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AbsTrAcT

It is a general belief that in blood plasma only phagocytes engulf, kill, and digest bacteria and 
other microorganisms. Available phase contrast video materials demonstrate that human eryth-
rocytes take active part in blood bactericidal action entrapping, killing, and then pushing killed 
microorganisms back to blood plasma. Erythrocytes take active participation in human blood 
antimicrobial activity and should be considered an integral part of human immunity. 

In comparison with phagocytic leukocytes the erythrocytes (as the blood cellular bactericidal 
factors) have the following significant advantages: 
a) they are much more numerous; 
b) they are able to entrap and kill microorganisms again and again without being injured; 
c) they are much more resistant to infection and much better withstand the attacks of pathogens; 
d) they have much more longer life span and are much faster produced in the bone marrow; 
e) their inner space filled with hemoglobin is a very unfavourable media for survival and prolif-

eration of many kinds of pathogens (microbes) and does not support replication of smaller 
intracellular parasitic organisms (Chlamydiae, Mycoplasmas, Rickettsiae, viruses, etc.); 

f) they are much more effective and uncompromised bacterial killers.
The bactericidal effect of erythrocytes is especially critical in cases of: 

1) blood massive microbial infection; 
2) impossibility to immediately recruit sufficient amounts of phagocytes; 
3) fast proliferation and dissemination of microorganisms; 
4) functional ineffectiveness of phagocytes and/or incomplete phagocytosis. 

In such cases, erythrocytes become the first line of blood cellular bactericidal defense and the 
phagocytes become an auxiliary force. 

Presented video materials should become an impetus for revision of both cellular immunity 
theory and traditional views regarding the function of erythrocytes in human blood and its cel-
lular bactericidal immunity. 
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the same time, some data has gradually been accu-
mulated regarding the possible role of erythrocytes 
in immune reactions of humans and animals. 

In 1953, R. Nelson described erythrocytes as 
directly participating in the immune complex reac-
tion (bacteria, complement, and antibody) and this 
specific binding suggested a central role for this 
cell type. This interaction of erythrocytes with the 
immune complex was repeatedly shown [Hess C., 
Schifferli J., 2003]. 

It was shown in erythrocytes lysed by patho-
gens such as bacteria that their hemoglobin re-
leases free radicals, which break down the patho-
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IntroductIon

After discovery of phagocytosis phenomena 
[Mechnikov I., 1892; 1901], it became axiomatic 
that cellular immunity, particularly, blood bacteri-
cidal action is provided by leukocytes only. As to 
erythrocytes, it has been a general view for many 
years that they have no role in immune response and 
their main function is respiration: oxygen, carbon 
dioxide and other waste products transportation. At 
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gen’s cell wall and membrane, killing it [Jiang N. 
et al., 2007]. Human erythrocytes also might play 
a role in modulating T cell proliferation and sur-
vival by enhancing cytokine secretion and induc-
tion of the interleukin (IL)-2R thus modulating 
CD4+/8+ ratios [Kalechman Y. et al., 1993; Porto 
B. et al., 2001; Fonseca A. et al., 2003].

Erythrocytes functional responses include 
amongst others glycophorin A-mediated patho-
gen binding [Baum J. et al., 2002], endothelial 
NO-synthase (eNOS)-like protein activity [Klein-
bongard P. et al., 2006], specific human immuno-
deficiency virus (HIV)-1 binding [Beck Z. et al., 
2009], interferon-alpha messenger ribonucleic 
acid (mRNA) induction [Workenhe S. et al., 
2008], hormone binding [Pottinger T., Brierley I., 
1997] and complement receptor type 1 (CR1)-
dependent immune complex clearance [Hess C., 
Schifferli J., 2003]. 

Fish and chicken erythrocytes were shown to ac-
tively form rosettes to facilitate the clearance of 
pathogens by macrophages [Passantino L. et al., 
2002], and could produce cytokines or specific sig-
naling molecules in response to binding [Passan-
tino L. et al., 2007]. A relationship was hypothesized 
between erythrocytes, hemoglobin and the immune 
system suggesting an active role of erythrocytes in 
the immune response to pathogens [Bishlawy I., 
1999]. A supporting argument could be found in 
several studies on hemoglobin function. Hemoglo-
bin is an important source of bioactive peptides that 
were shown to participate in the innate immune re-
sponse [Liepke C. et al., 2003; Jiang N. et al., 2007]. 
The antimicrobial activity of the respiratory globins 
is likely one of the most ancient anti-microbial 
mechanisms conserved across the invertebrates and 
vertebrates [Iwanaga S., 2002]. These respiratory 
protein-derived peptides exhibit antimicrobial ac-
tivity against Gram-positive, Gram-negative bacte-
ria and yeasts [Fogaca A. et al., 1999; Liepke C. et 
al., 2003]. Although little attention was given to 
these observations, it remains clear that vertebrate 
hemoglobins and associated molecules in inverte-
brate species have bactericidal properties and par-
ticipate in the killing of invading microbes. Gly-
cophorin-A (GYPA) is the most abundant glycopro-
tein on the mammalian erythrocyte cell surface 
(0.5-1 × 106 copies per cell) [Mourant A., Kopec A., 
1978], and it was hypothesized that GYPA plays a 

role in pathogen recognition potentially acting as a 
decoy receptor in enucleated mammalian erythro-
cytes. The GYPA would bind pathogens on the 
erythrocyte cell surface thereby sequestering invad-
ing organisms from important tissues potentially re-
ducing the pathogen load. 

