
Carcinogenesis induced by foreign bodies (FB car-

cinogenesis), that is the development of rat and mouse

sarcomas in the immediate vicinity of implanted FB in

the form of plates of very distinct polymers or other mate-

rial, is considered to be one of the most enigmatic phe-

nomena in experimental oncology. This phenomenon was

discovered in the 1940s [1]. Later numerous investiga-

tions [2] accumulated a number of experimental facts that

characterize this kind of carcinogenesis. The most

intriguing was the observation showing that the physical

form of the implant is most significant for tumor induc-

tion. In particular, it was found that highly tumorigenic

polymeric plates exhibited lower carcinogenicity after

perforation, while disintegration into small fragments

resulted in almost complete loss of carcinogenicity.

Rather many hypotheses were proposed to explain the

mechanism of FB carcinogenesis but none of them was

generally acknowledged. Let us consider the long-known

facts and try to compare them with recent results.

The implantation of an FB into tissues results in an

inflammatory reaction. Its role seems to be important for

understanding the mechanism of FB carcinogenesis.

After implantation of a sterile FB, its surface is covered

with plasma proteins. This is followed by adhesion of

blood neutrophils, lymphocytes, and monocytes releasing

a number of biologically active products (chemoattrac-

tants, cytokines, growth factors, etc.). (Early events

resulting in the ejection of cells from blood vessels and

chemotaxis towards the FB and the role of blood coagu-

lation systems and complement in the inflammation

reaction are described in detail in an article by G. I.

Abelev [3].)

Following adhesion to the implant surface, mono-

cytes differentiate into macrophages, which often fuse

and form multinucleated giant cells. Macrophages and

giant cells very quickly become prevalent on the FB sur-

face; this situation remains stable in appearance for many

months. During a month a capsule of connective tissue is

formed around the implant, which in the course of time

may undergo some structural changes concerning thick-

ness, blood vessel supply, and the ratio of the number of

cells and the quantity of collagen fibers (the extent of

fibrosis).

Due to the impossibility of elimination of the foreign

body, the FB reaction is transformed into a chronic form,

the main participants of which are macrophages and giant

cells attached to the surface of the FB as well as free ones

inhabiting the space between the implant surface and the

internal surface of the capsule. The long-term presence of

an FB in a tissue in some cases results in emergence of

sarcomas in its immediate vicinity.

The goal of this review is to analyze possible mecha-

nisms of FB carcinogenesis from the point of view of cur-

rent understanding of cell transformation processes and
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factors leading to tumor development. In particular, the

main attention will be given to the role of macrophages in

these processes.

LOCALIZATION OF PRE-TUMOR CELLS

IN THE PLATE–CAPSULE COMPLEX

As a rule, tumors induced by FB implantation

emerge within the plate–capsule complex. No tumors

appear if the plate and capsule are removed together with-

in 11-12 months after implantation [4]. It was also shown

[5] that in the case of polystyrene plate removal and cap-

sule preservation, no tumor appeared for six months,

whereas later they developed in a significant number of

cases. When cellophane was used as the FB, tumors

developed even if plates were removed within four

months. Thus, different materials induce tumors at dif-

ferent rates.

A question important for understanding the mecha-

nism of FB-induced carcinogenesis remained open,

namely, when and where, within the capsule or on the

plate, do the first cells giving rise to tumors appear?

It has been shown [6, 7] that the tumor precursor

cells (belonging to the same clone) [8], initially appearing

in the connective tissue capsule and remaining in it, were

found later in the monolayer on the plate. Despite the

presence of such cells, the capsule without plate does not

produce tumor development, except in cases when the

plate is removed in the last stage of the latent period.

Transplantation of a plate with the cell monolayer on its

surface to a syngeneic recipient gives rise to a tumor con-

sisting of donor cells.

Thus, the plate–capsule complex is responsible for

tumor development. One should know which part of this

complex is the main factor responsible for emergence of

neoplastic cells. Some researchers assumed fibrosis of the

capsule to be responsible for cell transformation, while by

others the presence of the plate was considered to play the

leading role in this event due to the interactions of cells

with the hard surface of the plate or to vital activity of

macrophages attached to the plate and surrounding the

latter.

Brand et al. [9] considered the direct contact of cells

with the implant surface to be necessary for completion of

pre-neoplastic maturation. A number of experimental

data were interpreted in favor of this hypothesis [10-13].

Cells of a nine-month-old capsule and the monolayer on

the plate were cultivated separately for a number of pas-

sages and then introduced subcutaneously to syngeneic

mice in the form of suspension and on the plate [10].

Introduction of cells on the plate in all cases resulted in

emergence of tumors, whereas tumors developed much

more rarely after introduction of cell suspensions. Similar

experiments with cell culture lines (3T3, 10T1/2) gave

similar results [11-13]: tumors developed only from cells

introduced on the plate. Boone et al. [12] drew a direct

analogy between spontaneous malignization in vitro and

FB-induced carcinogenesis by assuming a similar mech-

anism of cell malignization due to the contact with the

hard smooth surface.

However, it should be noted that the above-described

experimental results might have an alternative explana-

tion: the plate functions as a skeleton supporting the exis-

tence of the capsule and the whole complex responsible

for FB carcinogenesis and presents the surface for its

occupation by macrophages that, according to another

hypothesis, play the key role in this process.

MACROPHAGES. PATHS OF ACTIVATION

According to current concepts, activation of

macrophages can follow several paths that briefly reduce

to the following. The so-called Toll-like receptors (TLR)

for recognition of molecular structures, constantly asso-

ciated with a certain group of microorganisms and recog-

nized by their “own” TLR, are initially and conservative-

ly present on cells of myelomonocytic series. (For exam-

ple, lipopolysaccharides of Gram negative bacteria (LPS)

are the ligand for TLR-4.) The binding of TLR to the cor-

responding ligand is the first step in the inborn immunity

reaction. After ligand binding all TLR form dimers and

undergo conformational changes that are necessary for

liberation of sites for interaction with cellular adapter

molecules and launching the signal transduction cascade.

