 40, 113
(1959). ‘

1t K. Karrtaicasu and C. R. JeEnkiN, Immunology 6, 255 (1963),

32 P, C. ReapE and C. R. JenkIN, Immunology, in press,

13 R, A. NELSON JR., Science 778, 733 (1953),
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with decomplemented mice. They found that, if the
already low levels of complement in mice were further
diminished by the injection of heat-aggregated o-
globulin, which is highly anti-complementary, then the
rates at which these ‘decomplemented’ animals cleared
bacteria or heterologous red cells were greatly dimin-
ished. The original normal rate of clearance could be
restored by the injection of fresh normal serum. A
possible objection to these experiments could be that
the injection of 2.5 mg of aggregated y-globulin would
produce a blockade of the reticulo-endothelial system,
due partly to a limitation of opsonic factors against
the y-globulin, and that addition of fresh serum might
reverse the effect by the provision of more opsonic
factors, thus allowing phagocytosis to proceed. In this
case the decrease in complement would be merely co-
incidental. This explanation now seems unlikely as
MiEsSCHER et al. have produced the same sort of results
in vitro where considerations of blockade do not apply.
Another finding from the same school which sur-
prised me, is that the various fragments of antibody
produced by enzymic hydrolysis will not readily pro-
mote phagocytosis. And this in spite of the fact that
at high concentrations some of these fragments will
produce agglutination and can be shown by other
means to fix specifically to the erythrocyte or bac-
terial surface against which they possess antibody
activity. The fragments of hemolytic antibody will not
lyse erythrocytes in the presence of complement and
this appears to be due to their inability to fix comple-
ment1%, It is reasonable to deduce then that the same
fragments will not permit phagocytosis because they
cannot fix complement and therefore because comple-
ment 1s necessary. This conclusion is also strongly sup-
ported by the experiments of NELsoN in which he
showed that sheep red cells were only phagocytosed
efficiently by guinea-pig leucocytes if they were coated
with C'1, 4, 2 and 3¢ components in addition to anti-
body 1.

In ISLIKER’s laboratory in Switzerland we have
examined the opsonic activity of antibody fragments
I, IT and IIT produced from rabbit anti-S. adelaide
y-globulin by papain and cysteine digestion. As a
phagocytic test we have used the ability of the mouse
peritoneum to phagocytose and kill S. adelaide — this
is a very sensitive and simple test. Whereas the ori-
ginal y-globulin was active at 0.1 pyg/mouse the frag-
ments showed activity only at 100 ug/mouse. Labelling
the fragments with I'3! enabled us to follow the ad-
sorption of the proteins onto the bacteria at varying
concentrations and to show that comparable amounts
of fragments or of whole y-globulin were fixed to the
bacteria. In other words the lack of activity of frag-
ments could not be explained solely by a decrease in
the amounts fixed to the organism??’. These results
support the conclusions of MIESCHER and BENACERRAF
that complement is involved in phagocytosis. Within
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the last year BENACERRAF et al. have described two
electrophoretically distinct 7S y-globulin antibodies in
guinea-pig serum, both having the same antigenic
specificity, and named fast and slow or y, and y,8.
Apart from their electrochemical differences these also
differ in ability to fix complement, as the y,-antibody
fails to do this. This y,-antibody seems inactive in any
of the immunological reactions which normally require
complement, such as the Arthus, hemolytic and bac-
tericidal reactions. The only bioclogical methods of
detecting the y,-antibody are by passive cutaneous
anaphylaxis or by competitive inhibition of the com-
plement-dependent reactions which the y,-antibody
will perform. As far as I know, the definitive experi-
ment using purified y;-antibody in phagocytosis has
not yet been done, but even as it stands now this work
provides strong support for the idea of complement-
dependent phagocytosis. And incidentally this pro-
vides another possible cause of ineffective immuno-
logical responses. Since y; may block the effects of y,,
an animal responding for some reason with excess y,
might be incapable of mounting any of the defence
mechanisms requiring complement. ISLIKER recently
suggested an experimental approach to me, which has
a bearing on this whole question. His idea was to take
normal human vy-globulin and to absorb this with
S. adelaide to remove natural antibody ; then to aggre-
gate this by heat, in which state it would fix comple-
ment and should also attach itself to the bacterial
surface, perhaps stimulating antibody. The question
was, would this material promote phagocytosis? We
have done this and demonstrated that the anti-
complementary power of the aggregated y-globulin
was retained even when attached to the bacteria.
Labelling the aggregate with I'3! enabled us to follow
the uptake on the bacterial surface and to find that
under our conditions approximately 15%, of the offered
aggregated y was adsorbed onto the bacteria. How-
ever, when bacteria were treated with 10 ug-2 mg/ml
of the aggregate and washed before injection into the
peritoneal cavities of mice, there was no evidence of
phagocytosis at all. It seemed probable that the aggre-
gated y remained on the bacteria for the duration of
the experiment, since it partially blocked the phago-
cytosis one would otherwise obtain in mice possessing
the specific anti-S. adelaide antibody. This was further
confirmed by the finding that when organisms and
adsorbed aggregated y were injected into mice im-