Thus, diverse ranges of nonrespiratory biologi-
cal processes in erythrocytes are observed. It be-
comes more and more obvious that there is a direct 
role for erythrocytes in the immune response 
[Morera D., MacKenzie S., 2011]. 

MAterIAl And Methods

The research was tailored to reveal the reaction 
of human blood cells to severe bacteremia in case 
of bacterial resistance to blood plasma humoral 
bactericidal factors. Vital phase contrast micros-
copy of the “blood cell – bacterium interactionˮ 
and video registration of the cells counteraction to 
infection rapid proliferation were the main tools of 
the research. Taking into account that one of the 
most frequent kinds of bacteremia in humans is 
oral cavity multibacterial contamination of periph-
eral blood [Sconyers J. et al., 1973; Heimdahl A. et 
al., 1990; Hall G. et al., 1993; Okabe K. et al., 
1995; Roberts G. et al., 1997; Hartzell J. et al., 
2005; Takai S. et al., 2005; Tomas I. et al., 2007], 
blood samples were taken from patients with se-
vere acute and chronic dental problems during 
tooth extraction and other invasive dental proce-
dures (gingivectomy, deep gum pocket curettage, 
etc.). Eight samples of blood (15 ml each) were 
taken from the cubital vein of two patients with 
severe periodontitis after 5 min, 15 min, 30 min 
and 60 min of tooth extraction (4 samples from a 
patient). Blood samples (15 ml each) were also 
taken from 2 patients suffering from: (1) low grade 
fever after gingivectomy, gum pocket curettage 
and plaque removal; (2) gum abscess with low 
grade fever. As anticoagulant 1.8 mg K2EDTA per 
1 ml of blood was used. Every blood sample was 
distributed to 3 test-tubes 5 ml of blood each (these 
test-tubes will be indicated in the further explana-
tion as the first, second and third test-tubes). 

After gentle centrifugation of the first test-
tube and sedimentation of the blood cells using 
centrifuge “Rotofix 32ˮ (“Hettich GmbH & CO. 
KG”, Germany) the plasma was incubated in ther-
mostat (incubator) “Panasonic MIR-162ˮ 
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(“Panasonicˮ, Japan) for 24 hours (37°C), while 
the blood cells were kept in laboratory refrigera-
tor for 24 hours (4°C). Then 1 ml of plasma was 
taken for centrifugation of bacteria and the pellet 
vital phase contrast and Gram-stained preparation 
microscopy were performed; the rest plasma was 
re-mixed with the blood cells and put to incubator 
(37°C) and after 30 min, 1 hour, 6 hours and 12 
hours phase contrast microscopy and Ro-
manowsky-Giemsa staining of blood cells and 
microscopy were performed. 

The second test-tube was kept in incubator 
(37°C) for 24 hours and phase contrast microscopy 
and Romanowsky-Giemsa staining of the blood 
cells, as well as their microscopy were performed 
after 30 min, 1 hour, 6 hours, 12 hours and 24 hours. 

The third test-tube blood was used for mixing 
with the suspension (in 0.9% NaCl) of subgingival 
dental plaque taken from appropriate to blood 
samples patients; 2.5 ml of blood was mixed with 
0.25 ml of dental plaque suspension, placed into 
incubator (37°C) and in 30 min, 1 hour, 6 hours 
and 12 hours phase contrast microscopy and Ro-
manowsky-Giemsa staining of the blood cells and 
their microscopy were performed. The plasma of 
the rest 2.5 ml blood (after centrifugation and sep-
aration from blood cells) was mixed with 0.2 ml of 
the dental plaque suspension and placed into incu-
bator (37°C) for 24 hours and then remixed with 
the blood cells kept after centrifugation in refrig-
erator (4°C). The mixture was placed to incubator 
(37°C) and after 15 min, 30 min, 1 hour, 6 hours 
and 12 hours phase contrast microscopy and Ro-
manowsky-Giemsa staining of blood cells and mi-
croscopy were performed. 

Two samples of contaminated donor blood and 
three samples of contaminated umbilical cord 
blood were studied as well. Contamination was 
performed by centrifugation of blood, separation 
of plasma, keeping plasma open in room tempera-
ture for 24 hours and remixing it with the blood 
cells kept in refrigerator (4°C) for the same time 
interval. The resulting mixture was kept in incuba-
tor (37°C) and after 15 min, 30 min, 1 hour, 6 hours 
and 12 hours phase contrast microscopy and Ro-
manowsky-Giemsa staining of blood cells and mi-
croscopy were performed. 

All patients and donors gave written informed 
consent to participate in the investigation.

Phase contrast microscopy was performed by 
means of phase contrast condenser and objective 
90 ×1.25 Ph (“Carl Zeiss”, Jena, Germany), photo 
and video were shot by means of digital camera 
“Nikon S230” (“Nikon”, Japan) with 10.34 Mega-
pixel matrix (photo), image size 640 × 480 pixels, 
30 frames per second (video).

results

Erythrocyte Bacteria Entrapping and Bacteri-
cidal Function: Despite the fact that erythrocytes 
possible immune function has started to attract re-
searchers’ attention, in the available medical liter-
ature and video materials we could not find any 
data and video-documented facts regarding eryth-
rocytes direct participation in blood bactericidal 
action. At the same time, we revealed that erythro-
cytes directly and actively entrap and kill different 
kinds of bacteria (Photos 1-4; Videos 1-8; herein-
after: see compact disk).

