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The process of  concentration of microorganisms, which leads to inhibition of their growth 
and death, is a mechanism of  nonspecific resistance and immunity in bacterial infection. It 
was suggested that inhibition and death of microorganisms are caused by deficiency of 
essential substances in the concentration site, which determines the significance of agglu- 
tination in the immunity. Agglutination of microbial bodies increases their concentration in 
tissues. By contrast, dispersion of bacteria in the tissues weakens the effect of  the concen- 
tration factor and, consequently, increases the virulence of the bacteria. 
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Agglutination of bacteria was discovered by A. Char- 
tin and J. Roger in 1889 [14]. This discovery led to 
the conception of antibodies and their interaction with 
antigens. 

Based on extensive studies of the mechanisms 
underlying this reaction, G. Wilson and A. Miles have 
suggested that agglutination prevents propagation of 
bacteria f rom the pr imary focus to the lymph  and 
blood [20]. However, they attributed this effect not 
only to agglutination but also to opsonizing activity of 
antibodies. W. Clark claimed that "the ability of anti- 
bodies to agglutinate bacterial cells in vitro probably 
plays no role in the immunity in rive" [8]. A similar 
idea was suggested by N. V. Medunitsyn in his recent 
review: "There are no sufficient proofs to believe that 
numerous interactions between antibodies and infec- 
tious agents observed in vitro occur in vivo. Presu- 
mably, most of  these interactions are aimed at opso- 
nization of  the infectious agent and stimulation of 
phagocytosis, which is the major mechanism of  anti- 
infectious immunity " [1 ]. 
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Our investigations have shown that the protective 
mechanism of  agglutination consists in the concen- 
tration of considerable numbers of bacteria in a limited 
volume in the hosts' body. This inhibits growth and 
causes death of  the bacteria. In electron microscopy 
studies we observed structural damage to bacteria - -  
clarified cytoplasm separated from the cell wall - -  2 h 
after intramuscular injection of rats with Pseudomonas 
aeruginosa strain 453 (L. A. Tarasevich State Institute 
of Standardization and Control of Medical Biological 
Preparations). At the same interval, the number of 
damaged bacteria in immunized rats was considerably 
greater. The amount of damaged microbial cells was 
high after injection of intact animals with bacterial 
suspension in 5% immune serum but not in Hanks' 
solution. The number of damaged microorganisms in 
the center was always greater than at the periphery of 
the accumulation focus. 

Since this strain of P. aeruginosa is complement- 
resistant, the observed bacterial damage could not be 
inflicted by the complement. Damaged bacteria were 
observed at the site remote from the host's cells, for 
example, from phagocytes. Consequently, the damage 
cannot be attributed to direct or indirect (release of 
bactericidal substances in the extracellular space) ac- 
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tivity of  phagocytes. Thus, some bactericidal factor, 
other than complement and phagocytosis, operates in 
the focus of  infection. This factor is stronger in im- 
munized animals or in the presence of exogenous anti- 
bodies. The amount of damaged cells is greater in the 
center than at the periphery of  the accumulation focus, 
suggesting that this is due to deficiency of vital sub- 
stance in the immediate vicinity or excess of harmful 
substance secreted by the bacteria. Both the deficiency 
of  vital and excess of harmful substances have the 
strongest effect in the sites of  the highest concentration 
of microbial bodies. 

To check up this hypothesis, we have infected two 
groups o f  rats with the same number of bacterial cells 
using diluted (dispersed tbcus of infection) and con- 
centrated (dense locus of  infection) suspension. The 
parameters characterizing the severity of pathological 
process 7 days after infection [3] are summarized in 
Table 1. Statistical analysis has shown that the motile 
microbe P. aeruginosa strain 453 injected in diluted 
and concentrated suspension caused disease of prac- 
tically the same severity and similar development of  
abscesses in the primary focus. The severity of disease 
(by weight  loss) and abscesses was smaller in rats 
injected with concentrated suspension of the immotile 
microbes P. aeruginosa strain 103 and Staphylococcus 
aureus strain 3377. The hypothesis that the density of  
microbial bodies is the major factor determining the 
severity o f  infection was confirmed by the above- 
ment ioned experiments with the motile microbe P. 
aeruginosa strain 453: high density of this microbe in 
the primary tocus (iniection in concentrated suspen- 
sion) rapidly decreases due to its proliferation into the 
extracellular spaces. 

