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Tumors and biofilms: too much coincidences to be casual
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The existence of the majority of microorganisms in the form of three-dimensional associates
on the phase interface provides significant advantages as compared with unicellular plank-
tonic ones. There is a strong similarity in properties of biofilms and malignant tumors that
allows considering the latter ones as some kind of biofilms. Such point of view facilitates our
understanding of some features of carcinogenesis and provides perspective directions in the

prevention of metastases.
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The most widely distributed form
of life

Arthur Kornberg noted once, that multicellular
organisms, including mammals, are the rare
exclusion in the world that belongs to micro-
organisms [1]. Up to 95-99% of them exist in
natural environments in the form of bio-
films [2]. In other words, biofilms represent
the most widely distributed and successful
model of life on the Earth [2]. According to
the universally acknowledged definition, they
are aggregates of microorganisms in which
cells are frequently embedded in a self-pro-
duced matrix of extracellular polymeric sub-
stances that are adherent to each other and/or
surface [3]. All higher organisms, including

humans, are colonized by microorganisms that
form biofilms, which can be associated with
persistent infections in plants and animals, and
with contamination of medical devices and
implants [5]. What are the advantages of as-
sociated form of microorganisms’ life in con-
trary to quite rare free planktonic one? These
advantages have to be extremely significant
because they determine the choice of biofilm’s
form of life by immeasurable diversity of mi-
croorganisms. Unfortunately, the same advan-
tages were suitable for multicellular organisms
with the grave consequences for the latter.

The importance of being biofilm

Biofilms are complex systems that have high
cell density, ranging from 108 to 10'! cells g!
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wet weight, and typically comprise many spe-
cies. As a rule, biofilms are formed in flow
system in the presence of the necessary growth
substrates. A further source of heterogeneity
is the ability of cells to undergo differentiation,
which can be triggered by local conditions,
and to coordinate life cycles that include stage-
specific expression of genes and proteins. That
is typical for the growth and development of
microorganisms in spatially heterogeneous
systems. The emergent properties of biofilm
communities comprise novel structures, ac-
tivities, patterns and properties that arise dur-
ing their growth that leads to the formation of
self-organized complex system [4]. There is
an opinion that the key condition for the bio-
films formation is the presence of some factor
which suppresses significantly the growth of
individual microorganisms [5]. This point of
view has the right to exist, although often in
the absence of adverse factors microorganisms
are still inclined to form biofilms. The list of
hostile factors seems to be endless and con-
tains innumerous chemical toxicants, antibiot-
ics, oxygen reactive species, metal ions, ionic
force, temperature, pH, detergents and desic-
cation. The list of has to be supplemented by
more complicated defensive systems when we
consider microorganisms living inside multi-
cellular organisms. All these factors suppress
the development of separate microorganisms
and lead to the formation of biofilms. There
are a lot of processes both at molecular and
cellular levels that promote the intercellular
association. Thus, the influence of an unfavor-
able factor alters the normal metabolism of
microorganisms. This leads to the production
of significant number of abnormal proteins,
lipids, and carbohydrates that may be evalu-

ated as some kind of endogenous intoxication
at the simplest, unicellular level [6]. It is
known that proteins with imbalanced or in-
complete structures interact with outer cell
membranes by quite rigid rules, which leads
to the anchoring of hydrophobic residues in-
side membrane where as the positively charged
ones were directed inside the cell (“positive-
inside” rule [7]). Such allocation creates even
ideal conditions for non-enzymatic glycosyl-
ation, or rather for interaction of intracellular
part of the protein with numerous carbonyl-
containing compounds, whose content in the
cell increases sharply when cell is exposed to
unfavorable factors. At the same time glycation
of the protein intracellular part creates precon-
ditions for exposure of bulky and chemically
active carbohydrate derivatives on the cell
surface. The following growth of extracellular
cover may pass by well-known mechanisms
of advanced glycation end products (AGEs)
self-assembling with the formation of numer-
ous intermolecular and intercellular bounds.
In addition, non-functional glycation is a well-
recognized inducer of the conformational rear-
rangement of the protein molecules into B-fold
structures that are capable of self-assembly
into amyloid-like fibrils [8, 9]. Formation of
such mixed cover on the outer cell membrane
protects to some extent the cell from the con-
tact with hostile environment and persists at
mitotic division to both newly formed cells.
These and similar associative processes sup-
port the mutual adhesion of dividing cells and
the formation of an extracellular polymeric
substance (EPS). Evidently the given examples
are far from the exhausting of the set of the
processes that lead to the formation of three-
dimensional cells’ coat, but even they are

