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Evaluation of the Efficiency of Lytic Mycobacteriophage
D29 on the Model of M. tuberculosis-Infected Macrophage

RAW 264 Cell Line

M. B. Lapenkova', N. S. Smirnova', P. N. Rutkevich’, and M. A. Vladimirsky'

Translated from Byulleten’ Eksperimental 'noi Biologii i Meditsiny, Vol. 164, No. 9, pp. 326-329, September, 2017

Original article submitted April 26, 2017

Culture of mouse macrophages (RAW 264.7 ATCC strain) in wells of a 6-well plate was
infected with M. tuberculosis in proportion of 15 mycobacteria per one macrophage and then
treated with a lytic strain of mycobacteriophage D29. Antibacterial efficacy of mycobacte-
riophages was studied using D29 phage (activity 10® plaque-forming units/ml) previously
purified by ion exchange chromatography. After single and double 24-h treatment, the lysed
cultures of macrophages were inoculated onto Middlebrook 7H10 agar medium. The num-
ber of mycobacterial colonies in control and test wells (at least 3 wells in each group) was
300.178+12.500 and 36.0+5.4, respectively (p<0.01).
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Intensive spreading of drug-resistant tuberculosis and
isolation of Mycobacterium tuberculosis (MBT) resis-
tant to the main first line drugs isoniazid and rifampi-
cin (multidrug-resistant strains) and to the second and
third line drugs (extensively drug-resistant strains) at-
tracted much interest to mycobacteriophages. This in-
terest, in addition to fundamental studies of the evolu-
tion and diversity of a large number of different types
of mycobacteriophages with the possibility of their
DNA sequencing [3,5], is also based on the possibili-
ties of therapeutic application of mycobacteriophages
with lytic properties for virulent MTB species against
tuberculosis, in particular, for the development of rapid
phenotypic methods for determining the drug sensitiv-
ity of MBT, as well as for the search for new ways of
treating or preventing active forms of tuberculosis.

In this context, the most studied are virulent my-
cobacteriophages TM4 and D29 with double-stranded
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DNA (~50,000 nucleotides) infecting both fast-grow-
ing non-tuberculosis species and slow growing spe-
cies of mycobacteria [13]. The ability of phage D29,
in contrast to TM4, to penetrate into macrophages
and kill MBT that infected macrophages [11] was ex-
plained by the presence of protein receptors of phage
D29 that recognize macrophages, thus accelerating
phagocytosis of mycobacteriophages.

Mycobacteriophage D29 is rapidly reproduced in
non-tuberculosis fast-growing mycobacteria, especially
in M. smegmatis mc? 155, and can accumulate in these
cultures attaining high titers (up to 10'"—'? plaque-form-
ing units per 1 ml in M. smegmatis culture). In some
studies, this phage was used to develop phenotypic
methods for rapid detection of drug sensitivity of MBT
[2,12,13], e.g. by quantitative assay of phage DNA in
culture samples after 2-day incubation with an antibi-
otic. Inhibition of MBT metabolism correlated with a
decrease in the content of phage DNA [12].

Lytic activity of phage D29 is determined by two
kinds of endolysins (lysin A and B) that destroy the
thick lipid membrane of mycobacteria and also by
transmembrane proteolytic protein choline that perfo-
rates the cytoplasmic membrane [6,9,10]. These phage
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products destroy the cell membrane and provide the
release of the mycobacteriophage particles. Lytic ac-
tivity of mycobacteriophage D29 against replicating
mycobacteria manifested rapidly, because doubling
time of phage particles is measured in minutes, which
leads to effective lysis of mycobacterial cell membranes
by the complex of endolysins. However, the main prob-
lem is the access of mycobacteriophages into zones
of MBT reproduction surrounded by activated ma-
crophages whose enzyme systems can eliminate phage
particles. In light of this, study of the activity of phage
D29 against MBT that reproduced within macrophages
seems to be an adequate experimental model.

Here we studied the efficacy of mycobacterio-
phage D29 in inhibiting MBT reproduction in cultured
macrophage of RAW 264.7 line.

MATERIALS AND METHODS

Culture of mouse macrophages RAW 264.7 ATCC
from the bank of cell cultures was used as the model.
The cells after thawing were inoculated into 75 cm?-
flasks in RPMI-1640 medium (10% fetal calf serum,
2 mM L-glutamine, PenStrep, MEM, MEM Vitamins,
1 mM sodium pyruvate) and cultured in a CO, incu-
bator at 5% CO, at 37°C. After short-term adaptation
and pre-cultivation for 7 days, the macrophage cells
were counted with a Scepter cell counter and inocu-
lated into wells of a 6-well Eppendorf plate in 500 pl
(1.5-1.7x10%ml). After 24-h incubation, the cells oc-
cupy most of the well surface were infected with mul-
tiplying MBT of virulent strain H37Rv; the number
of microbial bodies was preliminarily determined by
quantitative analysis of MBT DNA with a single-copy
RegX3 gene at a ratio of 15 mycobacteria per macro-
phage.

