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Abstract

Introduction: Corynebacterium pseudotuberculosis is an intracellular facultative bacterium that affects macrophages, causing caseous
lymphadenitis in goats and sheep. This disease is characterised by the formation of granulomas and results in significant economic losses
for farmers of goats and sheep around the world. Phagosome maturation is essential for the death of intracellular pathogens, involving
the fusion of the phagosome with early and late endocytic organelles, a process partially regulated by GTPase Rab5 and Rab7 proteins,
respectively. Methodology: we evaluated the ability of an attenuated T1 strain and a wild-type C57 strain of C. pseudotuberculosis to
alter Rab5 and Rab7 protein expression in peritoneal CBA mouse macrophages following in vitro infection. Results: Rab5 and Rab7
expression decreased in macrophages infected with the C57 strain compared to uninfected macrophages, while a significant reduction
only in Rab7 expression was observed in cells infected with T1. Nonetheless, Rab5 and Rab7 expression was higher in macrophages
infected with T1 than in cells infected with the wild-type C57 strain. Conclusions: our studies indicate a greater degree of modulation
of the endosomal proteins directly involved in phagosome maturation by Corynebacterium pseudotuberculosis wild type.
Keywords: Corynebacterium pseudotuberculosis; macrophages; phagolysosome; Rab proteins.

Resumo

Introdugdo: Corynebacterium pseudotuberculosis € uma bactéria intracelular facultativa que acomete macrdfagos, causando linfadenite
caseosa em caprinos e ovinos. Esta doenga é caracterizada pela formagéo de granulomas e resulta em perdas econémicas significativas
para criadores de caprinos e ovinos em todo o mundo. A maturagdo do fagossomo é essencial para a morte de patdgenos intracelulares,
envolvendo a fusdo do fagossomo com organelas endociticas precoces e tardias, um processo parcialmente regulado pelas proteinas
GTPase Rab5 e Rab7, respectivamente. Metodologia: avaliamos a capacidade de uma cepa T1 atenuada e uma cepa C57 de tipo
selvagem de C. pseudotuberculosisto alterar a expresséo da proteina Rab5 e Rab7 em macrdfagos peritoneais de camundongos CBA
apds infecgdo in vitro. Resultados: a expressdo de Rab5 e Rab7 diminuiu em macrdéfagos infectados com a cepa C57 em comparagdo
com macrdfagos néo infectados, enquanto uma redugdo significativa apenas na expresséo de Rab7 foi observada em células infectadas
com T1. No entanto, tanto a expressdo de Rab5 como de Rab7 foram superiores em macréfagos infectados com T1 em comparagdo com
células infectadas com a estirpe C57 de tipo selvagem. Conclusdes: nossos estudos indicam um maior grau de modulagéo das proteinas

endossomais diretamente envolvidas na maturagéo do fagossomo por Corynebacterium pseudotuberculosis tipo selvagem.
Palavras-chave: Corynebacterium pseudotuberculosis; macréfagos; fagolisossomos; proteinas Rab.

INTRODUCTION

Corynebacterium pseudotuberculosis, a facultative,
intracellular, gram-positive bacterium that grows within
macrophages, is the etiologic agent of caseous lymph-
adenitis (CL). This chronic infectious disease affects small
ruminants, including goats and sheep. CL is characterised
by the formation of granulomas in the lymph nodes or
internal organs, which leads to significant economic losses
for breeders due to a progressive debilitation of infected
animals that reduces the productivity (wool, meat, milk)
and reproductive efficiency of livestock herds**.
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Phagocytosis, the first line of defence against in-
fection by intracellular pathogens, is fundamental to
microbial death and antigen presentation®’. Following
phagocytosis, intracellular bacteria initially reside in a
vacuole known as a phagosome. During the normal cycle
of maturation, the phagosome containing the pathogen
undergoes a series of fusions with endocytic vesicles,
culminating in phagosome-lysosome fusion®2°,

Members of the Rab family of proteins are important
regulators of the phagosome maturation process'**?, The
Rab family is part of the Ras superfamily of small GTPases
and is directly involved in regulating different stages of
intracellular vesicle trafficking and controlling vesicle
formation, movement, and fusion®**>-
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Rab5 and Rab7 proteins play specific and coordinated
roles in the sequential phagosome maturation®. Rab5,
localised in early endosomes, is associated with the phago-
some dfter its closure and is essential for the recruitment
of Rab7, located in late endosomes, which is necessary
for phagolysosome fusion'”*8, The phagolysosome is an
extremely acidic and hydrolytic compartment capable
of degrading most bacteria®*°. This maturation process
is highly complex and is more easily defined by the loss
of the GTPase Rab5 and the subsequent recruitment of
GTPase Rab7?%%,