14 H, L. SPIEGELBERG, P. A. MIEscHER, and B. BENACERRAF,
J. Immunology 90, 751 (1963).

15 K. AMERIAN and E. J. LEigH1IM, Proc. Soc. exp. Biol. Med. 708, 454
(1961).

18 R. A. NeLson, Advanc. Immunol. 3, 146 (1963).

17 D. RowLeEy, M. Tuoni, and H. IsLikeR, Nature, in press.

18 B, BENACERRAF, A, Ovary, K. J. BrocH, and E. C. FRANKLIN,
J. exp. Med. 777, 937 (1963).
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munized against the aggregated v, there was a rapid
phagocytosis and killing. .

We must surely conclude from this, that the mere
fixation of complement near the bacterial surface is not
sufficient to determine phagocytosis; the specificity of
antigen/antibody combination is also demanded.

When we recall how few molecules of 19S antibody
are necessary on the bacterial surface, we are compelled
to abandon the concept that opsonization involves
‘coating’ the bacteria with a layer of protein and per-
haps a modification of total electrical charge distribu-
tion. Add to this the requirement for complement
which, on a molecular basis, must be of the same order
as the number of antibody molecules and we are forcec
to look for other more specific explanations.

I have given some thought to the possibility that
there might be chemical ‘spikes’ or hot spots on the
bacterial surface which must be neutralized by anti-
body before uptake by phagocytic cells can occur.
This has two weaknesses which to my mind make it
untenable: firstly, it gives no explanation for the role
of complement and secondly, there are many bacteria
such as S. typhimurium with several distinct antigenic
determinants on the surface. In the case of S. typhi-
murium these are classified as I, IV, V and XII by the
Kauffmann-White serological scheme. It transpires
that single factor antibodies against any one of these
antigenic groupings can induce phagocytosis. Thus
even if the chemical ‘spikes’ on antigen IV were
covered up by antibody, there would still be those of
the other antigens, exposed and repellent. The nature
of the antigen against which antibody is directed,
seems of minor importance for phagocytosis and the
vital step may be the act of antigenfantibody union
in the presence of complement and the release of a
mediator substance.

It has, in fact, been suggested by ISLIKER and by
Fisuer that antibody -+ complement may act, particu-
larly in their cytolytic effects, by the release of a sur-
face active substance such as lysolecithin in close
proximity to the cell membrane®®. FIsHER has shown
that activation of complement by antigen/antibody
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reaction is accompanied by lysolecithin formation and
there is other evidence correlating lysolecithin levels
with those of complement in rabbits. At the moment
the evidence for lysolecithin as a mediator of comple-
ment action is not good and its involvement in phago-
cytosis is even more doubtful. It is, nevertheless, an
interesting possibility worth further study.

The only work I am aware of which indicates the
existence of the sort of mediator I am proposing, is
that of Boypex2. He studied the migration of rabbit
polymorphs through a millipore membrane towards
antigen/antibody complexes on the other side. He
found that in the presence of a heat-labile serum factor
(possibly complement) such complexes would exert a
strong chemotactic effect on the leucocytes which was
shown to be due to release of a heat stable mediator.
Macrophages respond to similar chemotactic influ-
ences and in the final analysis phagocytosis may be
the end result of chemotaxis. The nature of this
mediator of Boyden demands further study.