The results of experiments with P. aeruginosa 
strain 453 provide an insight into the biological sig- 
nificance of  the motility of  pathogenic bacteria. It has 
been general ly accepted that the motility is a viru- 
lence-determining factor. This was confirmed by in- 
vestigations of P. aeruginosa [17-19], Vibrio cholerae 

[12], and Proteus mirabilis [16]. Our experiments  
demonstrate how the motility of a microorganism in- 
creases its virulence. By moving away Itom each other, 
motile pathogenic microorganisms reduce the popula- 
tion density, thus weakening the effect of  the con- 
centration factor. Interestingly, monoclonal antibodies 
against the flagellar protein of Proteus mirabilis inhi- 
bit the motility of these bacteria in vitro and exhibit 
pronounced protective activity in vivo in a mouse model 
of  burn sepsis after infection into the burn zone [13]. 
These antibodies have no protective effect after intra- 
peritoneal infection. The different effects of  these anti- 
bodies were attributed to specific functions of  perito- 
neal phagocytes. We think that the concentration fac- 
tor is a more simple and convincing explanation of  
this phenomenon. The antibodies to flagellar protein 
inhibit microbial motility irrespective of the route of 
administration. Blockade o f  the microbe in the wound 
does not allow it to weaken the effect of  the concen- 
tration factor by proliferating, thus providing thera- 
peutic effect. In the abdominal cavity even immotile 
bacteria are rapidly dispersed, which weakens the ef- 
fect of  the concentration factor and abolishes the thera- 
peutic effect of  the antibodies. 

The importance of the concentration/actor and of  
microbial motility as a counter-measure against this 
factor is illustrated by the results of  our experiments. 
For quantitative evaluation of the effects of  various 
media  on the motility of  bacteria we used the tk)l- 
lowing method. Wells (6 mm in diameter) were cut in 
agar in a Petri dish. Pieces of  filtering paper rolled in 
tubes were inserted into the wells. The height of  the 
tube was 2-3 mm greater than the depth of  the well. 
The same volume of microbial suspension in the studied 
medium with 3.3x109 cells/ml was poured in each tube 
and the dishes were left in a thermostat tor 20-22 h, 
after which the diameter of  bacterial growth around 
the well was measured. 

By this method we studied the motility of P. aeru- 
ginosa strain 453 in several media. The following 

TABLE 1. Body Weight of Animals and Weight of Exudate in the Primary Focus after Infection by Concentrated and Diluted 
Suspension of Bacteria 

Microorganism 

P. aeruginosa strain 453 

P. aeruginosa strain 103 

S: aureus strain 3377 

Volume of 
suspension, ml 

0.5 

0.05 

0.5 

0.05 

0:5 

0.05 

Number of 
animals 

10 

10 

15 

15 

t0 

10 

Number of 
in oculated 

bacteria, x l 0  ~ 

1.6 

1.6 

5 

5 

5 

5 

Mean weight 
loss 7 days 

after infection, g 

9.2 

12.4 

15 

8.5 

9.3 

0.3** 

Mean weight of 
exudate, mg 

339 

364 

941 

596** 

309 

154* 

Note. *p<O.05, **p~_0.01 between the results obtained after infection by concentrated or diluted suspension. 
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results were obtained. If the motility of the bacteria in 
Hanks' solution is taken as 100%, in Hanks' solution 
containing 5% nonimmune rat serum it is 120%, in 
Hanks' solution with 5% immune rat serum against 
P. aeruginosa strain 453 it is 80%, in a water-salt 
tissue extract (in Hanks' solution) predominantly 
from the muscles of intact animals it is 30%. Thus, 
a decrease in microbial motility is a factor of nonspe- 
cific resistance in the body, and restriction of bacterial 
motility potentiates the effect of the concentration 
factor. 

The hypothesis on the role of the deficiency of a 
vital substance was checked up in experiments with 
iron [7,9-11,15]. All living organisms require iron 
because it is a component of respiratory enzymes. In 
the mammalian body practically all iron occurs in the 
bound form, predominantly in the form of hemoglo- 
bin. The concentration of free iron in the extracellular 
space is low. Moreover, a specific mechanism of ex- 
traction of free iron from the extracellular space has 
developed in the course of evolution. The plasma pro- 
tein transferring binds free iron. The presence of trans- 
ferring in blood plasma renders a huge number of 
bacteria nonpathogenic; these are the bacteria that 
cannot live under conditions of iron deficiency. Patho- 
genic and arbitrarily pathogenic bacteria have adapted 
to iron deficiency. They secrete siderophores, proteins 
that can compete with transferring for free iron. Iron 
bound by siderophores is internalized by microbial cell 
via special surface receptors [9]. 

We have compared the severity of pathological 
process by body weight and amount of exudate in the 
primary tocus 7 days after infection in two groups of 
rats. Control rats were injected with P. aeruginosa 
strain 453 as suspension in Hanks' solution. Experi- 
mental rats were injected with the same suspension 
containing hemoglobin in the concentration similar to 
that in blood. Hemoglobin was obtained by cytolysis 
of erythrocytes from an intact rat. 