At a certain level of signal transduction, transcription fac-

tor NF-κB is translocated into the cell nucleus and

directly binds promoter sites of a number of genes of mol-

ecules including cytokines that activate and regulate the

development of the inflammatory reaction. At some steps

of this cascade, other transcription factors, in particular

AP-1, also involved in initiation of genes encoding

inflammatory molecules, are activated as well [14].

Following activation of the pro-inflammation reaction,

anti-inflammatory signals are activated, which results in

development of repair processes in damaged tissue due to

production of anti-inflammatory cytokines IL-4, IL-13,

and IL-10.

It was also shown that a number of TLR are also able

to recognize endogenous ligands emerging after tissue

damage. An example is fibronectin domain A, synthe-

sized only in response to tissue damage, or heat shock

proteins that in the norm are present in the cell cytoplasm

and become accessible for TLR only after cell damage or

death [14].

Two macrophage (Mph) populations participate in

the development of acquired immunity (upon interaction

of pathogenic microorganisms with antigen-presenting

cells): classically activated macrophages (CAMph) pro-

ducing ROS, NO, and a set of anti-inflammatory

cytokines, expression of which is induced by Th1-lym-
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phocytes (inflammatory cells) using INF-γ with involve-

ment of LPS or using TNF receptor binding (so-called

Th1-response); alternatively activated macrophages

(AAMph) expressing anti-inflammatory cytokines in

response to IL-4, IL-13, and IL-10, secreted by Th2 lym-

phocytes (helpers) (Th2 response), and to glucocorti-

coids. Some authors [15, 16] distinguish the action of the

last two inducers as independent kinds of activation char-

acterized by more pronounced effect, suppressive towards

pro-inflammatory reaction (inhibition of production of

inflammation stimulating cytokines, ROS, and NO, and

induction of repair and synthesis processes, in particular

due to secretion of TGF-β).

The mechanism of the different behavior of CAMph

and AAMph is largely explained by the different ways of

L-arginine utilization: INF-γ enhances the NO-synthase

activity (NOS2) in macrophages, interaction of which

with arginine results in NO generation and inhibition of

arginase. In contrast, IL-4 and IL-13 inhibit NOS2 and,

correspondingly, NO generation, and promote arginase-

dependent formation of L-ornithine that is then trans-

formed in parallel ways to proline (collagen precursor) by

ornithine aminotransferase and by ornithine decarboxy-

lase to polyamines stimulating fibroblast proliferation.

Together these reactions mediate the fibrotic process [15].

Most likely specific immunity mechanisms are not

involved in implantation of a sterile foreign body. This is

confirmed in work [17] where it was shown that lympho-

cytes around an implanted material do not synthesize Th1

and Th2 cytokines. Long ago data appeared showing the

expression of IL-1 by macrophages upon adhesion to

plastic; it was shown that Mph from plate surfaces with

different physicochemical properties expressed both pro-

inflammatory (IL-1, TNF-α) and anti-inflammatory

(IL-10, TGF-β) cytokines [18].

Thus, independently of the nature of the induction

of inflammation, with live pathogens (via TLR

binding/antigen presentation) or sterile foreign bodies

(via the inflammatory cell adhesion to the hard surface

and/or via degradation products of cells damaged during

implantation), the inflammatory reaction proceeds in two

stages—cytotoxic and repair. The first stage is character-

ized by generation of oxy- and nitrogenous free radicals

and a number of pro-inflammatory cytokines. The sec-

ond stage suppresses cytotoxic effect of the first stage

products and promotes repair of damaged tissues and pro-

duction of extracellular matrix.

It remains not fully clear whether the above-

described Mph phenotypes (CAMph and AAMph)

remain irreversibly different or are able to change in

response to various stimuli [19]. The latter possibility is

supported by the following observations: the same Mph

culture is capable of simultaneous production in vitro of

both pro- and anti-inflammatory products. Expression of

anti-inflammatory products is enhanced with time and

inhibits generation of pro-inflammatory ones (the Mph

activity is switched from destructive to productive) [20,

21]. It was also shown in the latter work that quantitative

modulation of this process is possible depending on the

properties of the substrate.

Perhaps different types of inflammation can proceed

in various ways: via switching intracellular programs or by

changing different cell populations.

Below we shall consider pro- and anti-inflammatory

Mph as two cell populations and shall not decide before-

hand the question concerning the irreversibility of dis-

tinctions between them.

Multinucleated cells usually covering large areas of

the surface of an implanted material and formed upon

fusion of Mph are divided into several types by morpho-

logical features, in particular, by arrangement of nuclei:

chaotic, or parietal (horse shoes) [22]. It was shown that

in vitro cells of the first type (giant FB cells) are formed in

response to IL-4, while cells of the second type

(Langhans cells) are formed in response to INF-γ [23]. A

similar effect of IL-4 was also confirmed in vivo [24].

Giant cells of both types can often be seen on the surface

of a single implant. It was shown that the FB giant cells

are able to express cytokines: TNF-α at the early stage

after implantation and TGF-β later [25]. Different mate-

rials are able to induce different extent of Mph fusion

(from three nuclei to 50 and more). It is not clear to what

extent this phenomenon is significant for carcinogenesis.

TUMORIGENICITY AND CHEMISTRY

OF FB-MATERIAL

Now we shall consider available data on the relation-

ship of implant tumorigenicity with its different proper-

ties and on the interactions of macrophages with the

implant. In 1960, Nothdurft supposed on the basis of

results of numerous investigations that any material is

able to cause tumor development after sufficiently long

presence in tissues [26]. However, the nature of the mate-

rial influences the frequency of tumors induced by its

implantation. Oppenheimer et al. [27] described results

of subcutaneous implantation into rats of 16 types of plas-

tic materials in the form of smooth continuous plates of

equal shape and size (Table 1). The frequency of tumor

emergence in response to implantation of these materials

varies within a rather broad interval. Elimination of con-

taminants does not decrease the tumorigenicity of the

material. Pustogarova [28] also compared tumorigenicity

of polycaprolactam, polyethylene, and glass plates of the

same shape and size upon subcutaneous implantation

into rats; polycaprolactam gave rise to almost double the

number of tumors compared to glass and polyethylene.