The inability of y-globulin to promote phagocytosis
would be easily understandable if aggregated ¢ + com-
plement failed to release Boyden’s chemotactic media-
tor. It is interesting that it does not appear to release
lysolecithin 21

Zusammenfassung. Die Notwendigkeit eines Opso-
nins fiir die Phagocytose und die Tatsache, dass nur
12 Molekiile yM-Antikdrper geniigen, um .eine Bak-
terienzelle zu opsonisieren, wird besonders hervor-
gehoben. Die Ansicht, dass die Opsonisierung aus-
schliesslich auf einer Belegung von Partikeln mit einer
EiweiBschicht beruhe, wird abgelehnt. Es handelt sich
um einen spezifischen Mechanismus, wobei zusitzlich
zu der Fixierung von Antikorper eine Aktivierung des
Komplementes in allernichster Nihe der Bakterien-
oberfliche fiir die Phagocytose unerlisslich ist.

1% H. FISHER, in Ciba Foundation Symposium on Complement (1965).
20 S, V. BoYpEN, J. exp. Med. 775, 453 (1962).
21 J, KELLER, personal communication (1964).

The Carrier State and Cellular Immunity™

As students of immunology we must constantly re-
mind ourselves that there are many phenomena which,
although possessing all the specificity of antibody-
mediated reactions, nevertheless cannot at the moment
be accounted for in terms of classical antibody. I refer,
of course, particularly to delayed-type hypersensitivity
and to rejection of tissue grafts. Passive transfer of
these immunological phenomena from one animal to

another can be accomplished by lymphocytes but not
by serum. With the advent of the auto-immune
diseases, many of which appear to fall into this class of
cell-mediated reactions, it has become increasingly
imperative to arrive at an understanding of this

* This paper represents the third of three Warner-Lambert lectures
given at Rutgers University in October 1964.
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second kind of immunity. We would like to know
whether this really is a whole class of immune reactions
due to cellular attributes which are independent of and
divorced from classical antibody, or whether they are
fundamentally antibody-mediated but the role of anti-
body being obscured by being bound to cells. In view
of the exceedingly small number of molecules of 19S
antibody needed for immune cytolysis, it is going to be
difficult to separate these two possibilities with cer-
tainty in many cases.

Because of our current interest in the subject of in-
fectious diseases, we will confine ourselves to examples
in this area. There are many bacterial diseases to
which host immunity may develop, in which no protec-
tive humoral antibodies can be clearly found. I men-
tion, in particular, tuberculosis and brucellosis of man
or animals and S. typhimurium or S. enteritidis infec-
tions of mice. The belief that these fit into the class of
‘cell-mediated’ immune reactions rests on evidence
similar to that of LURIE! in his demonstration that
immunity to M. tuberculosis in rabbits was a property
of the mononuclear cells and had nothing to do with
serum factors. This was further strengthened by the
fact that immunity to each of these diseases could be
produced by vaccines of living attenuated organisms
but not by killed bacteria, in direct contrast to most
of the recognizably antibody-mediated examples of
bacterial immunity.

This ‘cellular immunity’ with which we will now
concern ourselves is highly specific. JENKIN and I
chose S. typhimuriwm infections of mice, some years
ago, as our model of this condition. This, as you know,
is a natural epidemic disease of mice which can be
initiated experimentally by the injection of as few as
10 organisms. Good specific protection may be ob-
tained with a living attenuated vaccine and, as shown
by Hosson?, this results in a stable ‘carrier state’ in
which parasite and host live in balanced harmony for
long periods. Moreover, several workers have claimed
that immunity to this infection, whether of the natural
interspecies kind or acquired within the one host
species, may be correlated with the ability of the
macrophages to suppress intracellular growth of the
organism. UsHaIBA et al.?, working with the closely
related S. enteritidis infection of mice, have been un-
able to transfer immunity with serum, but the peri-
toneal macrophages from immunized mice appear able
to confer resistance to normal recipientst With all
this background information one might fairly claim
that this disease comes into the class of cell-mediated
phenomena and indeed this claim has been made often
before by others. I propose now to try to destroy this
claim, at least in so far as it implies new cell properties
due to reactions other than antibody-involved ones.