It is unclear how this entrapping might happen, 
because the erythrocyte has no appropriate mecha-
nism for phagocytosis of the bacterial body. 

It might be supposed that a bacterium itself 
penetrates erythrocyte’s membrane, but in this 
case we should have two obvious consequences: 
a) bacterial body (sometimes relatively big taking 

into account erythrocyte’s size) should make 
such a big hole in erythrocyte membrane that 
erythrocyte’s inner (cytoplasmic) contents 
should rapidly pour out from erythrocyte with 
fast formation of erythrocyte ghost; actually it 
does not happen and a bacterium for a long 
while remains entrapped in the uninjured (at 
least it seems so in phase contrast microscopy) 
erythrocyte; 

b) if a bacterium makes a hole in erythrocyte’s 
membrane for entering inside, it might use the 
same hole or should be able to make another 
hole for escaping from the erythrocyte, but ac-
tually it is not so. 
Thus, it may be supposed that the erythrocyte 

(after bacterium entrapping) repairs, seals and 
closes the hole and consolidates and hardens its 
membrane for preventing pouring out of its cyto-
plasm and also preventing bacterium escape. It is 
clearly seen in the video clips that entrapped bac-
teria desperately try to penetrate erythrocyte mem-
brane from inside for escaping (Videos 1-6). More-
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over, the bacteria cannot penetrate the membrane 
of even ghost erythrocytes (Photos 5-8). Finally, 
the bacteria exhaust (Videos 7-8) and die (Videos 
9; 11). The erythrocyte ghost membrane and cyto-
skeleton components often tightly grip bacteria 
and hold them immobile for a while (Photo 6; 
Video 10). After erythrocyte ghost membrane de-
struction the killed bacteria are released and slowly 
drift in blood plasma flow (Video 12).

The analysis of the video materials shows that 
the activity of bacteria after entrapping maximally 
increases and bacteria try to penetrate erythrocyte 
membrane and escape. As a rule, these efforts are 
futile and the motility of bacteria gradually de-
creases and finally stops. The parallel process of 
erythrocyte color darkening takes place that indi-
cates hemoglobin deoxygenation and oxygen bind-
ing with bacterial structures (Videos 5; 9). 

In the erythrocyte ghost the active move of bac-
teria lasts longer than in normal erythrocytes, but, 
anyway, even in the ghost bacteria are finally killed 
and then released to blood plasma. The erythrocyte 
ghost formation partially depends upon the size of 
entrapped bacteria. Relatively big bacterium with 
high motility needs accordingly bigger membrane 
hole for being entrapped. High motility of a bacte-
rium inside the erythrocyte decreases erythrocyte’s 
cytoplasm density (bacterium acts as a mixer and 
makes the cytoplasm more liquid). Big membrane 
hole and more liquid cytoplasm might both facili-
tate cytoplasm pouring out and ghost formation. 
However, it happens no more than in 10% cases of 
engulfing the especially big and active bacteria. In 
case of small and average size bacteria the erythro-
cyte may repeatedly entrap, kill and release bacte-
ria without any loss of cytoplasm and without 
ghost formation. It should be also stressed that, 
after entrapping, small bacteria may become invis-
ible inside the erythrocyte.

dIscussIon

Available video materials demonstrate that an 
erythrocyte may play active bactericidal role in 
the blood: it can entrap, kill and then release bac-
teria with or without ghost formation. The pro-
cess of bacteria entrapping by an erythrocyte is 
much more complicated than bacteria engulfing 
by a leukocyte. The mechanism of such entrap-
ping is unclear. 

Photo 1. A small bacterium is entrapped inside the 
erythrocyte.

Photo 2. A medium size bacterium is entrapped inside 
the erythrocyte.

Photo 3. A big bacterium is entrapped inside the eryth-
rocyte.

Photo 4. An amphitrichous bacterium is entrapped in-
side the erythrocyte.
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Naturally, before entrapping a bacterium should 
be attached to the erythrocyte membrane. Suppos-
edly, it may be provided by means of different 
mechanisms: 
a) electrostatic attractive force (negative and posi-

tive charge) between bacterial body wall and 
erythrocyte membrane; it is believed that 60% 
of erythrocyte membrane negative charge is 
provided by glycophorins; electrochemical po-
tential determined by the charge of the mole-
cules exposed on the surface of erythrocyte 
membrane (so called zeta potential [ζ]) is -15.7 
millivolts (mV) [Tokumasu F. et al., 2012]; 

b) bacterial adhesion on the surface of erythrocyte 
membrane via specific interactions between mi-
crobial surface ligands and erythrocyte mem-
brane receptors; 

c) bacterial adhesion on the surface of erythrocyte 
membrane by means of bacterial secretion of a 
layer of extracellular polymeric substances, 
predominantly polysaccharides; 

d) bacterial adhesion on the surface of erythrocyte 
membrane by means of bacterial fimbriae or 
pili; 

e) bacterial adhesion on the surface of erythrocyte 
membrane by means of bacterial capsular 
mono- and polysaccharides; 

f) bacterial adhesion on the surface of erythrocyte 
membrane by means of lectin adhesions. 
Our data show that electric charges may be the 

most important attractive forces between bacteria 
and erythrocytes. Video 13 demonstrates a bacte-
rium trying to escape from the surface of erythro-
cyte outer membrane. During its efforts the bacte-
rium is gliding on the surface of the erythrocyte, 
and finally the bacterium escapes with great diffi-
culty. The bacterium gliding on the surface of the 
membrane means that there is nothing that locally 
“glues” the bacterium to the surface of the erythro-
cyte. Only electric charge can keep object on the 
surface of the erythrocyte giving the object an op-
portunity to glide. Taking it into account, it is rea-
sonable to believe that electric charge is the main 
force that pulls and keeps bacteria on the surface 
of the erythrocyte membrane. The decrease of 
erythrocyte membrane electric charge can lower 
the ability of the erythrocyte to attract and trap the 
germs. As a result, rapid abundant uncontrolled 
proliferation of these free-swimming germs may 

Photo 5. A bacterium is entrapped in partially de-
stroyed erythrocyte. 

