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Effective Phage Therapy is Associated with Normalization
of Cytokine Production by Blood Cell Cultures
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Abstract. The aim of this study was to investigate the effect of phagotherapy on tumor necrosis factor o (TNF-a)
and interleukin 6 (IL-6) serum levels and the ability of blood cells to produce these cytokines in culture. Fifty
one patients with long-term, suppurative infections of various tissues and organs were enrolled. The ability of
cells to secrete cytokines was tested using whole blood cell cultures, unstimulated or stimulated with lipopoly-
saccharide (LPS) from E. coli. In addition, cytokine serum levels were determined. Measurement of cytokine
activity was performed using bioassays. We showed that TNF-a, but not IL-6 serum levels, were regulated upon
division of patientsinto categories exhibiting initial: low, moderate and high cytokine levels. Thelow spontaneous
production of IL-6 by blood cell cultures was elevated significantly on day 21 of phage therapy, whereas high
release of this cytokine was inhibited. No such correlation was observed with LPS-induced IL-6 production in
cell cultures when cells from low-, moderately- or highly-reactive patients were studied. Phage therapy modified
TNF release according to the initial ability to produce that cytokine: it reduced TNF production in high responders
and increased it in low responders. Patients infected only with Gram-positive bacteria demonstrated analogous
changes in the spontaneous and LPS-induced TNF-a production as in the whole studied group. A similar kind
of regulation was observed in TNF-a and LPS-induced production, i.e. low production was significantly elevated,
high strongly inhibited, and moderate only slightly affected. In summary, we demonstrated for the first time that
effective phage therapy can normalize TNF-a serum levels and the production of TNF-a and IL-6 by blood cell
cultures.
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Introduction reviewed®. This therapy is particularly applied in the
treatment of infections induced by multi-drug resistant

Specific phage therapy has been proven highly effective  bacteria in which antibiotic therapy is ineffective. In

in combating bacterid infections caused both by Gram-  many cases following phage therapy, along-term state
-positive and Gram-negative microorganisms” 192> 27, of increased protection against bacterial and viral infec-
The current status of that therapy has recently been tions has been observed (unpublished data). Therefore,
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the question arises whether the phage therapeutic effect
(disappearance of clinical symptoms and negative bac-
teriologic tests) is solely a result of the destruction of
bacterial cellsin the infection sites, or perhapsit isaso
a consequence of bacteriophage interaction with the
immune system. It isknown that bacterial infections are
associated with the influence of bacterial products on
immune system cells leading to their activation as ex-
pressed by cytokine release, increase of locomotion and
phagocytosis* & A prolonged interaction of microor-
ganisms and their products on cells of the immune sys-
tem may lead to impairment of the defence reactionsin
patients',

In monitoring the immune status of infected or post-
surgical patients, two cytokines appeared to be particu-
larly relevant: interleukin 6 (IL-6) and tumor necrosis
factor a (TNF-a) * 3, IL-6 is released early in inflam-
mation and its major role is to initiate the immune re-
sponse by inducing acute phase proteins® 17 and to con-
trol the activities of other inflammatory cytokines such
as IL-1 and TNF-a'. TNF-a, on the other hand, is re-
sponsible for the devel opment of an adequate course of
inflammatory processes and for the immune response
to pathogens® 2 15, High and persistent serum levels of
both cytokines are, however, harmful or even fatal® .
On the other hand, states of hyporeactivity in the pro-
duction of these cytokines by peripheral blood cells
may also lead to increased mortality™.

Anticipating that phage therapy may change both
spontaneous and lipopolysaccharide (L PS)-induced cy-
tokine production by peripheral blood cells and cyto-
kine serum levels, we monitored these immune parame-
ters in 51 patients: before, on day 7 and on day 21 of

phage therapy.

Materials and Methods

Patients. The studiesincluded 51 patients with long-
-term suppurative infections of various tissues and or-
gans caused by drug-resistant strains of bacteria. In the
majority of cases the infections were of staphylococcal
origin, in other cases the infections were caused by
Pseudomonas, Klebsiella and Escherichia. For the ther-
apy, specific bacteriophages were used, administered
per os and locally. In 44 cases a complete remission of
the disease symptoms was achieved, accompanied by
negative bacteriologic tests. In other 4 cases a signifi-
cant improvement of the clinical state was obtained
with positive bacteriological results. Only in 3 cases no
improvement was registered, including one death (sep-
sis).