In our studies we have used an avirulent vaccine
straine named M,y and a virulent strain C5 for chal-
lenge. Mice given 108 My by any route, quickiy de-
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veloped resistance to challenge by many lethal doses
of C5 and this lasted for a long time, during which
small numbers of M,ge organisms could be recovered
from the spleen of most animals. The immunity is
accompanied by a concurrent change in the ability of
the RES to remove the virulent C5. This indicates our
basic biological system which we will try to disen-
tangle.

In the first instance we have attempted passive
transfer experiments with serum from immune mice.
We must remember that mouse globulins have very
short half-lives of the order of two days for 19S5
material and that this infection lasts from 6-21 days
before death or survival is finally determined. For
these reasons we have given repeated injections of
0.2 ml of 14-day immune serum to a group of 40 mice
before and during infection with ~ 200 LDg, of C5.
Significant protection can be achieved by this means;
a protection which is of similar degree to that induced
actively by the living vaccine. This by itself, would
have been strong evidence for humoral immunity, but
we did more experiments which upset this easy solu-
tion. When peritoneal macrophages obtained from
immunized mice were examined by in vitro methods
for their ability to phagocytose and kill an inoculum
of S. typhimurium, we obtained different answers de-
pending on the time after immunization at which the
macrophages were harvested. Fourteen days after im-
munization the cells behaved as though they were
immune in the absence of serum, whereas 4 months
later the outcome was determined solely by the
presence or absence of immune serum from the phago-
cytic cell culture®.

A clue which helped us to explain the puzzle came
from studying antibody production by mice after vac-
cination with living Mye. The biological-antibody ac-
tivity of the sera was determined by an in vivo
clearance test, in which the maximum dilution of serum
was found which produced a standard increase in the
rate of clearance of P32-labelled S. typhimurium C5
from the circulation of mice. Electrophoretic and pro-
tein separations were done on the serum samples at
various times. At 14 days most of the biological ac-
tivity could be recovered in a macroglobulin fraction
which was sensitive to 0.1 M mercapto-ethanol and
had a sedimentation constant around 19S. At two
months all the biological activity occurred in normal
7S5 y-globulin which was insensitive to mercapto-
ethanol. By plotting the total and ME insensitive
antibody at varying times after immunization one can

1 M. B. Lurtr, J. exp. Med. 75, 247 (1942).

2 D. Hossox, J. Hyg., Camb. 55, 334 (1957).

3 D. Usuisa, Tohoku J. exp. Med. 76, 133 (1962).

4 1. Saro and S. MitsuHasHI, Proc. Jap. Acad. 39, 697 (1963).

5C. R, Jexxin, D. RowLEy, and 1. Avzins, Aust. J. exp. Biol.
Med. Sci. 42, 215 (1964).
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see that a phase of maximum 19S antibody yield cor-
responds with the time of apparent ‘cellular’ im-
munity$.