Tumorigenicity of polycaprolactam plates covered in

advance by a paraffin layer was three times lower. Plates of

different metals also exhibited different tumorigenicity

upon subcutaneous implantation into rats [29].
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Carter et al. [30] tried to find correlation between

some physicochemical properties of implanted material

and its tumorigenicity. Three types of plates were pre-

pared: with excess of anions or cations and with equal

numbers of both. On implantation into rats of each of

these types of plates, the highest yield of tumors was

observed for cationic plates (9/14, i.e. in nine of 14 ani-

mals); it was lower for anionic (3/16) and the lowest

(1/15) in animals with neutral plates. The authors noted

that despite rather broad structural variety of capsules,

most often inert fibrotic capsules were found around neu-

tral plates. The most obvious distinction from the latter

was formation of ectopic bone foci in four out of five

cationic and in two out of 13 anionic capsules in which no

tumors developed. The bone was usually well formed,

sometimes containing portions of normal bone marrow.

The results of this work allow one to draw at least two

conclusions. First, the thick fibrous inert capsule, the

presence of which was often noted by many authors as

positively correlated with implant carcinogenicity, is not

the crucial feature of carcinogenicity: neutral plates, most

often surrounded by such capsule, caused almost no

tumors, whereas cationic plates surrounded by the most

“reactive” capsules (they included large portions of gran-

ulation tissue) appeared to be quite carcinogenic.

Second, the properties of the foreign body influence both

the capsule structure and the ectopic bone formation in

it, which suggests the existence of a specific inducer

whose appearance is stimulated by implantation of

cationic plates.

In connection with all of the above-said, it is inter-

esting to note, that as shown in vitro [31], macrophages of

three lines (mouse J774A.1 and RAW264.1, as well as

human THP-1) are able to secrete the BMP-2 protein

stimulating differentiation of mesenchymal stem cells to

osteoblasts. Takebe et al. [32] showed that the properties

of substrate (chemical and topographical characteristics

of the surface) influence ability of Mph to secrete BMP-

2. BMP-2 expression was inhibited by pro-inflammatory

Mph stimulation using LPS, which resulted in secretion

of TNF-α. This fact is indicative of the possibility of the

inverse trans-differentiation of Mph from pro-repair phe-

notype to pro-inflammatory.

Andrews [33] implanted into mice usual MF (round

with 13-mm diameter) with pore diameters of 0.45 and

0.22 µm and the same filters prepared without detergent

addition, and due to this they acquired hydrophobicity.

Results of implantation of the usual filters confirmed

their low tumorigenicity described earlier. Implantation

of hydrophobic filters gave statistically significant

increase of the tumor incidence over that obtained after

implantation of hydrophilic filters.

Later works appeared providing an idea concerning

the ways that the above-mentioned properties of implants

might influence the activity of surrounding macrophages.

It was shown in vivo [18] that implants with hydrophobic,

Implanted material

Dacron

Nylon

Cellophane A

Cellophane B

Cellophane C

Cellophane D

Polyethylene A

Polyethylene B

HM (high molecular weight polyethylene)

Polymethyl methacrylate

Pliofilm

Polyvinyl chloride

Saran (polytrichlorobutane)

Silastic (silicone rubber)

Polystyrene

Teflon (polytetrafluoroethylene)

%

19.5

27

35.7

45.4

46.1

15.8

12.5

20

8

20

15

38.6

11.9

40

25.9

23

Table 1. Results of subcutaneous implantation of different polymers into rats [27]

absolute number

8

7

15

20

18

3

10

11

3

4

8

17

5

14

7

8

Latent period
(days)

330-693

441-651

494-779

322-665

390-706

423-521

392-722

385-742

352-583

581-658

359-708

189-727

390-847

300-509

359-556

439-748

Number of rats
surviving the minimal

latent period

41

26

42

44

39

19

80

55

34

20

46

44

42

35

27

34

Tumors appearing
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anionic, and cationic surfaces stimulated a strong inflam-

matory response in the early phase, whereas in the case of

hydrophilic surface leukocytes (the population included

neutrophils, lymphocytes, and Mph, because it was stud-

ied in the early stage after implantation) produced signif-

icantly lower amounts of both pro- and anti-inflammato-

ry cytokines. Additionally, adhesivity and the extent of

macrophage fusion with formation of multinucleated

cells were studied on these materials. Hydrophilic and

anionic plates exhibited the lowest adhesivity. They were

also characterized by the lowest extent of macrophage

fusion and the highest number of apoptotic cells [34].

However, different  chemical composition of implants

in experiments of the above-mentioned authors should be

noted. Therefore, there is no assurance in the cause-and-

effect association of the plate properties, parameters of

inflammation caused by them, and tumorigenicity.

Nevertheless, the described experiments once more illus-

trate the effect of the FB surface properties on the modu-

lation of gene expression in macrophages. It would be

interesting to test for carcinogenicity the implants elabo-

rated by Anderson et al. [18] and to compare the results

obtained with those of Carter et al. [30].

Usual plastics also differently influence the function-

al state of Mph. This can be confirmed by data concerning

different spectra of proteins released into the medium by

peritoneal macrophages during their cultivation in vitro on

the different material surfaces (culture and microbiologi-

cal Petri dishes as well as MF with different pore diameters

were tested). Differences were found between materials,

but they did not include the filter pore dimensions as we

had hoped (A. A. Neyfakh, T. G. Moizhess, unpublished).

Reaction of macrophages to five polymers in vitro and in

vivo was studied [35, 36]. The studied polymers revealed

different ability of Mph to secrete bioactive products (IL-

1 and the factor stimulating fibroblast proliferation).

