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INTRODUCTION

Since their discovery, phages have been considered to be predators of bacteria and unable to infect
eukaryotic cells. However, in the 1970s, Merril already suggested that phages may cause metabolic
alterations inmammalian cells (Merril, 1973). This report paved the way for further studies showing
that indeed phages may have affinity to eukaryotic cells.

PHAGES INTERACT WITH THE CELLS OF THE IMMUNE SYSTEM

In 2005 we formulated a hypothesis pointing to the immunomodulatory activity of intestinal phages
(mostly coliphages) and their ability to migrate from the gut and exert immunomodulating action
on various organs and tissues through the effect of phage proteins on eukaryotic cells (Górski
and Weber-Dabrowska, 2005). In the years since then, evidence has been accumulating shedding
more light on those phage interactions demonstrating phage ability to downregulate reactive
oxygen species production by phagocytes, alterations of expression of surfacemarkers, inhibition of
migration of immune cells to antigen sites and immunomodulation of cytokine production. Phages
do not replicate in eukaryotic cells so those effects must be mediated by their outer proteins. Barr
(2017) have confirmed that phages can bypass epithelial cell layers, disseminate, and manipulate
our immune system (Barr, 2017). In vitro studies of Van Belleghem et al. (2017) have demonstrated
diversity of phage action on the immune system. Recently, using the zebrafish model Cafora et al.
(2020) showed anti-inflammatory effects of phages independent of their well-known anti-bacterial
action. The interactions of phages with the cells of the immune system have been summarized
(Górski et al., 2017; Van Belleghem et al., 2018).

PHAGES MAY BIND TO AND PENETRATE EPITHELIAL AND

OTHER CELL TYPES

Data have also been slowly accumulating demonstrating phage interactions with other cell types.
Our group has provided evidence that phages may bind to melanoma cells causing inhibition of
experimental lung metastases in mice. This phenomenon probably depends on specific interactions
between the Lys-Gly-Asp (KGD) motif of the T4 phage protein 24 and beta3 – integrin receptors
on target cells (Dabrowska et al., 2004). Furthermore, the T4 phage and its mutant HAP1 cause
inhibition of mouse and human melanoma cell migration on fibronectin and matrigel (Dabrowska
et al., 2009). Interestingly, the anti-bacterial activity of phages may significantly be enhanced in the
presence of human cells (Shan et al., 2018).
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In the past decade it has been established that phages (T4
as well as T3, T5, T7, SPO1, and P22 phages) not only bind to
but also penetrate eukaryotic cells including epithelial cells from
the gut, lung, liver, brain, and kidney (Nguyen et al., 2017). The
mechanisms of phage uptake and their intracellular migration
pathways have recently been discussed (Zaczek et al., 2020).

Bichet et al. (2020) examined the rate of T4 phage uptake
by different cell types. A549 lung epithelial cells showed the
highest accumulation of phages, while endothelial cell types
showed intermediate levels. HT-29 and BJ cells representing
epithelial and fibroblast cells showed little or no accumulation.
Furthermore, smaller sized phages showed an increased rate
of uptake. In contrast to Shan et al., the authors noted that
adsorption with in vitro cell layers caused inactivation of a high
proportion of phages. The authors thus conclude that “phage
accumulation by those cell layers represents a major sink for
circulating phages in the body.” On the other hand, recent
data from Oie et al. (2020) emphasize the significance of liver
sinusoidal endothelial cells in the uptake of phages.

PHAGES MAY INDUCE PRODUCTION OF

CYTOKINES AND OTHER BIOLOGICALLY

ACTIVE FACTORS IN EPITHELIAL CELLS

The data indicating that phages may cross epithelial cell barriers
and penetrate the cells raises the question of any consequences of
this phenomena for the functions of cells in which phagesmigrate
and accumulate. Available data suggest that phage penetration
does not cause cytotoxicity, although one report suggested that
phages may cause some inhibition of epithelial cell proliferation.
At the same time it is becoming clear that phages may stimulate
production of cytokines and other biologically active factors in
epithelial cells. The HT-29 colon cell line stimulated with E. coli
phage may produce Il-8 and Migration Inhibitory Factor (MIF),
while under the same condition blood mononuclear cells (MNC)
release IL-6, IL-10, and TNF-alpha (Khan Mirzaei et al., 2016).

Pincus et al. (2015) showed that a staphylococcal phage
induces interferon gamma in primary human keratinocyte
cultures but not in blood MNC. Likewise, E. coli phages elicited
marked production of IFN gamma and IL-12 by lung cells but not
MNC (Dufour et al., 2019).