What is the nature of the immunity seen in 14-day
macrophages ? Cells taken at this time were thoroughly
washed with tissue culture medium and then trans-
ferred in an amount equal to the yield from two donor
mice to the peritoneum of normal mice. The ability of
these recipients to phagocytose and kill i.p. injected
S. typhimurium is equal to that found in immune
mice — in complete agreement with Japanese workers
Usuiea and Sarto. Although small quantities of im-
mune mouse serum will produce the same effect, nor-
mal macrophages fail to do so. To our surpise, freezing
and thawing the washed immune cells eight times did
not remove the ability to transfer immune clearance,
although no viable cells remained. Centrifugation
brought down the activity with the cell debris, leaving
an inactive supernatant. We have tried various pro-
cedures for eluting the activity away from this cell
debris, the most successful being incubation at 37° for
1h with 2M urea. From a batch of 300 14-day immune
mice approximately 12 mg of protein were eluted by
urea, and 80 pgfanimal of this impure material were
sufficient to confer immune type of clearance to normal
mice. Treatment with 0.1 ME completely abolished
the activity and centrifugation of one eluted batch of
protein in a sucrose density gradient showed that
the sedimentation characteristics were compatible
with the material being macroglobulin®. Comparable
amounts of similar but inactive material could be
recovered from the macrophages of normal mice.
This must be able to exchange with active material,
however, since treatment of normal macrophages with
active eluted macroglobulin for 1 h, followed by pro-
longed washing, endows the normal macrophages with
the ability to promote rapid intraperitoneal clearance.
In this one, deliberately chosen, supposedly typical
case of ‘cellular immunity’ to an infectious agent, the
immune state is clearly due to cell-bound antibody,
mostly of the 19S variety. It is likely, as EisEx and
Karusa have emphasized recently, that all antibodies
have characteristic distributions between the cell-
bound and the free unadsorbed state®. In those im-
munological situations where the effect seems cell-
mediated, this equilibrium may lie mainly on the
cell-bound side and, if coupled with this, only small
amounts of antibody are produced; it seems quite
possible that virtually the whole of it might be at-
tached to cells. Careful scrutiny of other examples of
cell-mediated phenomena, such as delayed-hyper-
sensitivity and graft rejection, might be rewarding.
And indeed evidence for cell-bound or cytophylic anti-
body was provided by BoyDEN and SoRKIN long before
our own work® What these authors did in effect was
to show that humoral antibody against all sorts of
antigens is heterogeneous, in that a small proportion
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of it has affinity for many kinds of normal cells and
this portion is often different from the precipitating
antibody. In earlier studies they worked with serum
from immunized animals which could only contain the
excess of cytophylic antibody after all the host’s own
cells had been saturated. This cytophylic antibody ap-
pears to be entirely 7S although the significance of this
may be doubtful since it seems to me from their data
that probably less than 19, of the cell-bound protein
is specific antibody. Nevertheless BoYDEN and SORKIN
have realized the full significance of their findings and
have suggested that this cytophylic antibody may play
much the same role in immunological reactions, such
as hypersensitivity and graft rejection, as I have
postulated.

Now I would like to return to our example of mouse
typhoid. I have explained one of the difficulties which
faced us earlier, but what about the fact that one can-
not produce effective immunity with killed vaccines?
This is a less troublesome one, and in all three infec-
tions which I have cited there is recent evidence for
important labile antigens. RiB1 has disrupted M. fuber-
culosis, under oil, taking great care to avoid oxidation
at a liquid-air interface, and the cell walls which he ob-
tained were as effective as living BCG in immunizing
mice against later challenge!0. Similarly Smita, Kep-
PIE et al. have recently reported the isolation of good
immunizing fractions from Brucella cell walls when
the organisms had been grown and disrupted in con-
trolled ways!l. In our laboratory we have been con-
vinced for a long time that the heat-stable O-antigens
of S. typhimurium were not important protective im-
munizing agents. With the demonstration by Staus
that the heat-labile antigen V of Salmonella probably
involves o-acetyl galactose as a determinant, we have
looked for methods of extraction which would pre-
serve this heat and alkali labile o-acetyl structure. In
this way we have successfully obtained fractions which
are effective in immunizing mice against many lethal
doses of S. typhimurium ; at the moment these are very
impure and not at all characterized chemically12.

In the last paper I touched on the question of
macrophage heterogeneity with respect to phago-
cytosis and killing. T would like to elaborate this im-
portant point a little. When mice are injected with
virulent C5 the organisms mostly disappear from the

¢ K. J. TURNER, C. R. JenkiN, and D. RowLEY, Aust. J. exp. Biol.
Med. Sci. 42, 229 (1964).

7" D. RowLey, K. J. TUrRNER, and C. R. JENKIN, Aust. J. exp. Biol.
Med. Sci. 42, 237 (1964).