Photo 6. Bacterium squeezing by erythrocyte ghost 
membrane

Photo 7. The release of the dead bacterium to the blood 
plasma..

Photo 8. Dead bacterium during drifting in the blood 
plasma.
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occur in blood plasma. In case of low electric 
charge on the bacterial membrane determined by 
low metabolic activity, low motility and slow 
growing of the pathogen, the latter may avoid at-
traction and entrapping by erythrocytes (because 
the force of interaction between the erythrocyte 
membrane electric charge and the electric charge 
of the bacterial body wall may be not enough for 
attraction and keeping the pathogen on the surface 
of the erythrocyte). As a result, the pathogen starts 
proliferation only after dissemination and fixation 
in the tissues inaccessible for erythrocytes.

All alive microorganisms have electric charge 
on their surface, and this charge is one of the main 
characteristics of living cells. Erythrocytes dis-
criminate dead and alive microbes by means of 
erythrocyte outer membrane’s electric charge that 
automatically attracts and keeps living microbes 
on the surface of the erythrocyte. The more active 
a microbe moves trying to escape from the surface 
of the erythrocyte, the more electric charges of the 
microbe increase, and the more the latter is pressed 
to the surface of the erythrocyte. In case of cocci 
their surface electric charge is generated by active 
metabolism of these germs. The cocci are also at-
tracted and absorbed by erythrocytes, meanwhile 
the bonds between the cocci are torn and the cocci 
are fixed on the surface of the erythrocytes as sep-
arated round bodies, and Staphylococci, Strepto-
cocci, Diplococci, etc. become indiscernible from 
each other on the membrane of the erythrocyte in 
phase contrast microscopy. The erythrocyte mem-
brane is much more thicker and dense than leuko-
cyte’s membrane, it has much more powerful elec-
tric charge and, therefore, can attract and absorb 
bigger and more numerous charged objects. 

Another enigmatic question is how a bacterium 
is entrapped inside an erythrocyte. Two versions 
might be suggested. One version is that after adhe-
sion to erythrocyte membrane surface a bacterium 
produces some substances that destroy the mem-
brane and the bacterium enters the erythrocyte. 
This version does not exclude that as a reaction to 
invasion and hole formation the erythrocyte rap-
idly repairs membrane defect or locally creases 
and shrinks the hole region with closing the hole. 
Another (more realistic) version is that after a bac-
terium attaches to the surface of an erythrocyte the 
latter’s membrane at the place of adhesion be-

comes locally thin, porous and soft and the bacte-
rium is absorbed and pulled, engulfed inside the 
erythrocyte. The erythrocyte may control adhesion 
and absorption, but it is not excluded that there 
might be also an interaction between erythrocyte 
and bacterium and the latter actively facilitates its 
entrapping. 

Searching medical literature for an explanation, 
description, or analogy regarding possible mecha-
nisms of bacterial penetration into erythrocyte, it 
has become clear that, in general, very few species 
of bacteria can enter and survive in the erythro-
cyte, and so the diseases caused by bacteria able to 
survive in erythrocyte are very rare. Speaking 
about adaptation and survival inside the erythro-
cyte, some kinds of protozoa should be mentioned, 
and first of all ‒ malaria ‒ an ancient disease that 
continues to cause enormous human morbidity and 
mortality at present [Dvorak J. et al., 1975; Cow-
man A., Crabb B., 2006]. 

Babesiosis ‒ a malaria-like parasitic disease 
caused by infection with Babesia, a genus of proto-
zoal piroplasms – should be mentioned second. 
There are over 100 species of Babesia identified; 
however only a handful have been documented as 
pathogenic in humans [Berger S., Marr J., 2006; 
Hunfeld K. et al., 2008]. Theileria should be also 
mentioned; it is a genus of parasitic protozoan that 
belongs to the phylum Apicomplexa and is closely 
related to Plasmodium. Two Theileria species, T. 
annulata and T. parva, are important cattle parasites 
[Florin-Christensen M., Schnittger L., 2009]. As to 
microbes that penetrate erythrocyte and continue 
their life cycle inside them, the genus Bartonella 
comprises human-specific and zoonotic pathogens 
responsible for a wide range of clinical manifesta-
tions, including Carrion’s disease, trench fever, cat 
scratch disease, bacillary angiomatosis and peliosis, 
endocarditis and bacteremia, chronic lymphadenop-
athy, and neurological disorders. These arthropod-
borne pathogens typically parasitize erythrocytes in 
their mammalian reservoir host(s), resulting in a 
long-lasting haemotropic infection [Maurin M. et 
al., 1997; Maguiña C., Gotuzzo E., 2000]. Barton-
ella bacilliformis was studied in vitro to show that it 
binds to human erythrocytes and produces substan-
tial and long-lasting deformations in erythrocyte 
membranes, including cone-shaped depressions, 
trenches, and deep invaginations [Benson L. et al., 
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1986]. The authors suggested that deforming force 
was probably provided by the polar flagella of these 
highly motile bacteria. 