On the 7th day of disease, the intensity of inflam- 
mation in the primary focus and weight loss in ex- 
perimental group was significantly higher than in the 
control (16 g vs. 2 g). Thus, high concentration of iron 
in the primary focus is positive for the microorganisms 
and negative for the host, i.e., when iron is not in- 
jected in the tbcus of infection, the microorganism's 
functions are partially suppressed. Undoubtedly, the 
effect of the concentration factor is not associated only 
with iron deficiency. It should be stressed that irre- 
spective of the number and nature of the substances 
which are necessary for the reproduction of the micro- 
organisms in the host's body, the deficiency of these 
substances will have the most pronounced effect in the 
sites where the microorganisms competing for these 
substances are concentrated in the limited space. 

The emergence of antibodies - -  proteins with two 
identical sites for the binding with a microbial cell - -  
can be regarded as a useful mechanism increasing the 
adaptive potential of the higher animals to microflora. 
Agglutinates (conglomerates of microbial bodies) lorm 
as a result of the interaction between these antibodies 
and microbial cells. 

We believe that the concentration factor accounts 
for the role of agglutination in the immunity in vivo. 
The binding of bacteria with each other creates high 
concentration of microbial bodies in tissues, thus po- 
tentiating the inhibiting effect of the deficiency of iron 
and other vital substances. By limiting the dispersion 
of bacteria in the tissue from the primary focus, ag- 
glutination reduces the volume of the tissues exposed 
to bacterial exo- and endotoxins. Blockade of recep- 
tors on cell surface potentiates the effect of the con- 
centration factor. For example, special receptors for 
siderophores and other metabolites possess antigenic 
activity and stimulate the synthesis of antibodies to 
them. Antibodies bind to these receptors and block the 
entry of a vital metabolite to the microbial cell. Ob- 
viously, the receptor blockade is most efficient at the 
sites of the highest concentration of microbial cells 

Fig. 1. Metastatic abscess under the kidney capsule in a control 
animal, x25. 
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(deficiency due to receptor blockade is aggravated by 
deficiency due to competition). 

The concept of the concentration factor explains 
not only the role of agglutination and bivalent anti- 
bodies in immunity, but also the biological expediency 
of the fact of that the immune response both in phylo- 
and ontogeny begins with the synthesis of IgM [6]. 
There are no receptors for these antibodies on the 
surface of phagocytes, i.e., without the complement 
these antibodies cannot act as opsonins and stimulate 
phagocytosis. However, these ten-valent antibodies are 
the most potent agglutinating immunoglobulin. Con- 
sequently, the most ancient and the earliest reaction of 
humoral immunity is not aimed at stimulating phago- 
cytosis but at potentiating the effect of the concentra- 
tion factor. 

We believe that the reviewed data are useful in the 
light of the most important problem of infectious patho- 
logy: pathogenesis of sepsis and, specifically, role of 
agglutination in its development. Previously, we re- 
ported that in immune animals generalization of in- 
fection does not occur or is less pronounced and the 
severity of disease is much lower [2]. These data are 
not surprising, because the positive effect of immu- 
nization on pathological process has been known since 
the Pasteur's times. The mechanism of this pheno- 
menon remains the subject of extensive investigations. 
Without analyzing the complex multicomponent effect 
of immunization on the organism (proliferation and 
maturation of immunocompetent cells, synthesis of 
antibodies, production of cytokines, etc.), it should be 
noted that we have observed an effect similar to that 
of immunization when 2-5% immune serum was added 
to microbial suspension before infection [4,5]. In this 
case the infecting agent was influenced only by anti- 
bodies. This influence was quite strong - -  generaliza- 
tion did not occur or its parameters were markedly 
reduced: none of the animals infected with agglutina- 
ted microbes died, while in the control group (injec- 
tion with nonagglutinated microbes) lethality was 80%, 
the occurrence of pyemic Ibci with the causative agent 
in the kidneys (Fig. 1) was zero percent in experiment 
and 60% in the control, and the occurrence of the 
microbe in the spleen was 16% v s .  66% (control). 

Thus, the tollowing mechanisms are responsible 
tor the suppression of infection generalization by anti- 
bodies. First, agglutination of the causative agent, 
which inhibits its functions and causes death under the 
influence of the concentration factor and hampers the 
crossing of the blood-tissue barrier and entry into the 
blood and lymph. Second, opsonization of the causa- 
tive agent, which stimulates the phagocytizing activity 
of neutrophils and macrophages. 

Agglutination of antibodies concentrates bacteria 
in the body, which inhibits their growth and leads to 
their death. This is caused by deficiency of vital sub- 
stances, for example, of iron. The process of concen- 
tration potentiates the effect of the competition be- 
tween the bacteria for the vital substance. This is con- 
firmed by the fact that morphological damage to 
bacterial cells is more pronounced in the center of the 
primary focus, where the deficiency of vital substance(s) 
is greater than at the periphery. Experimental evidence 
that agglutination affects the immunity via the con- 
centration factor could be helpful in the investigation 
of sepsis. 
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