8 H. N. Eisen and F. KarusH, Nature 202, 677 (1964).

9 S. V. Boypen and E. SorkIN, Immunology 3, 272 (1960).

10 E. Risi, C. Larson, W, WicHT, R. List, and G, GoopE, J. Bact,,
in press (1966).

1 H. SmirH, J. Keprig, J. H. PEARCE, and K. WirT, Brit. J. exp.
Path. 43, 538 (1962).

12 C. R. JENKIN and D, RowLEY, Aust. J. exp. Biol. Med. Sci. 43, 65
(1965).
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circulation for a day or two, but a few days before the
animal dies they reappear in the circulation in very
large numbers and, of course, at this time the animal
begins to look very sick. If, at this time of bacteraemia,
one injects into such mice genetically or isotopically
labelled organisms of the same strain, one can find that
these are cleared by the RES at a rate much faster
than normal. The animal has developed at the peak of
its illness (7-10 days) all the requirements for rapid
RES function (both antibody and RE cells, since the
spleen has increased in size). And yet it is clear from
the experiments of many workers that it is from the
RES that the bacteraemic organisms reappear. The
same organs or tissues are simultaneously seeding and
removing large numbers of the same microbes. Since a
more or less steady state of bacteraemia exists, one can
easily calculate that several million organisms are
being released each hour and an equivalent number of
the same organisms removed by the RES. This seems
to indicate that in the RES effective and ineffective
cells may co-exist side by side. We have looked for
other evidence to support this rather radical thought,
and have found it by following the ip. killing of
genetically marked strains.

A group of 60 mice was infected with 108 M,y
(avirulent); three days later, at a time when they were
just acquiring immunity, 40 of these mice were given
a second 1.p. injection of the virulent Sr C5. Pairs of
mice were sacrificed at intervals, their peritoneal cavi-
ties washed out, and an aliquot of this plated onto
nutrient agar and onto streptomycin agar to differen-
tiate the bacteria of the first and second challenge.
Throughout the whole of the experiment an average of
5000 M, was recovered from each peritoneum, yet in
spite of this a rapid removal and Kkilling of C5 took
place. After following the survival curve for several
hours it was apparent that there was little further
killing of C5. At this time the remaining 16 mice were
killed, and the macrophages harvested and pooled.
After washing, the cell suspension was divided into
two halves, one of which was frozen and thawed
rapidly. Bacterial counts were made at this time one
both halves of the suspension and then 0.1 ml amounts
of the two suspensions were injected into the remaining
20 mice which had originally received M,g,. Once again
washouts were made at intervals and the surviving
bacteria enumerated on both nutrient and strepto-
mycin agar. It is apparent (Figure) that the strepto-
mycin-resistant C5 which persist following the very
rapid killing phase, do so because they are within cells
which are unable to kill them even under the best
opsonic conditions, thus revealing the heterogenetiy of
the macrophage population. You may recall that it has
been noted that the enzymic and granule content of
macrophages could vary considerably according to
their recent phagocytic experience. It may be that this
is sufficient to explain the variation from cell to cell in
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bactericidal potential. In order to appreciate fully the
significance of this cell component and to avoid the
misconception that phagocytosis is necessarily fol-
lowed by death of the intracellular bacteria, we have
tried to put bacteria into cells without first having
been in contact with antibody and complement. This,
of course, is difficult to achieve since macrophages will
not voluntarily take up bacteria under such conditions.
My colleague JENKIN has some interesting data in
this connection3. He persuaded macrophages to engulf
S. typhemurium by the ingenious device of forming a
phage-bacterium complex with a phage to which the
organism had been made resistant. Then by adding
antibody against the phage, phagocytosis occurred and
the bacteria were carried into the macrophages by a
‘piggy-back’ effect. Under these conditions the bac-
teria were not affected in viability by their intracellular
residence. It seems that the bacteria themselves need
contact with specific serum factors before phago-
cytosis, otherwise intracellular killing will not occur.
What better candidates for these serum factors than
antibody and complement !

Osawa and MuscHEL have shown that lysozyme and
the complement bactericidal system may act in syner-
gistic fashion and that gram negative bacteria grown
in restricted ways, such as at high temperatures, may
become very much more sensitive to this system?4,
This they associate with a decreased synthesis of cell-
wall material so that the organisms become pheno-
typically rough. Several years ago it was shown that
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The heterogeneity of the macrophage population with respect to
their ability to kill a streptomycin resistant mutant of the virulent
strain C5. A, Intraperitoneal survival of the virulent strain of S.
typhimurium C5 within the peritoneal cavity of immune mice.
B, The survival of S. typhimurium recovered from the peritoneal
cavity of immune mice as indicated in A and transferred, with or
without freezing, to the peritoneal cavity of immune recipients.
Bacteria released from cells by freezing were more effectively in-
activated than those contained in the intact cells in which they were
presumably transferred.