It seems that the key moment of all interactions 
between bacteria and erythrocyte – bacteria killing 
– is mostly understandable. It is undisputable that 
erythrocyte is the cell with maximal possible 
amount of oxygen inside. Undoubtedly, oxygen 
high concentration inside the erythrocyte is fatal 
for the majority of microorganisms; otherwise 
erythrocytes would have been readily colonized by 
different bacteria during various bacteremias, sep-
tic conditions, etc. Concrete mechanisms of bacte-
ria killing inside the erythrocyte are unclear. At the 
same time, such mechanisms are explained in de-
tail for leukocytes. The killing of microbes is a 
critical function of phagocytes, and it is performed 
either within the phagocyte (intracellular killing) 
or outside of the phagocyte (extracellular killing). 

Numerous mechanisms of oxygen-dependent 
intracellular and oxygen-independent intracellular 
killing are described.

Numerous mechanisms, which use oxygen-de-
pendent intracellular and oxygen-independent in-
tracellular killing, are described:
1.Production of a superoxide (converted to hydro-

gen peroxide and singlet oxygen by superoxide 
dismutase); 

2.Enzyme myeloperoxidase that creates hypochlo-
rite from hydrogen peroxide and chlorine); 

3.Electrically charged proteins that damage the 
bacterium membrane; 

4.Lysozymes that break down the bacterial cell wall; 
5.Lactoferrins, which remove essential iron from 

bacteria; 
6.Proteases and hydrolytic enzymes that digest the 

proteins of destroyed bacteria. 
A great number of other mechanisms are 

broadly presented and reviewed in scientific litera-
ture [Robinson J., Babcock G., 1998; Delves P. et 
al., 2006; Ernst J., Stendahl O., 2006]. 

We do not think that all these mechanisms are 
available in the erythrocyte and are used by it for 
bacteria killing, supposedly the high concentration 
of oxygen should be the main killing force. On the 
other hand, it is astonishing how vulnerable are leu-
kocytes regarding attacks of bacteria, viruses and 
some other microorganisms. The literature and in-
formation about bacterial defense against phagocy-

tosis and phagocyte killing is so abundant and de-
tailed that there is no sense to comment these data 
here. Nevertheless, it is reasonable to mention the 
phenomenon defined as incomplete (or imperfect) 
phagocytosis. This phenomenon is so prevalent that 
it may seem that incomplete phagocytosis occurs 
more often than complete phagocytosis [Gold-
schneider I. et al., 1969; Manca C. et al., 2004; 
North R., Jung Y., 2004; Maiden M., Caugant D., 
2006; Stohl E., Seifert H., 2006]. There is an im-
pression that for many microorganisms phagocyto-
sis is indispensable for their life cycle, proliferation 
and dissemination. It is true regarding Mycobacte-
rium tuberculosis, Neisseria meningitidis, Neisseria 
gonorrhoeae, etc. [Goldschneider I. et al., 1969; 
Manca C. et al., 2004; North R., Jung Y., 2004; 
Maiden M., Caugant D., 2006; Stohl E., Seifert H., 
2006]. In the arsenal of microorganisms there are 
different mechanisms for providing incomplete 
phagocytosis. For example, prevention of pha-
golysosome formation after phagocytosis is an ef-
fective way to evade the attack of hydrolytic en-
zymes. Such mode is characteristic for Legionella 
pneumophila [Horwitz M., 1988], Chlamydia psit-
taci [Moulder J., 1985], Toxoplasma gondii [Jones 
T., Hirsch J., 1972] and M. tuberculosis [Goren M., 
1976; Moulder J., 1985]. It is a paradox, but some-
times viruses can inhibit phagolysosome formation 
and provide survival of microbes in the phagosome, 
for example, influenza viruses A and B stop pha-
golysosome formation and myeloperoxidation pro-
duction and, as a result, facilitate survival and pro-
liferation of Staphylococci in the phagosome 
[Abramson J., 1982]. This may explain the patho-
genesis of secondary infections in patients with in-
fluenza virus infection. 

Some microorganisms are able to inhibit the 
generation of reactive oxygen in a phagosome. 
Toxoplasma gondii being engulfed by the phagocyte 
does not cause “respiratory burst” in a phagosome 
and thus remains uninjured [Wilson C. et al., 1980]. 
Coxiella burnetii (responsible for Q-fever) resides 
in the phagolysosome because of its own acido-
philic biochemistry [Baca O., Paretsky D., 1983]. 

The production of superoxide dismutase and cata-
lase may protect the microorganism from the toxic 
oxygen generated in the phagosome. Nocardia aster-
oides produces high levels of superoxide dismutase 
and catalase that protect Nocardia asteroides from 
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the effects of O2¯ and H2O2 [Beaman B., 1985].
A unique mechanism for avoiding the respira-

tory burst is the use of certain complement recep-
tors on the phagocyte surface. Some microorgan-
isms cover themselves with C3 fragments and then 
enter the macrophage via C1 receptors. The organ-
isms that possess this ability include L. pneumophila 
[Bellinger-Kawahara C., Horwitz M., 1987], M. 
tuberculosis [Payne N. et al., 1987] and Leishma-
nia [Da Silva R., 1989].