A series of works by Tang and Hu reviewed in [37]

answers the question concerning distinctions in expres-

sion of bioactive products emerging even in the case of

inert substrate. Their experimental data show that differ-

ences in reaction of Mph to various materials might be

the result of depending on the properties of the material

different extent of the exposure of plasma fibrinogen mol-

ecule epitope upon protein adsorption to the implant sur-

face. This is due to the denaturation of fibrinogen upon

contact with biomaterial that results in conformational

changes in its molecule. It was shown that the interaction

of these epitopes with integrin Mac-1 of macrophages

caused accumulation of the latter on the implant surface

and their activation resulting in expression of pro-inflam-

matory cytokines and induction of fibrogenesis. Owing to

this, it is preferable to study the biocompatibility of mate-

rial for prosthesis in vivo.

In in vitro studies preliminary adsorption of different

proteins by the implant surface also resulted in modula-

tion of the behavior of Mph [38].

TUMORIGENICITY OF IMPLANT

AND ITS SHAPE

As noted above, the most puzzling fact seemed to be

the dependence of carcinogenicity of FB on its shape.

The following was found by implantation of a polymeric

plate:

– the larger the area of the plate, the higher its car-

cinogenicity [39, 40];

– for equal area, the plate minced into small frag-

ments almost completely cancels its carcinogenic capaci-

ty [27, 41, 42];

– perforation of the plate significantly decreases its

carcinogenicity [27, 42];

– plates with smooth surface induced tumors more

rapidly than similar plates with rough surface [43, 44];

– MF (Millipore cellulose membrane filters) with

pore diameter ≤0.1 µm are highly tumorigenic, while no

tumors developed when pore diameter was ≥0.22 µm [42,

45].

Considering these facts, authors were inclined to

interpret them as evidence supporting the idea that the

emergence of a tumor is the result of tissue dissociation

caused by a continuous plate or MF with small pore

diameter. This hypothesis was disproved by Ferguson’s

experiment [45]: NC (non-carcinogenic)-filters stuck to

both sides of  a plastic plate and thus becoming impervi-

ous retained their properties, i.e. they did not acquire car-

cinogenicity, whereas filters with the small pore diameters

were still tumorigenic as before. Thus, the properties of

the implant surface appeared to be crucial for carcino-

genicity.

However, it is interesting to note that for implanta-

tion of double and especially triple filters (with pore

diameter of 0.45 µm) tumors formed in a large number of

mice (7/30 and 16/30, respectively) [46]. The authors

interpreted this result as being due to the enlarged area of

implant surface.

Karp et al. [47] used the light and electron

microscopy to study cells attached to C- (carcinogenic)

and NC-implant surfaces. The macrophage-like cells

were the only cell type discovered by them. To study these

cells, C-plates of polyvinyl chloride (PVC) as well as C-

and NC-MF with different pore diameters were intro-

duced subcutaneously into mice. They compared cells

attached to C- and NC-implants and noted that for NC-

MF with pore diameters 0.22 and 0.45 µm, Mph covering

their surface invaded the filter pores by their cytoplasmic

processes. The lower cell surface contacting the foreign

body on C-filters and plates was smoothed out. These

cells, unlike those inhabiting MF with a large pore diam-

eter, were free of phagolysosomes. However, collagen

capsules around C-implants were thicker than those

around NC, which is indicative of active collagen pro-

duction in the case of C-plates. The presence of a thicker

capsule could be also explained by low production of the
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collagen-degrading enzymes like collagenase and matrix

metalloproteases (MMP), but active production of the

latter by macrophages on the implant surface was found

by Jones et al. [48]. The expression of MMP is specific for

AAMph; this was shown during investigation of the gene

expression profiles of CAMph and AAMph [49].

All these data suggest that the C- and NC-foreign

body surfaces are inhabited by Mph in different function-

al states emerging in response to cell interaction with the

substrate and, in particular, depending on the implant

surface topography.

It was noted in a number of cases that the rougher the

plate, the higher the synthetic activity of Mph on its sur-

face [50-52]. This correlates with the above-noted length-

ening of the latent period of tumors induced by rough

plates [43, 44].

When the phenomenon of the loss of carcinogenicity

of a minced plate is considered, the increased length of the

border is obvious (the same is true of a perforated plate).

Thus, for example, perimeter (7 cm) of a 2 × 1.5 cm plate,

usually used in experiments on mice, is 7 times longer

upon disintegration of the plate into 0.2 × 0.3 cm frag-

ments. If cells at the implant border (the 1-1.5 mm wide

strip along the border is suggested) differ from those in the

middle, this gives us cause to look for the reason of differ-

ent carcinogenicity of foreign bodies under consideration

in the difference between cells inhabiting their surface. It

was noted that the cell density at the border of PVC plates

significantly exceeds their density over the remaining area;

cells at the border often have polarized shape; an increased

portion of neutrophils and lymphocytes was found among

these cells (the situation is characteristic of acute inflam-

mation). If the plate was covered with paraffin, in 1.5

months its borders (about 1 mm width) became free of

paraffin, which, most likely, was the result of phagocytosis

(unpublished data of the author).

Ziche and Gullino [53] compared the ability of cells

inhabiting small and large area plates to secrete angio-

genic factor. To make equal areas of the large (C) and

small (NC) plates, they cut off the large plate margins and

so studied cells located in its central part. Then, after

mincing of both types of plates, their fragments were

introduced into rabbit’s eyes. The C-plate fragments

caused intensive vascularization of the surrounding

corneal tissue, whereas fragments of the small plate frag-

ments were characterized by low vascularization activity.

(Unfortunately, these authors did not test cells at the bor-

der of the C-plate. It is quite possible that the properties

of these cells could be comparable with properties of cells

inhabiting the small plate.) This confirms the hypothesis

of different properties of cells located in the plate center

and at its periphery. The angiogenic factor whose action

was detected in this work was not identified. The ability of

macrophages to express several such factors (VEGF,

FGF) is now known; recently, a proangiogenic effect of

IL-10 secreted by AAMph has been found [54].

THICKNESS OF CAPSULE SURROUNDING

AN IMPLANT AND IMPLANT CARCINOGENICITY

Comparative morphological investigation of the

structure of the capsule surrounding an implant led some

researchers [40, 41, 47] to conclude that the extent and

continuance of chronic capsule fibrosis most constantly

correlate positively with the frequency of tumor emer-

gence near the implanted plates. High extent of fibrosis

means a significant thickness of the capsule and preva-

lence in its composition of non-cellular component (col-

lagen fibers) over cellular (fibroblasts, fibrocytes).