73



S. V. Verevka, N. M. Voroshylova

enough for the transformation into autoch-
tonic parametabolic process that outruns cells
division. At such look the community of free-
born microbes may be recognized as the mise-
rable lump of the clayed poor fellows, that by
the skin of their teeth survive in the hostile
habitat. However, EPS isn’t a simply amor-
phous gel that is composed by polysaccharides,
lipopolysaccharides, and glycoproteins, but
instead has a highly ordered three-dimension-
al structure that contributes to its function and
emergent properties [10—12]. It provides the
protection of microorganisms, redistribution
of nutrients between individual cell layers and
accumulation of active intracellular compo-
nents in inaccessible for free microorganisms
concentrations. EPS accumulates inside the
matrix innumerous substances that may be
inactivated or transformed into nutrients by
various enzymes, that were secreted by cells
and immobilized in EPS’ net. All these proper-
ties transform the EPS matrix in some kind of
external digestion system [13].

Survivorship bias at microbial level

There is no consensus on the causes of phe-
notypic variation of microorganisms at the
biofilm forming. Some components of the
extracellular polymeric substances may be
mutagenic. The horizontal gene transfer may
be also possible due to enriching the genome
of compactly grouped microorganisms by
various inclusions of extracellular DNA [4,
5]. The exchange on genetic information may
play a notable role in the intercellular interac-
tions in biofilm, but in clean and feed-abun-
dant conditions such enrichments are at best
useless and mutant forms lose to normal one,
lag behind in the dynamics of reproduction
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and eventually disappear. Contrary, under the
influence of an unfavorable factor, some (the
rarest) change in the genome prove to be use-
ful, ensuring to mutant form advantages in
surviving and multiplication over an original
form. It is impossible to exclude the possibi-
lity of evolutionarily formed permanent phe-
notype dispersion with an unchanged geno-
type. Phenotypic plasticity seems to be the
most important prerequisite for survival. The
community of the cells that are phenotypi-
cally different among themselves proves to
be more adapted to survival and reproduction
under the influence of any unfavorable factor.
The plasticity of the phenotype is also neces-
sary for the formation of internal layers of
biofilm under conditions that differ from both
an ideal pure medium and conditions of hab-
itation of the outer layers of the forming film.
Thus, at certain thickness of the outer layer
the transition from aerobic metabolism to
anaerobic one becomes in demand. No less
useful are the abilities to supply catabolites
of the outer layers’ cells, extracellular poly-
meric substance, died or less aggressive cells,
and even the material of the supporting sur-
face [4, 14]. Biofilms’ habitat conditions pre-
determine an increase of aggressiveness and
intensive production of lytic enzymes. The
expansion of new food base supports the
domination of the fittest iso-forms. Less suc-
cessful cells as well as that ones which got
under annoying conditions, are eliminated by
more luckier relatives and bacteriopha-
ges [15]. In this way, spontaneously but reg-
ularly, feeding cavities, chanels, and pores
are forming.

Deepening the cells’ differentiation by the
biofilm development leads to the formation of
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subpopulations with properties that are very
different from the free form of the same cells.
As a result, the concept has emerged of the
special “biofilm phenotype”, which in com-
munity is less sensitive for the influence of the
corresponding unfavorable factors [4, 16].
There is no doubt that the formation of “win-
ning” lines is not a single act of creation, but
proceeds permanently, with a constant rejec-
tion of less adapted forms. Therefore, the con-
sideration of the formation of biofilms as a
purposeful process is a typical example of a
systematic survivorship bias — accounting for
winning cases without considering the many
losers. Of the many phenotypic forms that are
formed, only those ones whose phenotype
contributes to survival and reproduction under
the yoke of an unfavorable factor or changed
environmental conditions are observable. Both
the initial planktonic form, and innumerous
ones with useless or harmful changes of phe-
notype, lose in distribution and, as a result,
lose in representation. But this doesn’t mean
that they are still not forming. From this point
of view the systematically formed failure
forms are an indispensable condition for the
adaptation and survival of society as a whole.
There is nothing unusual in this, if notify that
microbes are the product of the selection du-
ring the myriad generations. The formation of
the aggregate isn’t a consequence of the sti-
cking together of individual cells, but is the
result of proliferation of the cellular forms
which were more adapted to the given condi-
tions. On these reasons biofilms are neither
“fortresses” nor “cities”, but they are the result
of rigid selection of cells by phenotype con-
formity or inconsistency for the changed ha-
bitat conditions.