Microorganisms are able to kill phagocytes. 
Producing some toxins, they depolarize the phago-
cytic cell membrane with massive degranulation 
and cell death. Streptolysins O and S are respon-
sible for some of the cytolytic activity of S. pyo-
genes [Hirsch J. et al., 1963]. Staphylococcal leu-
kocidin, antrax toxin, exotoxin A from Pseudomonas 
aeruginosa are toxic for phagocytes [Densen P., 
Mandell G., 1980]. Listeria monocytogenes pro-
duces hemolysin that degrades phagolysosomal 
membrane, the microorganism enters to cytoplasm 
for proliferation killing the phagocyte [Donelson J., 
Fulton A., 1989; Tilney L., Portnoy D., 1989]. 

If we refer to one of the most formidable infec-
tion – plague – its agent, Yersinia pestis, survives 
and produces F1 and V antigens, while residing 
within white blood cells such as monocytes [Col-
lins F., 1996]. Ehrlichiosis Ehrlichiosis is a tick-
borne germ that infects either the neutrophil, or the 
monocyte depending on the type of ehrlichia germ 
[Schutze G. et al., 2007]. Francisella tularensis 
virulence is thought to be partly related to its abil-
ity to invade and replicate itself within phagocytes. 
During F. tularensis co-cultivation with human 
erythrocytes intracellular presence of F. tularensis 
in erythrocytes was confirmed; however, the bac-
teria did not demonstrate evidence of replication 
within the erythrocytes [Amesh A., Adalj A., 2011; 
Conlan J., 2011; Liss A. et al., 2011]. It means that 
bacteria more readily grow and replicate in leuko-
cytes than in erythrocytes.

However, the differences are no less impressive 
and eloquent in case of viruses. Many dangerous 
and deadly viruses replicate in leukocytes. HIV in-
fects helper T cells (specifically CD4+ T cells), mac-
rophages, and dendritic cells [Levy J., 2007]; CD4+ 
T cells are also primary targets of all types human T 
cell lymphotropic virus (HTLV) [Murphy E., Biswas 
H., 2010]; Epstein-Barr virus infects B cells [James 

O., Armitage A., 2010]; viral hepatitis type C (HCV) 
may replicate in peripheral blood mononuclear cells 
and can infect B lymphocytes stimulating them to 
synthesize the cryoprecipitating polyclonal rheuma-
toid factors responsible for type III major compati-
bility (MC) [Bartenschlager R., Lohmann V., 2000]; 
cytomegalovirus attacks lymphocytes and mono-
cytes [Yamanishi K. et al., 2007]; enteroviruses 
(polio-, Coxsackie-, echo- and others) are able to 
replicate in human peripheral blood mononuclear 
cells [Dagan R., Menegus M., 1992; Freistadt M. et 
al., 1993; Vuorinen T. et al., 1999]. 

On the contrary, erythrocytes do not support 
viral replication [Asher D. et al., 2005]. In their 
mature form, erythrocytes lack the nuclei and or-
ganelles required to replicate nucleic acids and 
elaborate proteins. Since viruses depend on the use 
of the host cell machinery to replicate, erythro-
cytes are absolutely invulnerable to viral infection. 
Paradoxically, the leukocytes, being the main im-
mune guard of a human organism are far more vul-
nerable to infection than erythrocytes as the most 
numerous and the simplest cells of the body. More-
over, leukocytes versus erythrocytes are a much 
better substrate for replication of infections (bacte-
ria do not grow in erythrocytes at all) and, as it 
might be supposed, leukocytes less effectively kill 
bacteria. Our video data prove that even ghost 
erythrocytes are able to kill bacteria. On the other 
hand, it is wrong to oppose the role of leukocytes 
and erythrocytes in immune response. Probably, 
there may be some kind of cooperation between 
these cells. Leukocytes have wider range of func-
tions, and they engulf not only bacteria and other 
microorganisms but also have a very important 
scavenger function. Phagocytic removal of apop-
totic cells is an important regulatory event in de-
velopment, tissue homeostasis, and inflammation 
[Galati G., Heltai S., 1997; Jersmann H. et al., 
2003]. In certain situations phagocytes may be 
overloaded by cell fragments and particles that 
should be engulfed. It is not excluded that in such 
situations leukocytes may produce substances that 
“switch on” erythrocytes for entrapping and kill-
ing bacteria. There is no reason why leukocytes 
and erythrocytes cannot act together and parallel in 
fulfillment of blood cellular bactericidal function. 
There may be some coordination of actions. It is 
true that after bacterium killing the phagocyte, as a 
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rule, decomposes and digests the microorganism, 
while the erythrocyte pushes it back into blood 
plasma. The phagocyte has enzymes both for kill-
ing and digesting microorganisms, while the eryth-
rocyte has only tool ‒ hemoglobin with high con-
centration of oxygen ‒ for killing microbes (but 
not for digesting them). As a result, the erythrocyte 
kills a microorganism and prevents its replication, 
while the phagocyte engulfs and digests it. Such 
cooperation and coordination may prevent fast 
replication of microorganisms in blood in case of 
severe bacteremia, septicemia, blood rapid con-
tamination, leakage of infection to the blood 
stream from the local inflammation source, inhibi-
tion (determined by different causes) of phagocytic 
activity of leukocytes, the presence of many ob-
jects for phagocyte engulfing, the overload of the 
leukocytes by engulfed particles, etc. 