Many intracellular pathogens can avoid intracellular
killing by lysosomal enzymes by modulating host cell ma-
chinery. This allows some bacteria to avoid phagosomal
acidification and interaction with the endosomal-lysosom-
al pathway by creating an intracellular niche favouring
pathogen survival and replication*?223,

Considering how little is known about the mechanisms
utilised by C. pseudotuberculosis to persist within mac-
rophages and the important roles of Rab proteins in the
phagosome maturation process. The present study aimed
to evaluate the ability of two strains of C. pseudotuberculo-
sis, attenuated T1 and wild-type C57, to alter the expression
of endosomal proteins GTPase Rab 5 and Rab 7 in murine
macrophages. In addition, by studying the interaction of
the attenuated and wild variants of C. pseudotuberculosis
within host cells, we hope to gain insight into the relevant
aspects of this microorganism’s pathogenesis and virulence
in the initial phases of infection.

METHODOLOGY

Murine macrophages were infected with the attenu-
ated T1 and wild-type C57 of C. pseudotuberculosis, and
the expression of GTPase Rab 5 and Rab 7 in infected mac-
rophages was analysed by flow cytometry. The present
study aimed to evaluate the ability of C. pseudotubercu-
losis to alter the expression of these endosomal proteins
important in the maturation of the phagolysosome.

Animals

Five female CBA mice aged six to eight weeks were
provided by the Gongalo Moniz Institute, Salvador, Ba-
hia-Brazil (FIOCRUZ, Salvador-BA), and housed at the Ani-
mal Care Facility of the Health Sciences Institute, Federal
University of Bahia (ICS-UFBA). All animals were kept in
30x19.5x12 cm breeding boxes under 21 + 1°C, 50-60%
humidity, and controlled luminosity (12-h daily periods
of light and darkness), with rations and water ad libitum.

Corynebacterium pseudotuberculosis

T1 and C57 strains of C. pseudotuberculosis were cul-
tured in brain heart infusion (BHI) for 48 hours at 37°C for
the infection of peritoneal CBA mouse macrophages. The
T1 strain was originally isolated from a naturally infected
goat in the Santa Luz municipality of the state of Bahia,

donated to the collection of the Microbiology Laboratory
at the Health Sciences Institute of the Federal Universi-
ty of Bahia (ICS- UFBA) in 2000 by researcher Dr Artur
Hage. This strain had been previously identified by the
“API coryne” test (BioMérieux AS, Marcy-I’Etoile, France)
and, following successive cultures in a specific medium,
was considered attenuated due to less intense synergistic
hemolysis with Rhodococcusequiin comparison to other
strains obtained from naturally infected goats. The C57
strain was isolated in 2010 from a naturally infected
goat, identified by culturing for Corynebacterium spp. in
addition to direct multiplex PCR using material collected
from granulomas of superficial lymph nodes.

Bacterial quantification was performed according
to a protocol established by Sampaio*(2019). Briefly, 1
mL of bacterial culture was washed twice in saline under
centrifugation for 5 minutes at 5,000 rpm. The superna-
tant was discarded, and SYBR Safe™ (Invitrogen, Carlsbad,
California, USA) was added, followed by incubation for
20 minutes in darkness at room temperature. Further
washing was performed to remove the reactants, and the
bacterial pellet was resuspended in 1 mL of saline. Next,
300uL of saline, 20ul of the resuspended bacterial pellet
and 20ul of fluorescent microspheres (Perfect-Count
Microspheres™-Cytognos, Santa Marta de Tormes,
Spain) were placed in a test tube and measured by flow
cytometry. Bacterial concentrations were calculated as
follows: Total bacteria count = number of bacterial events/
numbers of bead events x number of beads per uL (value
specified by the manufacturer).