Under the pressure of the immune
system

For obvious reasons, the features of biofilms’
existence inside the higher organisms are of
increased interest. The main feature of this
coexistence is the presence of powerful pro-
tective systems designed to neutralize or re-
move the alien inclusions from the body. In
this case, the recognition of «one’s own» and
«others» is determined by the presence or
absence on the cells’ surface of structural
groups that don’t conform to the structural
rules adopted in this particular biological
system [17]. One can confidently identify
three key strategies for the survival of micro-
organisms under similar circumstances. The
simplest and most successful one is based on
the reaching of the maximal correspondence
of the cell’s surface to the structural rules
adopted by multicellular proprietary organ-
ism. This strategy is the typical one for most
obligate microorganisms that live in biofilms
whose outer layer doesn’t cause noticeable
reaction of the host’s defensive systems. A
more complex case is represented by micro-
organisms that change antigenic determinants
of the surface after the forming of a full-scale
immune response to them. Such strategy is
quite videspread among various bacterias and
protosoas, which in contrast to Leopard may
change their spots. For example, an African
trypanosomias (7rypanosoma brucel) makes
such transformations up to 20 times, that fi-
nally leads to the death of the host [18]. In
such cases the decisive demands are the phe-
notypic plasticity and rigid selection of forms
that were acceptable for changing environ-
mental conditions. In some cases microorgan-
isms may minimize the impact of immune

75



S. V. Verevka, N. M. Voroshylova

system by formation of a kind of smoke bar-
ragen by intensive biosynthesis of the sub-
stances, which interaction with environmen-
tal components leads to the formation of im-
munogenic compounds with corresponding
redistribution of the immune system’s action.
All the noted strategies do not contradict to
each other and may be used together. So,
Streptococcus pyogenes and Staphylococcus
aureus are typical obligate microorganisms
existing in the form of biofilms. They do not
create any problems for the carrier at the
normal functioning of the immune system.
However, both of them produce intensively
the proteins, that initiate activative processes
resulting in the formation of significant
amounts of immunogenic derivatives. Thus,
streptokinase produced by Streptococcus pyo-
genes forms a complex with plasminogen
circulating in the bloodstream. Such a com-
plex, in turn, activates other molecules of
plasminogen to free plasmin that is immedi-
ately blocked by a,-antiplasmin. The plasmin-
o,-antiplasmin complex is recognized by
clearance systems as a protein to be elimi-
nated immediately [19]. Staphylococcus au-
reus produces staphylokinase that acts simi-
larly, even in some simplified manner. Both
proteins possess little immunogenicity and
are not needed for their cells-producers in
itself, but derivatives of these proteins redis-
tribute substantially the influence of immune
system from producer cells. That leads to the
survival of the latter in a state of quasi-sta-
tionary equilibrium with the host organism.
Meanwhile, the weakening of immune system
caused by any reasons reduces the restrictions
of microorganisms’ growth, that leads to the
hard consequences.
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... let slip the dogs ...