The main justification regarding participation 
of erythrocytes in blood bactericidal function is 
the fact that human body blood contains 1000 
times more erythrocytes than leukocytes. Thus, 
adult humans have 2-3 × 1013 (20-30 trillion) eryth-
rocytes at any given time (approximately a quarter 
of the cells in the human body are red blood cells), 
while there are 20-30 million leukocytes in periph-
eral blood only [Pierigè F. et al., 2008]. Approxi-
mately 2.4 million new erythrocytes are produced 
per second, whereas for 10 seconds 24 million new 
erythrocytes are produced (the same number of 
leukocytes circulate in the peripheral blood circu-
lation) [Sackman E., 1995]. It should be also taken 
into account that not all blood leukocytes are ac-
tive phagocytes: neutrophils and monocytes are 
the most phagocytic white blood cells. It means 
that no more than 68% (60% neutrophils and 8% 
monocytes) of peripheral blood leukocytes are 
“professional” phagocytic cells. At the same time 
the most numerous phagocytic cells ‒ neutrophils 
‒ are not able to renew their lysosomes (used in 
digesting microbes) and die after phagocytosis of a 
few pathogens [Wheater P., Stewens A., 2002]. The 
life span of a circulating human neutrophil is also 
very short: about 5.4 days [Pillay J. et al., 2010]. 
For comparison, erythrocytes circulate for about 
100-120 days and thus live 18-22 times longer than 
neutrophils [Harrison K., 1979]. According to our 
data, erythrocytes are able to trap and kill bacteria 
again and again without being injured, and the for-

mation of ghost erythrocytes occurs in no more 
than 10% cases of especially big and active bacte-
ria entrapping. The red blood cell membrane con-
sists of three basic components: a lipid bilayer, 
transmembrane (integral) proteins and a cytoskel-
etal network [Luna E., Hitt A., 1991; Mohandas 
N., Evans E., 1994; Discher D., 2000]. Thickness, 
tensile strength, elasticity, firmness provide the 
ability of erythrocytes to entrap and hold even big 
bacteria long enough for killing the latter by means 
of oxidation and energy exhaustion.

Erythrocytes have enough volume for entrap-
ping bacteria. These biconcave cells have an aver-
age volume of about 90 femtoliters (fL) (1 fL = 
10−15 L) [McLaren C. et al., 1987] with a surface of 
about 136 μm2, and can swell up to a sphere shape 
containing 150 fL, without membrane distension. 
The volume of an average bacterial cell is 2 fL (or 
2 × 10-15 L) [Mengin-Lecreulx D. et al., 1982], and 
thus the erythrocyte has enough inner volume for 
entrapping bacteria and enough amount of hemo-
globin for intensive oxidation of bacteria.

There may be a huge number of bacteria in a 
very little amount of fluid, for example, in the local 
inflammation regions (abscesses, phlegmonas, pu-
rulent wounds, paradontosis, tonzillitis, etc.), in-
fected organs, and cavities (pneumonia, cholangitis, 
highmoritis, frontitis, osteomyelitis, etc.). Even 
body’s ordinary liquids may contain extremely high 
number of microbes, for example, 1 ml of saliva 
may contain 750 million bacteria and 1 gram of sub-
gingival plaque may contain 200 billion bacteria 
[Goodson J. et al., 1982; Hiffajee A. et al., 1988; 
MacFarlane T., Samaranayake L., 1989]. More than 
700 species of bacteria have already been identified, 
400 of which were found in the periodontal pocket 
adjacent to teeth [Paster B. et al., 2006]. Trauma to 
oral mucosal surfaces, particularly the gingival 
crevice around teeth, releases these microbial spe-
cies transiently into the bloodstream. At least 126 
individual species of bacteria have been isolated in 
blood cultures after tooth extractions or toothbrush-
ing [Little J. et al., 2002; Lockhart P. et al., 2008]. 
The frequency of bacteremia after tooth extraction 
is 39-100% [Okabe K. et al., 1995; Roberts G. et al., 
1997; Takai S. et al., 2005; Tomas I. et al., 2007]. 
This bacteremia is transient since the microorgan-
isms are cleared from the bloodstream within a few 
minutes – one hour after the procedure (tooth ex-
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traction under general anesthesia) [Sconyers J. et 
al., 1973; Heimdahl A. et al., 1990; Hall G. et al., 
1993; Hartzell J. et al., 2005]. Transient bacteremia 
commonly occurs not only during dental procedures 
but also during routine daily activities such as eat-
ing, chewing gum, brushing the teeth or using tooth-
picks [Forner L. et al., 2006; Lockhart P. et al., 
2008]. Rates for bacteremia in adults range from 
23% to 57% for toothbrushing, and billions of bac-
teria enter the bloodstream [Forner L. et al., 2006]. 
Comparing such a huge amount of bacteria with the 
whole “leukocyte army” of peripheral blood (only 
20-30 million cells with 60-70% of active phago-
cytes), it becomes clear that in case of massive in-
fection leukocytes are unable to counteract and 
withstand the attack of microbes. As a rule, bacteria 
are more or less resistant to blood plasma humoral 
bactericidal factors and, besides, phagocytosis may 
be incomplete. In such situation only erythrocytes 
can provide survival (because they are trillions (not 
millions as leukocytes) and can entrap and kill bac-
teria many times). Erythrocytes rapidly attract (by 
means of electric charge), absorb, kill and release 
back to plasma the microbes that are then digested 
by phagocytes during longer period of time. It ex-
plains the high speed of blood clearance in such 
bacteremia and why there is no leukocytosis after 
every gum chewing, brushing the teeth, or using 
toothpicks (bacteremia without leukocytosis). It 
should be also taken into account that there is a 
great difference in phagocytes, particularly neutro-
phils, digesting killed and alive microbes. Killing 
and digesting alive microbes is impossible without 
their lysosome renewal, and so neutrophils die after 
engulfing few microbes, while in case of killed mi-
croorganisms their digestive capacity is much more 
enhanced. The question is: why the phenomenon of 
erythrocyte trapping and killing bacteria has not 
been discovered and explained earlier? Obviously, 
because of technical problems associated with na-
tive microscopy of blood as well as bacteria staining 
inside the erythrocyte.