Carcinogenic plates are surrounded by a thick capsule,

while the capsule around a non-carcinogenic plate is thin.

It is long known that under chronic inflammation

macrophages are able to affect fibroblasts by stimulation of

enhanced collagen production, which in some cases is

responsible for pathological fibrosis of various organs [55].

Brand et al. ascribed an important role in FB-

induced carcinogenesis to capsular fibrosis and noted the

similarity between the response to foreign body and reac-

tion to invasion of the helminth Schistosoma mannosi

[56]. Eggs of these parasites stimulate formation of gran-

ulomas with deposition of a large amount of collagen. In

some cases, tumors emerge at the site of these granulo-

mas. Now it is known that these granulomas consist of

anti-inflammatory AAMph producing proline and TGF-

β factor that stimulates collagen production by fibro-

blasts. Numerous giant FB cells are formed upon Mph

fusion caused by IL-4 and IL-13, which are inducers of

the alternative activation of Mph. It was shown that sys-

temic introduction of antibodies against INF-γ, an

inducer of the classic Mph activation, does not change

parameters of the organism’s reaction to the foreign body

invasion, and a hypothesis concerning induction of this

reaction by IL-4 was proposed [57]. All these data support

the hypothesis that foreign bodies accumulate AAMph on

their surface (N. A. Glushankova, personal communica-

tion). As it was shown [18] that pro- and anti-inflamma-

tory cytokines were present simultaneously in the seat of

early inflammation caused by plate implantation, this

also indicates the simultaneous presence of different Mph

populations. Stages of inflammation are accompanied by

a change in the ratio of different cytokines, which sug-

gests the change of Mph populations. Evidently one can

conclude that the capsule thickness is indirectly defined

by macrophage activities and is indicative of the ratio of

Mph populations surrounding the FB. If this is true, then

anti-inflammatory Mph are prevalent on carcinogenic

plates. In any case, the capsule thickness varies over a

rather wide range depending on the implanted material

[58]. This may be indicative of the effect of the surface

properties of the FB on induction of different types of

macrophage activation.

The role of anti-inflammatory Mph in FB-induced

carcinogenesis may be associated with the well established
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fact that AAMph are frequently present in tumors and

their harmful effect on prognosis: they prevent antitumor

immunity due to IL-10 production [59]. A similar mech-

anism may be involved in generation of FB-induced sar-

comas.

EFFECT OF GONADECTOMY ON FREQUENCY

OF SARCOMAS INDUCED BY FOREIGN BODIES

There are enough data in the literature concerning

the relationship of FB-induced carcinogenesis with sex

hormones. As shown by Olshevskaya on mongrel male

rats [60], gonadectomy carried out a month ahead of cel-

lophane plate (2 × 3 cm) implantations resulted in forma-

tion of sarcomas in 5/21 rats (23.8%) compared to 26/49

(53.2%) tumors in the control. Gonadectomy a month

after plate implantation had practically no effect on

tumor frequency (16/28, 57.1%). Brand et al. [61]

showed that in Balb/c female mice, in which FB sarco-

mas usually develop earlier than in males, gonadectomy

significantly lengthened the latent period of tumors. In

males, castration caused no changes in the FB sarcoma

latent period length and frequency. Lanari et al. [62] stud-

ied the effect of medproxyprogesterone acetate on FB

carcinogenesis in Balb/c mice and found a significant

decrease in the tumor frequency in males (7/34 compared

to 14/30 in the control) after subcutaneous introduction

of the hormone into the side opposite to that with the

implanted plate. No significant effect was registered in

female mice. Authors of works [60] and [62] noted posi-

tive correlation between lowering the tumor frequency

and lower extent of fibrosis of the plate-surrounding cap-

sules.

It is interesting to compare the described data with

results obtained during studies of hormone effects on

macrophage functions. Earlier it was assumed that estro-

gens were powerful Mph stimulators (estrogens cause

increase in the number of blood monocytes and

macrophages in peritoneal fluid along with enhancement

of their proliferative activity), whereas androgens exhibit

the opposite effect. Yurina and Radostina [63] studied the

Mph ultrastructure in the seat of aseptic inflammation

and observed features of increased synthetic and secreto-

ry activities of the macrophages of rat males in response

to synestrol (a synthetic non-steroid estrogen): the

increase in the number and dimensions of lysosomes as

well as of sectional area of endoplasmic reticulum and

Golgi apparatus.

Current studies of the effects of sex hormones on the

functional state of Mph have shown that estrogen [64, 65]

and testosterone [66] inhibit production of such pro-

inflammatory cytokines as TNF-α, INF-γ, IL-12, IL-6,

and IL-1β, but stimulate production of anti-inflammato-

ry cytokines such as IL-10, IL-4, and TGF-β. However,

progesterone [67] inhibited production by dendritic cells

of pro-inflammatory cytokines but did not influence

expression of IL-10. In work [68], progesterone, unlike

estradiol and androgen, did not inhibit IL-1 production

in granuloma tissue of castrated animals, i.e. it did not

exhibit anti-inflammatory effect. Data of Olshevskaya

[60] show that castration preceding implantation and

thus enhancing the intensity of initial inflammation

(shown experimentally in [69]) simultaneously results in

weakening of the carcinogenic effect of the implant. The

lower extent of capsule fibrosis around such implants

might be caused by weakening of the collagen-generating

function of macrophages due to stimulation of pro-

inflammatory component of the FB reaction. The indica-

tions of the Mph activity increase in response to synestrol

action, noted by Yurina and Radostina [63], are probably

due to synthesis of anti-inflammatory products.

Results of Brand et al. [61] concerning ovariec-

tomized female mice also correlate with stimulation of

the pro-inflammatory function of Mph shown in [68].