Mutual negative interactions of the familiar
cells have also been observed in biofilms.
Competition between cells inside biofilms can
involve various killing mechanisms, such as
those using antibiotics, bacteriocins, or extra-
cellular membrane vesicles (which can contain
enzymes that kill or impede the growth of
competiting organisms), or strategies that com-
promise growth, such as nutrient depletion or
the inhibition of quorum sensing [4, 20]. Thus,
the binary biofilm is formed by two Rumino-
soccus species, one of which forms a bacterio-
cin active against the other [21]. For the same
reasons biofilms release significant amount of
substances that inhibit the growth and repro-
duction of free planktonic forms as well as
those ones which were pulled out by the bio-
film on the late stage of maturation. These
substances play the role of some kind of self-
produced adverse factor. That is why the pos-
sibilities of free cells’ spreading with following
forming new biofilms are determined by the
complex of external unfavorable factors, by
the ability of plankton forms for mutual bind-
ing, and by the availability of a substrate suit-
able for the primary sorption. No less signifi-
cant is the ability of these microorganisms to
retain certain phenotypic acquisitions irrespec-
tive of the initial conditions. That is why some
phenotypes become even impossible to self-
propagation in the absence of hostile factor
and are doomed to disappear. On the contrary,
some other biofilm-origin microorganisms sur-
vive at returning to a free planktonic state, or
rather, when dividing cells pass through this
stage. That is the cause of the endless race
between the spread of diseases which infec-
tious agents became resistant to some antibio-



Tumors and biofilms: too much coincidences to be casual

tics and the development of qualitatively new
drugs, for which the resistance has not been
formed yet. In some cases the weakening of
the master’s organism counteraction leads to
the spread of biofilm formed cellular iso-forms
with increased aggressiveness and altered nu-
trient specificity. Therefore, the transformation
of known obligate microorganisms at the
weakening of the immune system into the hard
damaging factor is natural and inevitable.
Together with the previously developed resis-
tance to antibiotics, this transformation can be
lethal for the host.

Too much coincidences to be casual

The concept of biofilms has been proposed
recently — in the mid-1980s [22]. It is wide-
spread mainly among microbiologists, infec-
tious disease specialists, biotechnologists and
ecologists, whereas for the numerous repre-
sentatives of other branches of biological and
medical sciences it remains as a kind of exotics
that is very far from their interests. However,
even the simplest comparison of the regulari-
ties of formation and development of biofilms
and malignant tumors is striking by similarity.
In both cases we are dealing with the formation
of three-dimensional associates of cells, which
differ sharply from the environment. Whatever
the reasons for the formation of malignant
cells, a metabolic disorder is accompanied by
a massive contamination of the outer cell
membrane by the binding of the diverse extra-
cellular material. This, on one hand, causes a
regular reaction of the immune system, that
may be considered as the powerful unfavorable
factor that promotes the formation of the bio-
film. On the other hand, high reactivity of the
surface carbohydrate components provides

both mutual recognition of tumor cells and
endotheliocytes’ surface, ensuring primary
adhesion of tumor cells to the endothelium of
the vessels of the target organ that is the key
stage of metastasis [23, 24]. At the same time,
the material adsorbed on the cell surface initi-
ates a cascade of activative processes, that lead
to the cleavage of surrounding tissues, the
development of oxidative stress and other pro-
cesses resulting in the formation of significant
amounts of various abnormal metabolites [25].
Some of them, forming and accumulating in
the tumor tissue in concentrations which are
unattainable for a single cell, cause an unpre-
dictable cascades of cells’ transformations with
a rigid selection of formed cellular isoforms
according to the criteria considered above for
the biofilms. Other components contribute to
the tumor survival by damaging surrounding
tissues and reducing the impact of the immune
system by smoke screen of damaged proteins.
The intercellular stroma of the tumor is a typ-
ical extracellular polymeric substance by both:
its content and functions [26]. The presence of
B-structured protein aggregates in stroma’s
composition is also understandable and is
similar for the cases of biofilms and for some
other tissues with disturbed metabolism [7]. It
1s worth to underline, that the formation of
B-stacked protein aggregates in the living body
in itself leads to severe consequences associ-
ated with the disruption of the normal func-
tioning of a number of biological systems.
A special group of tumor-producing substances
are the tumors’ restrictors, that more or less
effectively block the interactions essential for
metastasis and invasion [27, 28]. Similarly to
biofilms, the reaching of the three-dimension-
al tumor’s size causes the cells’ differentiation,
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formation of feeding vessels and changes in
the character and intensity of the local me-
tabolism. Thus, the increase in growth factors
expression is the typical tumors feature and
may be caused by phenotypic differentiation.
At the same time the development of nonfunc-
tional proteolysis, which is typical for malig-
nant processes, leads to the activation of
growth factors followed by intensification of
angiogenesis, which is typical for tumor de-
velopment, too [29]. All these alterations are
not a directional process, but are the result of
a complex of processes leading to the forma-
tion of phenotype-different forms with subse-
quent selection according to the criterion of
the ability to survive and divide under perma-
nently changing conditions.