Mycobacteriophage D29 was previously expanded
in M. smegmatis culture and its biological activity was
evaluated by the number of plaque-forming units (lysis
zones) on plates with M. smegmatis. Then, mycobac-
teriophage was purified from the mycobacteria lysate
that consisted of lipases, proteases, and fragments of
DNA molecules by [IEC-HPLC on a DEAE-cellulose
column [1]. The phage binds to the column at low ion-
ic strength (0.1 M NaCl) and is eluted after increasing
NaCl concentration to 1 M. The mycobacteriophage
preparation was dialysed against phage buffer (in mM:
10 Tris (pH 7.5), 1 CaCl,, 70 NaCl), sterilized by fil-
tration (Millex GP 0.22 uM; Millipore), and stored at
4°C. Biological activity of the phage preparation re-
mained unchanged for a long time (at least 6 months).

On the next day after infection, the wells with
cultured macrophages were washed once with RPMI-
1640 medium and 100 pl of mycobacteriophage D29
with biological activity 10% plaque-forming units per
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1 ml phage buffer was added to the test wells (3 wells
for each group). In 24 h, the medium was changed and
mycobacteriophage preparation was repeatedly added
to some experimental wells for 24 h; then, the medium
was changed. In control wells infected with MBT, the
medium was replaced, but mycobacteriophage prepa-
ration was not added.

After 2-3-day incubation of macrophages, the cells
in experimental and control wells were scraped from
the surface in a volume of 200 pl and twice frozen at
-20°C and thawed at 37°C; a 100-pl aliquot was seeded
in plates with Middlebrook 7H10 agar and cultured in
CO, incubator for 3 weeks; the number of MBT colo-
nies was determined. The rest portion (100 ul) was used
for isolation and quantitative analysis of DNA MBT
with measuring of single copy fragments of RegX3 gene
(Amplitub-RV test-system). Quantitative analysis of
phage D29 DNA was performed by RT-PCR using a
calibration curve constructed by titration of phage D29
plasmid DNA. The kits for quantitative analysis of
phage DNA were provided by Syntol company.

RESULTS

The preparation of mycobacteriophage D29 after chro-
matographic purification, in contrast to crude phage
lysate produced no toxic effect on macrophage RAW
264.7 culture. The amount of phage DNA in wells
with MBT-infected macrophages at single and double
application of the mycobacteriophage was 4.3x10° and
1.36x107 phage DNA molecules, respectively. Thus,
the content of phage DNA in wells after double ap-
plication was 3-fold higher.

The number of MBT colonies in control plates
(without phage application) was about 300 in each
plate. In plates with phage-infected MBT, the number
of colonies was 178.0+£12.5 (single application) and
36.0+5.4 (double application; p<0.01) (Fig. 1).

Despite very low efficiency of penetration of
mycobacteriophage D29 into cultured non-infected
macrophages (~0.1% according to preliminary experi-
ments), it produced a significant bactericidal effect
after 24-h incubation with MBT-infected macrophages
that depended on the proportion of administered phage
particles. Hence, the MBT-inhibiting effect of myco-
bacteriophage correlated with intracellular content of
phage particles that multiply against the background
of metabolic activity of MBT.

The use of bacteriophages for therapeutic pur-
poses in tuberculosis under conditions of global spread
of drug resistance to antibacterial drugs is associated
with great problems: sequestration of phages in the
liver and spleen and poor accessibility of infected tis-
sues, zones of specific inflammation, for phage par-
ticles. Nevertheless, this possibility is discussed in the
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Fig. 1. Bactericidal effect of D29 phage. 1) Control (MBT), 2) MBT+D29 phage, once, 3) MBT+D29 phage, twice.

context of selective transport of phage and also as a
method of analysis of metabolism of clinical MBT cul-
tures during antibacterial therapy of tuberculosis [15].

It was previously shown [14], that the intensity
of phage D29 phagocytosis in MBT-infected mac-
rophages was higher than in non-infected cells. The
number of D29 phages in macrophages dynamically
increased within 1 h, after which most of the phage
particles were eliminated by macrophages. It should be
also noted, that the immune function of macrophages
assessed by induction of NO and IL-12 production
remained changed.