The relationship of decreased tumor frequency caused by

progesterone in the experiment by Lanari et al. [62] as

well as the absence of the effect of androgen level decrease

on FB-induced carcinogenesis in castrated males in the

experiment by Brand et al. [61] with differences in

inflammation intensity is still unclear and requires further

investigation.

WHY DO FOREIGN BODIES

INDUCE TUMORIGENESIS?

The hypothesis that presently seems to be the most

probable was proposed in the work [70]. According to this

hypothesis, sarcomas emerge at the site of FB implanta-

tion due to the effect of products of respiratory burst that

happens in neutrophils and macrophages of an inflamma-

tion focus. In the acute phase of inflammation at the high

level of TNF-α expression, there is active generation of

oxygen and nitrogen oxide free radicals [71] exhibiting

cytotoxic and mutagenic effects [72-75]. As proved by

results of many investigations, the latter are able to initi-

ate tumor emergence and progression [76-83]. Cytokines

and growth factors secreted by macrophages are also

involved in these processes. The promoter effect of TNF-

α and IL-1β was shown on a model of two-stage chemi-

cal carcinogenesis of skin: TNF-α- and IL-1β-deficient

mice are resistant to skin carcinogenesis [84-87].

Antibodies to TNF-α inhibit the development of skin

tumors [88].

Co-cultivation of two lines of human mammary

gland cancer cells with macrophages results in their

increased invasiveness caused by TNF-α-dependent

induction of MMP9 in macrophages [89]. The latter is

also notable for its ability to activate VEGF (vascular

endothelium growth factor) in foci of a nascent tumor,

thus promoting its development [90].
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IL-1β and TNF-α promoted in vitro transformation

by erionite of human immortalized mesothelial cells [91].

TNF-α and IL-1β are the main cytokines secreted by

macrophages upon inhalation of asbestos. In mesotheli-

um, TNF-α signaling via NF-κΒ activation prevents cell

death, allowing mesothelial cells to survive genetic dam-

age induced by asbestos and free radicals – macrophage

products [92]. The authors of this work concluded that

pro-inflammatory cytokine TNF-α is a critical mediator

of tumor promotion. However, it is not clear whether

TNF-α is a promoter in FB carcinogenesis, because it is

not known what is the continuance of its expression after

FB implantation compared to the length of the latent

period of FB-induced sarcomas. However, the presence

of collagen capsule that can be a substrate for monocytes

makes probable increased TNF-α expression by them

[93].

In our experiments [94], a factor exhibiting promot-

er properties was found in medium conditioned by cells

attached to a carcinogenic plate. It significantly stimulat-

ed formation of pre-sarcoma cell colonies in a semi-liq-

uid medium containing methylcellulose (a test for tumor

transformation). The nature of this factor is not clear.

Ryan et al. [95] described a nonstandard example of

the promoter effect of small (4-7 mm) pieces of commer-

cial contraceptive intrauterine helices (Lippes Loops and

Cu-7) implanted intraperitoneally into female mice of A

line on skin carcinogenesis induced by applications of

7,12-dimethylbenz(a)anthracene (DMBA). In mice with

FB intraperitoneal implantation, 17 and 25 skin tumors

emerged (correspondingly to the above-mentioned mate-

rials) compared to four tumors caused by DMBA alone.

Tumors that emerged in response to the combination with

FB exhibited more pronounced malignancy and shorter

latent period. The authors supposed this was caused by a

humoral promotion mechanism involving autoantibodies.

The role of p53 (and other tumor suppressors) in FB

carcinogenesis is important but poorly studied. We shall

return to this question below during consideration of NC-

FB.

WHY DO SMALL PLATES (AND OTHER NON-

CARCINOGENIC FB) NOT CAUSE TUMORS?

Two explanations are possible a priori: they are inca-

pable of initiation or cells initiated by them are eliminat-

ed. The second possibility is supported by results of work

[96] in which implantation of small (0.5 × 1.0 cm) (and

thus non-carcinogenic) plates into mice with knockout of

gene p53 caused emergence of tumors in many cases

(30/38, 79%). As expected, no tumors appeared in the

wild-type mice. In this case, the enhanced formation of

oxidative and nitrative stress markers was noted in tissue

surrounding the plate. So, small plates probably initiate

the emergence of transformed cells via exposure to free

radicals; such initiated cells are not eliminated near the

small plate in the absence of the protective mechanism of

p53. Owing to its activity in intact mice, they do not sur-

vive.

The inverse dependence of FB tumorigenicity on the

degree of initial acute inflammation caused by FB was

noted long ago. In Nothdurft’s experiment on rats [26]

glasses, causing the most pronounced inflammatory reac-

tion compared to other implants, were the least carcino-

genic. This was also confirmed in our unpublished exper-

iments. Slide pieces of 2 × 1.5 cm caused 20% (8/40) rate

of tumor formation upon implantation into mice com-

pared to 45% (5/11) in the case of PVC plates. However,

the frequency of cells with chromosomal aberrations in

the early (seven days after implantation) capsule around

glass exceeded that around PVC plate. In many cases

other NC-FB also cause a more pronounced inflamma-

tory reaction compared to highly carcinogenic ones. In

particular, this is true of reaction to implantation of

minced plates compared to unbroken ones. A similar

relationship between inflammation intensity and tumori-

genicity was found during investigation of the organism’s

reaction to implantation of exogenous collagen. Intensive

reaction to implanted collagen was described by Taira et

al. [97]. Eierman et al. [93] showed that monocytes grown

on a collagen support were characterized by a high level of

expression of the pro-inflammatory cytokine TNF-α. On

the other hand, comparative  investigation of tumori-

genicity of porous polyethylene plates and of similar

plates with the surface modified by covalent-bond-immo-

bilized collagen [98] showed that the high tumorigenicity

of polyethylene (11/24) was almost completely lost after

its combination with collagen (1/24). Increased ROS and

NO production is sometimes able to suppress tumor for-

mation (as shown for NO [99]) and it can be a factor

responsible for lowered carcinogenicity in the case of

more intensive inflammation.