We investigated the ability of peripheral blood cells
for TNF-a and IL-6 production and determined the le-
vels of these cytokine in sera. Blood samples were
taken before treatment and on days 7 and 21 of phage
therapy. The ability of the cellsto secrete cytokineswas
tested using whole blood cell cultures, unstimulated or
stimulated with LPS. We also studied the ability to
produce cytokines and serum cytokines in 8 healthy
volunteers.

Induction of cytokines. Cytokine induction was per-
formed in 24-well culture plates (Nunc). To the wells,
1 ml of blood 5 x diluted with RPMI-1640 was added.
LPS was used at a concentration of 5 pug/ml/well. The
cultures were incubated overnight in a cell culture in-
cubator. Supernatants were harvested and kept frozen
at —70°C until cytokine determination.

Determination of IL-6 activity. The assay was per-
formed according to VAN Sick et al.?. Briefly, 7TD1
indicator cells were washed 3 times with Hanks' me-
dium and resuspended in Iscove's medium sup-
plemented with 10% FCS, HEPES buffer, glutamine
and antibiotics in density of 2 x 10* cells/ml. Then the
cells were distributed in 100 pl aliquots into 96-well
flat-bottom plates containing 100 ul of seriadly diluted
plasma or supernatant in triplicate. After 72 h of culture
the proliferation of 7TD1 cells was determined using
the MTT colorimetric method™. The results of IL-6
activity are presented in pg/ml: such a concentration of
IL-6 corresponds to the activity of IL-6 expressed in
U/mi?. One unit of IL-6 activity was calculated as the
inverse dilution of a plasma sample where a half-maxi-
mal proliferation of 7TD1 cells was registered.

Determination of TNF-a activity®. For the determi-
nation of TNF-a activity the indicator clone WEHI
164.13 was used. The cells were washed 3 times with
Hanks' solution and resuspended in RPMI 1640, sup-
plemented with 10% FCS, glutamine and antibiotics at
a concentration of 2 x 10°/ml. The cells were then dis-
tributed into 96-well, flat-bottom plates (2 x 10%/well).
Serialy diluted plasma samples were prepared on sep-
arate plates and transferred to microtiter plates contain-
ing WEHI 164.13 cells. The medium contained in ad-
dition 1 pg/ml of actinomycin D to increase the
sensitivity of the assay. After an overnight incubation
the survival of cells was determined using the MTT
colorimetric assay!!. The results of TNF-a activity are
presented in pg/ml, where 10 pg of TNF-a corresponds
to 1 U of activity when tested recombinant human
TNF-a (kindly delivered by Prof. W. Stec, Department
of Bioorganic Chemistry, Centre of Molecular and
Macromolecular Studies, Polish Academy of Sciences,
£ 6dz, Poland). One unit of TNF-a was calculated as
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the inverse dilution of a given plasma sample where
50% survival of WEHI 164.13 cells took place.

Colorimetric determination of cell prolifera-
tion/death. The assay was performed according to HAN-
seN et a.*. Briefly, MTT solution, 5 mg/ml in 0.9%
NaCl, was added in a volume of 25 pl/well and incu-
bated for 2—4 h. Then, 100 pl of a lysing buffer was
added (20% SDS, 50% DMF, pH 4.7). After an over-
night incubation at 37°C the optical density (OD) was
measured using an ELISA reader Dynatech 5000 at
awavelength of 550 nm and a reference wavelength of
630 nm.

Satistical analysis. The Student’s t-test was used
for the statistical evaluation of the results. The results
were presented as mean values + standard errors (SE)
and were regarded as significant when p < 0.05.

Results

Cytokine serum levels during phage therapy

The serum levels of TNF-a and IL-6 in patients
subjected to phagotherapy are presented in Fig. 1. For
the elaboration of the data we followed a strategy
which has proved successful for the assessment of pos-
toperational immune reactivity of patients® i.e. we
divided patients according to their initiad immune
status. Otherwise, no immunoregulatory effects of
surgery could be demonstrated. Therefore, for calcula-
tions and presentation of the regulatory effects of phage
therapy described below, we classified patients into ca-
tegories of low, moderately and highly-reactive individ-
uals. Figure 1A shows IL-6 serum levels during phage
therapy in patients exhibiting initially low (0-20 pg/ml)
and high (20 pg and more) IL-6 content. IL-6 levels
appeared to be constant within the observation period,
irrespective of the category of patients. On the other
hand (Fig. 1B), TNF-a serum levels underwent alter-
ations depending on the category of patients. Low ini-
tial TNF-a levels (0-50 pg/ml) rose more than twice
during therapy, moderate ones (50-100 pg/ml) aso
showed a tendency to increase, but high TNF-a levels
(above 100 pg) declined. Serum levelsof IL-6 and TNF-a
in hedlthy volunteers were 2 and 44 pg/ml, respectively.