Macrophage harvesting and cultivation

CBA mice were intraperitoneally inoculated with
3mL of 1-month-aged sterile 4% thioglycollate Brewer’s
medium (HIMEDIA) to stimulate the recruitment of mac-
rophages. After four days of stimulation, all animals were
euthanised by cervical dislocation and the peritoneal
cavity was exposed under aseptic conditions. Next, 5 mL
of sterile refrigerated phosphate buffer saline (PBS) pH
7.2 was injected. After massaging the abdomen, perito-
neal cells were recovered and washed twice in PBS under
centrifugation at 1500 rpm for 5 minutes at 4°C. Cells
were then resuspended in 1 mL of RPMI-1640 (GIBCO)
supplemented with 10% Fetal Bovine Serum (FBS) and 1%
antibiotic (penicillin and streptomycin - GIBCO), with total
cell counts performed at a final volume of 40ul using an
automatic cell counter (Hemocytometer CELM cc-530,
CELM —Cia Equipadora de LobaratoriosModernos, Baru-
eri-SP). After counting, the concentration was adjusted to
1x10° cells/mL. Cells were then placed in 24-well plates
with the supplemented RPMI medium described above
and incubated overnight at 37°C under 5% CO, for mac-
rophage adherence. After incubation, non-adherent cells
were removed by washing the wells with RPMI medium.
Finally, RPMI medium supplemented with antibiotic-free
SFB was added to the adherent macrophages.
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Macrophage infection

Obtained macrophages were infected with the T1 or
C57 strain of C. pseudotuberculosis at a ratio of 1:1 (1
bacterium/macrophage) and incubated for two h at 37°C
under 5% CO,. Adherent macrophages were cultured only
in an RPMI medium with antibiotic-free FBS for controls.

Expression of Rab 5 and 7 GTPases

To evaluate Rab 5 and Rab 7 expression in uninfected
macrophages and cells infected with C. pseudotuberculo-
sis, adhered cells were first removed by adding 200 ul of
trypsin after discarding the culture supernatant and wash-
ing well plates with PBS. Cells were then incubated at 37°C
under 5% CO2 for 3 min. PBS (800 uL) was added, and cells
were collected and then transferred to test tubes, followed
by centrifugation for 3 min at 3,250 rpm, after which the
supernatant was discarded. After resuspending cells in 100
uL of PBS, the Fc receptor was blocked by adding 1ulL of
antibody for 30 minutes (CD8a from VMRD INC, Pullman,
USA). Cells were then fixed with 50 uL of 3% paraformal-
dehyde for ten min., washed with chilled PBS containing
bovine serum albumin (BSA) (500 for 3 min at 3,500 rpm)
and permeabilised with 50ul of solution containing 0.2%
BSA and PBS with 0.5% saponin. Cells were subsequently
incubated with the specific mouse-derived primary anti-
body at previously standardised concentrations of 4 ug/mL
for Monoclonal Anti-Rab5 (Sigma-Aldrich, St. Louis, USA)
and 1 ug/mlL for Monoclonal Anti-rab7 (Sigma-Aldrich,
St. Louis, USA) for 30 minutes in an ice bath. Next, cells
were washed in chilled PBS with 1% BSA (PBS-BSA) pH 7.2
and resuspended in 100 uL PBS-BSA. The Alexa Fluor 488
rabbit anti-mouse IgG (component A) (Molecular Probes,
Eugene, USA) was then added at 10 ug/mL concentration
and incubated in an ice bath for 30 minutes under dark
conditions. Cells were subsequently washed with PBS-BSA,
and Alexa Fluor 488 goat anti-rabbit IgG (component B)
(Molecular Probes, Eugene, USA) was added at a concen-

tration of 10 ug/mL, followed by incubation in an ice bath
for 30 minutes in the dark. Finally, cells were washed with
PBS-BSA and resuspended in 100ulL of PBS before flow
cytometry analysis. Data were acquired and analysed on
a FACS Calibur (BD) flow cytometer using Cell Quest Pro
software v. 5.2.1. Intracellular levels of Rab 5 and 7 were
recorded as geometric means of fluorescence intensity
(MFI). For experimental controls, cells were incubated
in the absence of the primary antibody or without the
primary and secondary antibodies.

Quantitative data and statistical analyses

Data analysis was performed using SPSS software
(Statistical Package for Social Sciences), version 13.0 for
Windows. The Student’s T test was used as data distribu-
tion was considered normal under Kolmogorov-Smirnov
testing. Results were considered statistically when p
<0.05. Data are shown as means and standard deviations
of three independent experiments. Each experiment was
performed three times in triplicate.

RESULTS

To evaluate C. pseudotuberculosis’s ability to regulate
GTPase proteins in host cells, Rab 5 and 7 expression was
quantified by flow cytometry in uninfected macrophages
and cells infected with the attenuated T1 or C57 wild-type
strains.