Phages have also been shown to abolish inflammatory
responses induced in epithelial cells. A staphylococcal phage
suppressed LPS-dependent inflammatory cytokine production
by bovine mammary epithelial cells in culture while phages
alone induced only low expression of cytokines. Phage-mediated
reaction was associated with downregulation of NF-kappaB
signaling (phages suppressed LPS-induced phosphorylation of
NF-kappaB p 65), thus confirming our earlier data (Górski et al.,
2017; Zhang et al., 2018).

Trend et al. (2017) studied the effects of a Pseudomonas
phage on cytokine synthesis by human airway epithelial cells. No
significant inflammatory cytokine production could be detected
(IL-1, IL-6, IL-8). Interestingly, the phage decreased the rate of
cell apoptosis in culture.

Our group has studied the effect of T4 and A5/80
(staphylococcal) phages on the expression of immunologically
relevant genes by CaCo-2 cells in culture. The most remarkable
effect was a marked increase in the expression of the DEFB4A
gene caused by the T4 but not the A5/80 phage (Borysowski
et al., 2020). This gene codes for human beta-defensin 2 (hBD2),
a potent antimicrobial peptide synthesized by epithelial cells
that exhibits a wide range of activities against viruses, bacteria
and fungi. Recently, hBD2 has been shown to suppress key
features of asthma in a murine model of allergic airways disease
(Pinkerton et al., 2020). In addition, it mediates protection
against Mycobacterium avium in a mouse lung infection model
(Shiozawa et al., 2020), promotes wound healing (Shelley et al.,
2020) and inhibits biofilm production (Parducho et al., 2020).
Furthermore, Koeninger et al. (2020) demonstrated that hBD2
may be applied as a well-tolerated systematically administered
anti-inflammatory agent in the treatment of experimental colitis
in mice. Earlier we found that, in A549 cells, both phages
induce overexpression of the HSPA1 gene encoding heat shock
protein HSp72, a cellular chaperone upregulated in response
to cellular stress having cytoprotective functions. Moreover, the
A5/80 phage induced TLR10 gene expression while the T4 phage
upregulated the expression of TLR2 and IL-10 genes (Borysowski
et al., 2019).

It is well-known that small doses of molecules associated
to pathogens may elicit immune response (e.g., endotoxin).
Therefore, phage purity is essential to avoid false results.

PRACTICAL IMPLICATIONS OF PHAGE

INTERACTIONS WITH EPITHELIAL CELLS

Barr et al. (2013) have presented the phage adherence to
mucus model that provides non-host bacterial immunity
on mucosal surfaces. This model encompasses a symbiotic
relationship between phage and mammalian host providing
antimicrobial defense protecting mucosal surfaces. Studies on
those interactions are at an early stage and data accrued so
far need extension and confirmation. Nevertheless, this area of
research appears to be promising and offers perspectives for
practical implementation in the treatment of human disease.
This assumption is confirmed by the data showing that phage
interactions with epithelial cells do not cause cell injury while
anti-inflammatory effects may prevail. Thus, phages could be
used to control epithelial inflammation which is a common
phenomenon in a variety of human disorders leading to chronic
systemic inflammation occurring in autoimmune diseases, as well
as bacterial, viral, and fungal infections (Uluçkan and Wagner,
2017). Of particular interest are preliminary data which suggest
that phages may stimulate epithelial cells to produce biologically
active mediators like hBD2. Recently, this protein has been the
subject of intense studies, the results of which suggest that it could
be applied as an antimicrobial agent and as an immunomodulator
in asthma and autoimmune disorders.

It is known that lung alveolar epithelial cells are critical in
protection of the respiratory tract against pathogens (Chuquimia
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et al., 2013). The coronavirus propagates within those cells
inducing their apoptosis and death (Mason, 2020) As mentioned
above, phages are capable of entering those cells and may inhibit
their apoptosis (Trend et al., 2017; Bichet et al., 2020). Therefore,
one could hypothesize that phages may protect lung alveolar cells
against coronavirus-induced injury.

Furthermore, it should be kept in mind that phages may
mediate phage-specific action on mammalian cells so their effect
on those cells may vary between different phages and may also be
cell and tissue – specific (Górski et al., 2019).

DISCUSSION

It is becoming apparent that phage interactions with epithelial
cells may be relevant for maintaining immune homeostasis,
as suggested earlier (Górski and Weber-Dabrowska, 2005).
Therefore, disturbances of the composition and functions of the
body phageome may eventually lead to disease. Furthermore,

it may be envisaged that biologically active phages targeting
epithelial cells could be used in the treatment of disorders where
epithelial cell layers become dysfunctional due to infammatory
processes. More in-depth studies are needed to confirm and
extend these assumptions.
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