Effect of phage therapy on spontaneous
and LPS-induced IL-6 production in whole
blood cell cultures

Figure 2 presents the ability of the patients' blood
cell cultures to produce IL-6 spontaneously and upon
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Fig. 1. Interleukin 6 (A) and tumor necrosis factor a (B) serum
levelsin patients subjected to phage therapy

LPS activation. Patients divided into low (0-50 pg/ml)
and high level (above 50 pg/ml) IL-6 — producing
groups showed different kinetics in spontaneously re-
leased IL-6 by blood cell cultures (Fig. 2A). Low initial
IL-6 production was increased very significantly, high
initial 1L-6 production was, in turn, decreased. Analysis
of LPS-induced IL-6 production in 3 categories of pa-
tients did not, however, reveal a regulatory effect of
phage therapy (Fig. 2B). Low (below 500 pg/ml),
moderate (500-1000 pg/ml) and high (above 5000
pg/ml) production of that cytokine showed a slight pro-
gressive increase of I1L-6 concentrations in blood cell
cultures. Spontaneous and LPS-induced IL-6 produc-
tion were 115 and 1268 pg/ml, respectively in the con-
trol individuals.

Effect of phage therapy on spontaneous
and LPS-induced TNF-a production in whole blood
cell cultures

The results showing the effects of phage therapy on
spontaneous and LPS-induced TNF-a production are
shown in Fig. 3. The immunoregulatory effect of phage
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Fig. 2. Spontaneous (A) and LPS-induced (B) interleukin 6 produc-
tion by blood cell cultures of patients

Table 1. LPS-induced TNF-a and IL-6 production by blood cell
cultures of patients with partial improvement of the clinical state

Patient Day of therapy TNF-a (pg/ml) 1L-6 (pg/ml)
RS 0 1833 165
7 372 173
21 55 268
BJ 0 102 1027
7 211 1557
21 108 1034
WM 0 21 651
7 88 89
21 182 1241
ZD 0 1260 665
7 2200 703
21 260 650

therapy was evident in both spontaneous as well asin
LPS-induced TNF-a production. Low TNF-a produc-
tion (below 50 pg/ml) was significantly increased (by
more than 12-fold) — Fig. 3A. High initial spontaneous
responses (above 50 pg/ml), on the other hand, were
inhibited. In the case of LPS-induced TNF-a produc-

Olow cytokine producers
E high cytokine producers

*

TNF-0 [pg/ml]
S NN

day of phage therapy

ooooo

B Olow cytokine producers
moderate cytokine producers
high cytokine producers

TNF-o [pg/ml]

day of phage therapy

Fig. 3. Spontaneous (A) and L PS-induced (B) tumor necrosis factor
o production by blood cell cultures of patients. * Statistically sg-
nificant inhibition between day 0 and 21

Table 2. LPS-induced TNF-a and IL-6 production by blood cell
cultures of patients with no improvement of the clinical state

Patient Day of therapy TNF-a (pg/ml) IL-6 (pg/ml)

cz 0 392 512
7 95 1181

21* - -

KT 0 216 358
7 203 571

21 85 1400

RS 0 1833 165
7 372 173

21 55 268

* The patient died.

tion (01000 pg/ml) — Fig. 3B, low initial reactivity
was drastically increased (about 20 times), moderate
production (1000-5000 pg/ml) not much changed, high
reactivity (above 5000 pg/ml), however, was strongly
inhibited. It is noteworthy that the mean 3-week values
of the cytokine activity in all patient categories werein
the optimal range (1000-5000 pg/ml).
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Fig. 4. Spontaneous (A) and L PS-induced (B) tumor necrosis factor
o production by blood cell cultures of patients infected with Gram-
-positive bacteria. * Statistically significant inhibition between day
0and 21

Figure 4 shows the effect of phage therapy on spon-
taneous and LPS-induced TNF-a production in 36 pa
tients infected only with Gram-positive bacteria. It ap-
peared that in that specific patient’s category the
regulatory effects of phage therapy are similar to those
of the whole (48 persons) group of patients. Sponta-
neous and LPS-induced TNF-a production in healthy
individuals were 109 and 2750 pg/ml, respectively.