In the experiment by Ferguson [100], subcutaneous

implantation into mice of diffusion chambers made of

MF with pores of 0.45 µm was accompanied by accumu-

lation inside the chambers of a liquid able to lyse tumor

cells in vitro upon addition to their culture medium. This

result points to an additional possible factor influencing

the level of FB carcinogenicity and probably explains the

extremely low carcinogenicity of MF (1/40, according to

our unpublished results). The nature of this factor was not

fully clarified, but most likely it is due to the ability of

Mph to kill tumor cells both on contact interaction and

via secreted products (IL-1, TNF-α) [101].

PROMOTER PROPERTIES

OF NON-CARCINOGENIC FB

It was shown [102] that non-carcinogenic small

plates can serve as promoters upon implantation into ani-
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mals after preliminary exposure to an initiating agent such

as a chemical carcinogen, ionizing radiation, or FB in

carcinogenic form (preliminary implantation of an

unbroken plate). In the first two cases subcutaneous sar-

comas emerged in mice only after additional implantation

of a minced plate in immediate nearness to the implant.

In the third case the implanted initially unbroken plate

was cut out several months later together with the capsule,

disintegrated, and implanted into a syngeneic mouse-

recipient with a chromosomal marker. Sarcomas emerg-

ing in the place of repeated implantation originated from

the donor cells, i.e. cells initiated by an unbroken plate

continued to live and developed into a tumor. Thus, under

our experimental conditions transplanted initiated cells

do not undergo elimination in an intact organism (it

should be noted that in the case of implantation of small

plates, the initiated cells again undergo the genotoxic

effect of the acute inflammation products). A logically

possible explanation for the absence of elimination can be

that all three initiating agents inactivate p53 function or

that the initiated cells acquire the ability to escape apop-

tosis. Let us note in this connection that according to the

data available in the literature, the pro-inflammatory

macrophage migration inhibitory factor (MIF), produc-

tion of which by Mph increases in some inflammatory dis-

eases, is able to inhibit apoptosis mediated by the p53

gene, due to which cells damaged by free radicals can

escape death [103]. The question concerning MIF pro-

duction in FB reaction is interesting.

As already mentioned, slide pieces of 2 × 1.5 cm

caused 20% (8/40) appearance of tumors upon implanta-

tion into mice. However, if 3.5 months later the highly

carcinogenic PVC plate in its capsule was replaced by a

glass one, then 65% of animals developed tumors (17/26)

compared to 45% (5/11) in the control. A similar result

was obtained if the PVC plate in its capsule was replaced

after 3.5 months by a plate covered by a paraffin layer

(14/27 or 51% against 11/75 or 14.7% in the case of

implantation of the paraffin-covered PVC plate and 9/20

or 45% in the case of PVC plate implantation without

replacement) (unpublished data of the author). These

results suggest that in the case of repeated implantation,

acute inflammation exerts a stimulating effect on previ-

ously developed initiated cells. NC-MF also exhibit pro-

moter properties in the case of the C-plate replacements

[102]. Comparison with the above-mentioned experiment

by Ferguson [100] suggests the resistance of cells initiated

by preceding C-FB implantation to tumoricidal agents as

well.

Results of the above-mentioned experiments with

implantation of minced plates as a promoter after the ini-

tiating effect of a chemical carcinogen or radiation raised

the question whether initiation of subcutaneous connec-

tive tissue cells is direct (upon contact with the initiating

agent) or mediated (via an effect of the initiator on the

organism’s response to FB implantation). To answer this

question, experiments were carried out in which the

chemical carcinogen N-nitroso-N-ethylurea (NEM) or

general γ-irradiation (as in [102]) were used as initiators.

Transplantations of subcutaneous connective tissue

(SCT) (scrape from the internal side of the skin patch of

3 × 4 cm) from donor CBA mice, either intact or “initiat-

ed” two months before transplantation, were performed.

Recipients were mice F1 (CBA × C57Bl), also either

intact or initiated two months before implantation, into

which minced plates were implanted simultaneously with

donor SCT. Transplantation of SCT from an irradiated

donor together with minced plates into normal recipient

resulted in formation of 5 out of 25 (20%) sarcomas from

donor cells [104], which is indicative of the direct initiat-

ing effect of irradiation on SCT cells revealed using NC-

FB as promoter.

Similar experiments with NEM as an initiator gave

different results (unpublished data of the author). Variants

of transplantations are given in Table 2.

When both donor and recipient got the carcinogen

(variant 1), the number of tumors in the place of implan-

tation exceeded that in other combinations by more than

one order of magnitude (14/31, i.e. 45%). In this case,

3/14 tumors were of donor origin, the rest emerging from

the recipient cells. However, no tumors appeared after

transplantation into an intact animal of SCT treated by

NEM (variant 2), which shows that NEM does not exhib-

it any direct initiating effect. In variant 3 implantation of

minced plates together with SCT from a normal donor to

the NEM-treated recipient produced practically no

Variant

1

2

3

4

Tumor origin

3-CBA, 11-F1

–

F1

F1

Table 2. Variants of transplantations in experiment with NEM

Tumor  frequency 

14/31

0/29

1/21

2/26

Recipient

F1-NEM

F1

F1-NEM

F1

Donor

CBA-NEM

CBA-NEM

CBA

CBA
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tumors (1/21), and this result should be compared with

results of experiments described in [102, 105] where sim-

ilar implantation of minced plates without SCT gave a

large number of tumors in the place of implantation

(11/28). This is indicative of an unexpected inhibitory

effect of normal SCT on tumor development. Results of

these experiments suggest that NEM influences malig-

nization of SCT cells only under conditions of systemic

change by this carcinogen of the organism’s reaction, and

most likely of inflammatory reaction to implantation of

minced plates.