The improvement of antimycobacterial efficacy
of lytic mycobacteriophage depends on the develop-
ment of means for delivery or penetration of phage
particles into macrophages, including macrophages in
the inflammatory infiltrate.

Aerosol therapy [7] and the use of large liposomes
for mycobacteriophage delivery to zones of granulo-
matous inflammation [8] are most promising and ac-
tively developed methods. A very interesting approach
is construction of a virulent recombinant mycobacte-
riophage against MBT capable of producing resuscita-
tion promoting factor (Rpf) in the host cells (proteins
of mycobacteria that overcome the state of bacterial
persistence), which will increase the effectiveness of
antibacterial therapy of tuberculosis [4].

REFERENCES

1. Adriaenssens EM, Lehman SM, Vandersteegen K, Vanden-
heuvel D, Philippe DL, Cornelissen A, Clokie MR, Garcia
Al, De Proft M, Maes M, Lavigne R. CIM(®) monolithic
anion-exchange chromatography as a useful alternative to
CsCl gradient purification of bacteriophage particles. Viro-
logy. 2012;434(2):265-270.

2. Eltringham 1J, Wilson SM, Drobniewski FA. Evaluation of a
bacteriophage-based assay (phage amplified biologically as-
say) as a rapid screen for resistance to isoniazid, ethambutol,
streptomycin, pyrazinamide, and ciprofloxacin among clinical
isolates of Mycobacterium tuberculosis. J. Clin. Microbiol.
1999;37(11):3528-3532.

3. Ford ME, Sarkis GJ, Belanger AE, Hendrix RW, Hatfull GF.
Genome structure of mycobacteriophage D29: implications for
phage evolution. J. Mol. Biol. 1998;279(1):143-164.

4. GanY, Yao Y, Guo S. The dormant cells of Mycobacterium tu-
berculosis may be resuscitated by targeting-expression system
of recombinant mycobacteriophage-Rpf: implication of shorter
course of TB chemotherapy in the future. Med. Hypotheses.
2015;84(5):477-480.

5. Hatfull GF. Molecular genetics of mycobacteriophages. Micro-
biol. Spectr. 2014;2(2):1-36.

6. Kamilla S, Jain V. Mycobacteriophage D29 holin C-terminal
region functionally assists in holin aggregation and bacterial
cell death. FEBS J. 2016;283(1):173-190.

7. Liu K, Wen Z, Li N, Yang W, Wang J, Hu L, Dong X, Lu
J, Li J. Impact of relative humidity and collection media on
mycobacteriophage D29 aerosol. Appl. Environ. Microbiol.
2012;78(5):1466-1472.

8. Nieth A, Verseux C, Barnert S, Siiss R, Romer W. A first step
toward liposome mediated intracellular bacteriophage therapy.
Expert Opin. Drug Deliv. 2015;12(9):1411-1424.

9. O’Flaherty S, Ross RP, Coffey A. Bacteriophage and their
lysins for elimination of infectious bacteria. FEMS Microbiol.
Rev. 2009;33(4):801-819.

10. Payne KM, Hatfull GF. Mycobacteriophage endolysins: diverse
and modular enzymes withmultiple catalytic activities. PLoS
One. 2012;7(3):e34052. doi: 10.1371/journal.pone.0034052.

11. Peng L, Chen BW, Luo YA, Wang GZ. Effect of mycobacte-
riophage to intracellular mycobacteria in vitro. Chin. Med. J.
(Engl.) 2006;119(8):692-695.

12. Pholwat S, Ehdaie B, Foongladda S, Kelly K, Houpt E. Real-
time PCR using mycobacteriophage DNA for rapid phenotypic
drug susceptibility results for Mycobacterium tuberculosis. J.
Clin. Microbiol. 2012;50(3):754-761.

13. Rybniker J, Kramme S, Small PL. Host range of 14 mycobac-
teriophages in Mycobacterium ulcerans and seven other myco-
bacteria including Mycobacterium tuberculosis — application
for identification and susceptibility testing. J. Med. Microbiol.
2006;55(Pt 1):37-42.

14. Xiong X, Zhang HM, Wu TT, Xu L, Gan YL, Jiang LS, Zhang
L, Guo SL. Titer dynamic analysis of D29 within MTB-in-
fected macrophages and effect on immune function of macro-
phages. Exp. Lung Res. 2014;40(2):86-98.

15. Yosef I, Kiro R, Molshanski-Mor S, Edgar R, Qimron U. Dif-
ferent approaches for using bacteriophages against antibiotic
resistant bacteria. Bacteriophage. 2014;4(1):e28491.



	ABSTRACT

	MATERIALS AND METHODS
	RESULTS
	REFERENCES