Changes in cytokine production in patients
with partially successful phage therapy

Table 1 shows the changes of cytokine production
in patients with a partia recovery, whereas Table 2 in-
cludes patients in whom no improvement of the clinical
condition was registered. In the case of patients with
partial recovery, or without any therapeutic effect, pro-
gressively decreasing or durably low levels of LPS-in-
duced TNF-a were observed. Also, IL-6 production
was in most cases lower than in the healthy controls
(mean 1268 pg/ml).

Discussion

In this study we have demondtrated for the first time
that effective phage therapy is associated with the normal-
ization of the cytokine production by the patient’s blood
cdls in culture. On the other hand, patients with only
partial improvement of the clinical state and those show-
ing no signs of recovery did not follow the general pattern
of regulation of the immune parameters studied. To dem-
ondtrate the immunoregulatory effects of phage therapy,
patients were classified into 2 or 3 categories depending
on initial immune reactivity of blood cdls or cytokine
serum levels. Only such an approach could explain the
regulatory effect of surgery in our other studies®.

Serum levels of inflammatory cytokines such as
TNF-a and IL-6 are usually elevated following trauma
or infection®®, which is inversely correlated with the
ability of cells to produce these cytokines in culture!.
Such a correlation was not observed in this study. In
addition, the initial abilities of blood cells in culture to
produce cytokines upon stimulation differed signifi-
cantly. We suppose that different factors could account
for the above mentioned phenomena. The first of these
is the high heterogeneity of the studied group of pa-
tients. The patients, before subjection to phage therapy,
had been in an inflammatory state for different periods.
High initial reactivity could, therefore, be associated
with a short-term exposure to bacteria, while a distinct
hyporeactivity could result from a long-term infection.
Secondly, the patients had various histories of disease
and antibiotic therapy.

The observed regulatory changes during phage ther-
apy, particularly in the case of TNF-a, seem to be
a general phenomenon for al kinds of infections, snce
in patients infected only with Gram-positive bacteria,
both spontaneous as well as L PS-induced cytokine pro-
duction underwent the same regulatory pattern as for
the whole population of patients. Unfortunately, the
groups of patientsinfected with Gram-negative bacteria
(6 persons) or with both types of bacteria (7 persons)
were to small to demonstrate a similar type of regula-
tion upon further division into categories of low and
high responders.

Generaly, the effects of phage therapy on IL-6 were
less evident, although spontaneous IL-6 production in
culture was regulated. We observed a similar phenome-
non in other studies on the immunoregulatory action of
bovine lactoferrin given per os to healthy individuals,
where spontaneous production of cytokines (IL-6 and
TNF-a) was preferentially regulated in contrast to LPS-
-induced cytokines®. Spontaneous production of cyto-
kinesin culture is dependent on some nonspecific®® and
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specific stimuli®®, so that expression of MHC class |1
antigens and adhesion molecules® may be crucia.
These peripheral blood cell antigens may be preferen-
tially affected by bacteriophage preparations taken per os.

The second magjor finding of this study was that
partial or unsuccessful phage therapy was associated
with a decrease in or no increase in the aready low
ability of cellsto produce TNF-a upon LPS induction.
Sometimes the LPS-induced IL-6 production was also
very low (patients WM, Table 1, and RS, Table 2).
During the course of effective phage therapy, low in-
ducible TNF-a concentrations were significantly elev-
ated and moderate ones slightly increased (Fig. 3). This
isin contrast to ineffective therapy, where TNF-a was
persistently low (patients KT, BJ and CZ — died) or
decreasing (WM, ZD, RS).

It is till an open question as to what is actually the
cause of immunoregulation during effective phage ther-
apy. There are at least three possibilities. First, the de-
scribed immunoregulation may be just a result of re-
covery from infection which is reflected by
normalization of cytokine production. Secondly, the
bacteriophages themselves may have immunoregula-
tory properties by interacting with immunocompetent
cells. A third possibility isthat bacterial debris, present
in the phage lysate together with bacteriophages, may
account for the described phenomenon. It cannot be
excluded however, that a combination of al these fac-
tors contributes to the immunoregulatory effect of
phage therapy. Studies on mice are underway to estab-
lish the key factor responsible for the immunoregula-
tory influence of phage therapy.

In summary, this is the first report where a direct
association between effectiveness of phage therapy and
normalization of cytokine production by peripheral
blood cells has been demonstrated. Further studies are
required to establish the exact mechanism of the de-
scribed phenomenon.
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