The marked analogy of the processes of
formation of biofilms and malignant neoplasms
makes it possible to draw several conclusions
that can have practical significance. If to ex-
amine tumor as a kind of a mature biofilm, the
high phenotypic plasticity of the tumors’ cel-
lular society complicates significantly, if not
excludes completely, the blocking of the ma-
lignant process by the body itself. The same
reasons cause the formation of chemotherapy-
resistant forms similarly to the formation of
antibiotic-resistant biofilms. Thus, the forma-
tion of cytostatics-resistant tumor cells is
caused by a change in the lipid composition
of their outer membranes, leading to decrease
in permeability for cis-platin and doxorubi-
cin [30, 31]. At the same time, resistance to
liposomal forms of these cytostatics has not
been detected, which clearly indicates the ad-
visability of using preparations with enhanced
membrane permeability in the treatment of
recurrent oncological diseases [31, 32]. The
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process of metastasis is mediated by the stage
of formation of a “floating island” of malignant
cells [23]. By the analogy with the mechanisms
of formation and development of biofilms, it
it 1s possible to suppose that in this state the
conglomerate of malignant cells is the most
vulnerable. It is known that only a small part
of malignant cells circulating in the blood-
stream is capable of anchoring with the sub-
sequent formation of a tumor. In other words,
the limiting stage of the metastasis is the bind-
ing of floating cells to suitable landing sites on
the intima of blood vessels. Similarly to the
biofilm-forming processes, this process is li-
mited by a number of tumor-produced sub-
stances that block the binding sites and boun-
ded groups, which are responsible for cells’
sorption. The elimination of tumor removes
these blocking compounds, thus creating the
prerequisites for relapse. This necessitates the
postoperative use of angiostatins, trombospon-
dins and similar substances for limitation of
undesirable sorptive processes. An important
consequence of the formation of antimetasta-
tic-resistance is the increase in the aggressive-
ness of cells, which is associated with activity
of the proteolytic enzymes. Thus, for cytosta-
tics-resistant cells more than triple increase in
trypsin-like activity was shown [33]. By ana-
logy with the mechanisms of biofilm develop-
ment, such increase in aggressiveness is a di-
rect consequence of the selection of more ag-
gressive cellular isoforms, which are more
adapted for surviving under the pressure of
more complicated complex of unfavorable
factors. It is worth to emphasize that proteo-
lytic enzymes formed due to non-functional
activation are structurally damaged and can’t
be blocked by the protein inhibitors of blood
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circulation. This encourages the search for
biocompatible inhibitors of proteinases, that
are different in the mechanism of action from
ineffective natural ones. For these reasons the
experimental work on the suppression of recur-
rence by protein inhibitors of thrombin from
the leech salivary glands deserve attention [34,
35]. It seems that such drugs may not only
effectively prevent the development of post-
operative thromboses, but also have significant
antimetastatic effects.

Conclusions

The presented data testify for a possible simi-
larity of the processes of the formation of
biofilms and malignant tumors. It also follows
that the formation of multicellular anomalies
is largely mediated by the action of a complex
of non-enzymatic processes. The components
of this complex of reactions proceed autoch-
thonically and independently, but their total
action ensures the survival of more adapted
cellular forms. Such an order is disastrous for
less adapted cells, but it ensures the survival
of society as a whole. In both cases, the forma-
tion and development of a multicellular as-
sociate is a consequence of a complex of bio-
chemical and biophysical processes, that lead
to the permanent formation of phenotypically
different forms with permanent selection ac-
cording to the changing environment, which
is permanent, too. In the mature state both
biofilms and tumors have increased resistance
to a variety of unfavorable factors. Therefore,
the suppression of undesirable processes is
more effective at the early stages of their de-
velopment that leads to the search for ways to
influence on the less resistant early forms. Both
biofilms and tumors produce substances that