13 C, R. JENKIN, Brit. J. exp. Path. 44, 47 (1962).
14 ¥, Osawa and L. H. MuscrEL, J. Immunol. 84, 203 (1960).
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rough mutants derived from smooth gram negative
organisms were always more sensitive to the comple-
ment bactericidal reaction than their smooth parents?'?.
My colleague AL1 found that growth of many bacteria
in the presence of phloridzin for a short time does the
same thing'®. We can conclude that altering the com-
position of the bacterial cell wall may greatly change
the complement susceptibility.

Now I will try to offer a short synthesis of the events
leading to the killing of bacteria by phagocytic cells.
There are in this respect two main classes of bacteria:
those which are rapidly and inevitably killed following
phagocytosis, and here the only limiting factor may be
the antibody and complement necessary for uptake (ex-
amples of this type are many: Streptococci, Meningo-
cocci, Staphylococci etc.), and in the second class,
whilst antibody and complement are still necessary for
phagocytosis to occur, the subsequent intracellular
killing requires the concurrent action of the hydrolytic
enzymes in the phagocyte acting at an acid pH; this
presumably strips off some of the cell wall material.
But in addition to this there is a requirement for some-
thing acquired from the serum before entry, and this is
possibly the antibody and complement which are in
any case vital for phagocytosis. These can then act in-
side the macrophage in a manner exactly analogous to
the well known but more restricted serum bactericidal
effect of antibody and complement. Unfortunately for
the host there are some macrophages which are defec-
tive in this process, possibly due to a shortage of en-
zymes. But the immune response is so beautifully
balanced that the initial contact of the bacterial anti-
gen with antibody and complement at the macrophage
surface initiates a rapid multiplication of cells, leading
to the provision of a population of macrophages whose
ability to kill bacteria has been shifted towards the
1009, effective level. This may be due to the increase
in enzyme content of these new cells. I believe this
shift in cell population accounts for a considerable
component of non-specific immunitv, in which one can
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produce a low level of resistance to a variety of unre-
lated parasites by exposing the host to phagocytosable
colloidal materials, like lipopolysaccharides or certain
bacteria such as BCG, Brucellae, and Listeria mono-
cytogenes.

I do not wish to overemphasize either one of these
parameters of host resistance to bacteria. I would only
stress that the antibody provides the only specificity in
the process, but that cells with their enzymic armoury
are needed to complete the destruction of the bacteria.
It is well to remember that modifications to one or
other of these equally vital, interdependent parts may
completely alter the resultant whole process'?.

Zusammenfassung. Es werden Beispiele von Immun-
reaktionen untersucht, in welchen die Erscheinungen
nicht eindeutig auf zirkulierende Antikorper zuriick-
gefiihrt werden konnen (Spitreaktionstyp). Eine
«zelluldre Immunitits wurde in diesen Fillen, sowie
in der Tuberkulose, Brucellose und Salmonellose in
Betracht gezogen. Im Falle von S. fyphimurium-
Infektionen der Maus wird die durch abgeschwichte
Vaccine herbeigefithrte Immunitit auf spezifische
Antikérper zuriickgefithrt, die unter gewissen Um-
stinden zellgebunden sein koénnen. Es wird vorge-
schlagen, dass auch in anderen Fillen die «zelluldre
Immunitédts schlussendlich auf zellgebundene Anti-
korper zuriickzufiihren ist, obwohl die Immunitit
nicht notwendigerweise an die Anwesenheit einer
Trigerzelle gebunden ist. Moglicherweise ist die Spezi-
fitit der Immunreaktion in letzter Analyse immer auf
Antikérper zuriickzufithren.

15 D. ROWLEY, Brit. J. exp. Path. 35, 258 (1954).

18 P, RowLEY and A. C. WarpLAW, J. gen. Microbiol. 78, 529 (1958).
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by a grant from the U.S,P.H.S. No. AI 03226-05. The lectures were
written whilst working at the Institute of Biochemistry in Lausanne
(Switzerland) and I am most grateful to the Swiss National
Science Foundation for support and to Professor H. ISLIKER for
his generous hospitality.