The immunosuppressive effect of chemical carcino-

gens has been known for a long time [106]. In particular,

it was shown in [107] that 4-(methylnitrosoamino)-1-(3-

pyridyl)-1-butanone (NNK) (a chemical carcinogen

from the same class of nitrosamines as NEM) inhibits the

secretion by macrophages of pro-inflammatory cytokines

and enhances production of anti-inflammatory IL-10. We

failed to find data directly concerning NEM, but it is rea-

sonable to assume that it exerts a similar effect on the

character of inflammatory reaction. Therefore, it seems

reasonable to suppose that in the experiments under dis-

cussion the mechanism of the NEM initiating effect is not

direct genotoxic damage of SCT cells, but rather lowering

the intensiveness of the acute phase of the inflammatory

reaction to the level of inflammation caused by the whole

plate, and under these conditions minced plates acquire

carcinogenic properties.

In this context, the inhibitory effect of normal SCT

may be explained in connection with the above-men-

tioned stimulating effect of exogenous collagen on the

acute phase of inflammation. Collagen from SCT treated

with NEM is evidently devoid of such stimulating activity.

MORPHOLOGY AND ORIGIN OF TUMORS

INDUCED BY SUBCUTANEOUSLY

IMPLANTED FB

According to determination of histological type of

emerging tumors via morphological features, a significant

part of FB-induced tumors are classified as poorly differ-

entiated (spindle-cell and polymorphocellular sarcomas)

or fibrosarcomas. Among other tumors are liposarcomas,

osteogenic sarcomas, mesenhymomas, reticulosarcomas,

histiocytoma, plasmocytoma, myxosarcoma, and rhab-

domyosarcomas [27]. In addition to other tumors,

Johnson et al. [108] described hemangiosarcoma and sar-

comas containing segments with differentiation towards

cartilage and bone, as well as leiomyomatosis and myxoid

regions. This led the authors to hypothesize the unique

origin of the FB-induced tumors: all tumors originate

from a single type of pluripotent cells able to differentiate,

depending on stimuli, to a broad spectrum of tissue ele-

ments of internal medium (i.e. according to current con-

cepts, from stem cells).

Structural features in common were found during

electron-microscopic investigation of tumors of different

morphological types [108]. Tumors with morphological

features of fibro-, osteo-, leiomyo-, mixo-, hemangiosar-

comas, as well as poorly differentiated sarcomas were

studied. Common for all of them is the presence of spe-

cific amorphous or slightly fibrillar, argyrophilic intercel-

lular structure of the basal plate type as well as clusters of

microfilaments 60 Å in diameter in most cells. Based on

these morphological features, the authors suggest cells of

small blood vessels, that feed capsule, for the role of

tumor precursors.

It was shown [109] that cells inhabiting the cavity of

connective-tissue capsule and the surface of triacetate C-

plates (14 months after subcutaneous implantation into

CBA mice) and grown in vitro were not stained by anti-

bodies to Willebrand factor. Staining by antibodies to α-

SM-actin revealed the presence of clearly defined fila-

ment bundles. In parallel, cultures of the first three pas-

sages of FB sarcomas were stained for α-SM-actin, which

gave negative result. The absence of this marker in sarco-

ma cells may be indicative of the loss of its expression dur-

ing transformation.

Thus, our data show that cells, most likely pre-

tumor, have a marker specific of microvessel cells—peri-

cytes and smooth-muscle cells. Identical cells but devoid

of tumorigenic potential are present in capsules sur-

rounding non-carcinogenic FB. This shows that such

cells are normal participants of the reaction to FB

implantation and undergo neoplastic transformation

only in microenvironmental conditions specific for C-

FB. It should be also taken into account that there are

two additional cell types that are able to inhabit the cap-

sule and express α-SM-actin. These are myofibroblasts,

routinely detected in granulation tissue [110], and

endothelial cells capable of trans-differentiation caused

by TGF-β [111, 112] which in our case is most likely

secreted by macrophages covering the surface of the for-

eign body.

It is shown in this review that all known factors

influencing the frequency of tumors emerging upon FB

implantation, such as chemical and physical properties

of the implant (surface charge, hydrophilicity, hydropho-

bicity), structure (smoothness, roughness, porosity) of its

surface, implant size and shape (area, integrity), and

hormonal status of the organism at the moment of

implantation also influence the functional state of Mph,

namely, qualitative and quantitative composition of

secreted bioactive products. This, in turn, largely defines

parameters of an organism’s reaction to FB invasion and

suggests that products released by activated neutrophils

and Mph (neutrophils at the earliest steps of reaction to

FB and Mph at rest) play the key role in the emergence

of tumors in the place of FB implantation. At the stage of

acute inflammation, it is generation of the highly reactive
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oxygen and nitrogen oxide free radicals exhibiting cyto-

toxic and mutagenic effects playing the crucial role in the

initiation of the malignization process. According to

available observations there is an inverse relationship

between intensiveness of the acute inflammation and the

level of its initiating effect. The mechanism of this phe-

nomenon remains unclear. Hypothetically, one of the

possible factors is the enhanced cytotoxic effect of free

radicals resulting in enhanced cell death caused by vital-

ly incompatible damage to their genetic apparatus. At the

stage of chronic inflammation, promotion can be provid-

ed by cytokines and growth factors secreted by

macrophages.

Experiments with transplantation of initiated cells

and generation of tumors in a syngeneic donor led to a

hypothesis concerning the enhanced resistance of these

cells to toxic effect of oxygen and nitrogen stress prod-

ucts, but this hypothesis requires experimental confirma-

tion. The nature of normal cells incorporated in the con-

nective-tissue capsule and undergoing malignization

caused by the microenvironment developed in the

plate–capsule complex under the influence of

macrophages is of considerable interest.

The currently rapidly developing branch of biology

dealing with the elaboration of the optimally durable

materials for prosthesis gives information concerning ini-

tial stages of an organism’s reaction to implantation of

various materials. However, there is the problem of safety

in the use of artificial materials for invasion into the

organism for prosthesis. Descriptions of cases of emer-

gence of human tumor around prostheses, such as vascu-

lar ones, are known from the literature [113-116]. For

better understanding of the mechanisms of FB carcino-

genesis, there is not enough information on the behavior

of macrophages and giant cells surrounding the implant

at later stages.

All above-said serves as a good reason to intensify

studies in the field of FB-induced carcinogenesis, which

is of considerable scientific interest and significant prac-

tical value.
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