In native microscopy (bright field, phase con-
trast, differential interference contrast, etc.) a bacte-
rium visualization is possible, if its refractive index 
is different from the refractive index of the media. 
The refractive indices of different bacteria vary 
from 1.4 to 1.5 [Katz A. et al., 2005], the refractive 
index of erythrocytes using different approaches 

yields values ranging from 1.367 to 1.410 and above 
[Curl C. et al., 2005; Ghosh N. et al., 2006]. Plasma 
refractive index is from 1.344 to 1.358 [Cheng S. et 
al., 2002; Meinke M. et al., 2011]. Erythrocytes are 
seen in plasma because their refractive index (1.367 
to 1.410) is higher than the refractive index of blood 
plasma (1.344 - 1.358). When the erythrocyte en-
traps a bacterium the refractive index of both ‒ 
erythrocyte and bacterium ‒ may be the same (for 
example, 1.4) and the bacterium will be absolutely 
invisible, because the light speed will be the same in 
these two objects.

 But even if there is some difference between re-
fractive indexes of erythrocytes and bacteria, in op-
tical microscopy the beam of light passing con-
denser lens, object glass, media (blood), cover glass, 
immersion oil, objective frontal lens may be dis-
persed, and as a result the bacteria may remain in-
visible. Erythrocyte’s thick membrane also makes 
bacteria revealing inside the erythrocyte difficult. 

As a rule, blood standard staining with the use of 
methylene blue, eosin, and azure (Romanowsky 
stain, Giemsa stain, Pappenheim stain, Wright stain, 
May-Grunwald stain, etc.) do not reveal bacteria in-
side erythrocyte; for example, if Giemsa stain is 
used both erythrocytes and bacteria are stained pink, 
and it is impossible to discern bacteria inside eryth-
rocytes. There is also poor permeation of stains 
through uninjured erythrocyte membrane, and so 
bacteria inside erythrocytes cannot be stained. At 
the same time the surface of erythrocyte membrane 
can be stained and camouflage the inner contents of 
erythrocyte. On the other hand, there is lack of de-
oxyribonucleic acid (DNA) with high amount of 
adenine-thymine bonding in bacteria and hence 
methylene blue does not attach enough to bacteria 
inside the erythrocyte. In case of erythrocytes stain-
ing with the use of heat-fixation (for example, Gram 
stain) the heat-denaturation of hemoglobin with in-
cluded bacteria occurs, and then the hemoglobin is 
homogeneously stained making it impossible to dis-
cern the bacteria inside it.

Thus, the erythrocytes are extremely important 
and indispensable integrative part of human blood 
cellular bactericidal immunity. In comparison with 
phagocytic leukocytes the erythrocytes have the fol-
lowing big advantages: (a) they are much more nu-
merous; (b) they are able to entrap and kill microor-
ganisms again and again without being injured; (c) 
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they are much more resistant to infection and much 
better withstand the attacks of pathogens; (d) they 
have much more longer life span and are produced 
much faster; (e) their inner space filled with hemo-
globin is a very inauspicious media for survival and 
proliferation of many kinds of pathogens (microbes) 
and does not support replication of smaller intracel-
lular parasitic organisms (Chlamydiae, Mycoplas-
mas, Rickettsiae, viruses, etc.); (f) they are much 
more effective, unconditional, unfailing and un-
compromised bacterial killers. 

The bactericidal effect of erythrocytes is espe-
cially critical in cases of: 
1) blood massive microbial infection; 

2) impossibility to recruit immediately enough 
amount of phagocytes; 

3) fast proliferation and dissemination of microor-
ganisms; 

4) functional ineffectiveness of phagocytes and/or 
incomplete phagocytosis. In such cases erythro-
cytes become the first line of blood cellular 
bactericidal defense and the phagocytes become 
an auxiliary force.
Presented video materials should become an im-

petus for revision of both cellular immunity theory 
and traditional view regarding the function of eryth-
rocytes in human blood and its cellular immunity. 

Suggested video materials to article (see in CD)
vIdeo 1. A bacterium entrapped inside the erythrocyte is trying to escape.
vIdeo 2. A bacterium entrapped inside the erythrocyte is desperately trying to escape.
vIdeo 3. An amphitrichous bacterium inside the erythrocyte.
vIdeo 4. Two bacteria inside the erythrocytes.
vIdeo 5. A bacterium inside the erythrocyte. The erythrocyte has become darker because of oxygen consumption for 

the bacterium oxidation.
vIdeo 6. The entrapped bacterium is gradually losing energy and stamina.
vIdeo 7. Last efforts of exhausted bacterium to escape from the erythrocyte.
vIdeo 8. The bacterium is exhausted and dying.
vIdeo 9. Dead (killed by means of oxidation) bacterium inside the erythrocyte. 
vIdeo 10. The bacterium inside the erythrocyte killed by squeezing and immobilization. 
vIdeo 11. The bacterium inside the erythrocyte is in agony.
vIdeo 12. The bacterium after killing is released by erythrocyte to plasma and is drifting with the flow.
vIdeo 13. The bacterium is gliding on the surface of erythrocyte and then escapes.
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