limit the spread of the free forms of corre-
sponding cells. That is why the usage of these
substances is necessary after tumor elimina-
tion. At the same time free cells’ forms are
more vulnerable for the substances, that are
able to limit their aggressivity. The acquired
resistance to one unfavorable factor is useless
in relation to another one, that differs by mech-
anism of action. Accounting of these consid-
erations seems to be worth of attention for the
search of effective approaches for suppression
of the malignant neoplasm development. One
can not but agree with the opinion that in the
study of the genesis of biofilms there are more
questions than answers. The same can be said
about the mechanisms of tumor formation and
development. However, in both cases the ex-
pressed role of a complex of non-enzymatic
reactions is traced, whose resulting effect leads
to the formation of a stable multicellular as-
sociate.
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yxauna Ta 6iomiBKu: 3ad6araro cniBnajiaHb,
100 0yTH BUIIAAKOBUMU

C. B. BeproBka, H.M. Bopomuiosa

IcHyBaHH: OUTBIIIOCTI MIKPOOPTaHi3MiB Y (hopMi TpUBHMIp-
HUX acoIliaTiB Ha MEXi po3MoauTy ¢a3 CBiIIHTh po 1i 3Ha-
YHI ITepeBary Takol TSl BIKHUBaHHS, MOPIBHIHO 3 AUCTIepC-

HOIO (HOPMOFO, Ta JIO3BOJISIE BH3HAYUTH O1OTLTIBKH SIK JIO-
MiHytouy (opmy kuTTs. CriocTepiracTbCst BUpakeHa ozl
OHICTH OararbOX BIIACTUBOCTEN OIOILIIBOK Ta 3JIO0SKICHUX
ITYXJIUH, 1110 JI03BOJISIE IPOBECTH TICBHY AHAJIOTIFO MK HIMEL.
[MomiGHMIA OIS TIOJIETTITYEe PO3YMIHHS OKPEMIX PHC Kap-
[MHOTEHE3a Ta CTBOPIOE MEPESYMOBH [Tl OOTPYHTYBAHHSI
MEePCIIEKTUBHUX HAMPSIMKIB ITOTIEPE/HKEHHSI METACTA3yBAHHSI.

KnmouyoBi caoBa: GlomwiiBKY, KaplMHOTE€HE3, MeTa-
CTa3UpOBaHUE.

OnyxoJib U OMOTUIEHKH: CJAMIIIKOM MHOI0
COBIIA/JCHUI, YTOOBI OBITH COYy4YalHbIMHU

C. B. Bepeska, H. M. Bopoumnosa

Cy1iecTBoBaHNE OOJIBIIMHCTBA MUKPOOPIaHM3MOB B (hop-
Me TPEXMEPHBIX acCOIMATOB Ha IpaHMIe pasnena ¢as
CBUJICTENILCTBYET O 3HAUYUTENBHBIX NMPEUMYIIECTBAX JUIs
BBDKHBAHHSA 110 CPABHEHHUIO C UCIICPCHBIM CYILECTBOBA-
HHUEM, YTO TI03BOJISICT OIPEICIIUTh OMOTUICHKH KaK JOMH-
HUpyoIIyo GopMy xm3HHA. HaOmonaercs BRIpakeHHOE
1o/1001e MHO>KECTBA CBOWCTB OMOIUIEHOK U 3I0KA4eCTBEH-
HBIX OITyXOJIE€H, YTO ITO3BOJISET IPOBECTH OIIPEIETICHHYIO
aQHAJIOTHIO MeXTy HUMHU. [1omoOHbIH B3I oOnerdaer
MIOHMMAaHHE OTACNBHBIX YepT KapLHHOICHEe3a U CO3aeT
MIPEITOCHIIKH JUIsl 000CHOBAHUSI TIEPCIIEKTUBHBIX HAIIPaB-
JICHUH TIPEIyTIPEKACHNS METaCTa3HPOBAHUSL.

KianmoueBbie caoBa: 6I/IOHH6HKI/I, KapIUHOT'CHE3,
METaCTa3upOBaHUEC.
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