Figure 1A depicts the mean fluorescence intensity
(MFI) of Rab 5 in uninfected macrophages and cells in-
fected with the C57 strain for 2 hours. Figures 1B and 1C
contain histograms showing the MFI of Rab 5 expression
in control cells and macrophages infected with the C57
strain, respectively. These data demonstrate a statistically
significant (p = 0.000) decrease in Rab 5 expression in the
C57-infected cells, with a reduction of up to 98% compared
to uninfected macrophages (Figures 1A, 1B, 1C).

Figure 1 - Mean fluorescent intensity (MIF) of Rab5 on uninfected macrophages and on macrophages after 2 hours of infection
with the wild-type C57 strain of C. pseudotuberculosis(A). Histogram (number of cells vs MIF) of the uninfected macrophages (B)
and of the macrophages after 2 hours of infection with the wild-type C57 strain(C). Data shows the mean and standard deviation
of three independent experiments. Student T-test was used. * p=0,000. n=3.
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A statistically significant (p=0.003) decrease in Rab
7 expression was also observed in C57-infected macro-

phages compared to uninfected cells. Figures 2A and C

Figure 2 -(A) Mean fluorescent intensity (MIF) of Rab7 on uninfected macrophages and on macrophages after 2 hours of infection
with wild-type C57 strain of C. pseudotuberculosis(A). Histogram (number of cells vs MIF) of the uninfected macrophages (B) and
of the macrophages after 2 hours of infection with the wild-type C57 strain(C). Data shows the mean and standard deviation of

three independent experiments. Student T-test was used. * p=0,003. n=3.

reveal a significant reduction (84%) in MFl in infected cells
compared to uninfected macrophages (Figures 2A, 2B).
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With respect to Rab 5 expression in macrophages
infected with the attenuated T1 strain, no significant dif-

ferences were observed among cells infected for 2 hours

compared to infected macrophages, as similar MFI levels
were detected in each group (Figures 3A, 3B, 3C).
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Figure 3- Mean fluorescent intensity (MIF) of Rab5 on uninfected macrophages and on macrophages after 2 hours of infection
with attenuatedT1 strain of C. pseudotuberculosis(A). Histogram (number of cells vs MIF) of the uninfected macrophages (B) and
of the macrophages after 2 hours of infection with attenuated T1 strain (C). Data shows the mean and standard deviation of three

independent experiments. Student T-test was used. There was no statistically significant difference. n=3.
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By contrast, a significant decrease in Rab 7 expression
(40%) was seen in the T1-infected macrophages when

Figure 4 - Mean fluorescent intensity (MIF) of Rab7 on uninfected macrophages and on macrophages after 2 hours of infection
with attenuated T1 strain of C. pseudotuberculosis (A). Histogram (number of cells vs MIF) of the uninfected macrophages (B) and
of the macrophages after 2 hours of infection with attenuated T1 strain(C). Data shows the mean and standard deviation of three

compared to control cells (p=0.043) (Figures 4A, 4B, 4C).

independent experiments. Student T-test was used. * p=0,043. n=3.
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A comparison of Rab 5 expression between macro-
phages infected with the T1 and C57 strains revealed that
C57-infected cells had a significantly lower MFI than those
infected with the T1 strain (p=0.000) (Figure 5).

Figure 5- Mean fluorescent intensity (MIF) of Rab5 on
macrophages after 2 hours of infection with the attenuated T1
strain and the wild-type C57 strain of C. pseudotuberculosis.
Data shows the mean and standard deviation of three
independent experiments. Student T-test was used. *p=0,000.
n=3
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Rab 7 expression was similarly lower (p=0.000) in
C57-infected macrophages than in cells infected with the
T1 strain, with decreased MFI observed (Figure 6).

Figure 6- Mean fluorescent intensity (MIF) of Rab7 on
macrophages after 2 hours of infection with the attenuated T1
strain and the wild-type C57 strain of C. pseudotuberculosis.
Data shows the mean and standard deviation of three
independent experiments. Student T-test was used. *p=0,000.
n=3
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No fluorescence was observed in experimental control
cells, which were incubated in the absence of the prima-

ry antibody or without either the primary or secondary
antibodies (Figure 7).

Figure 7- Macrophages cultured without primary and secondary
antibodies (negative control).
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DISCUSSION

Quantitative analysis of mean fluorescence revealed
that Rab5 and Rab7 expression decreased by approximate-
ly 98% and 84% in the macrophages infected with the
wild-type C57 strain of C. pseudotuberculosis compared
to uninfected control cells. A significant decrease in GT-
Pase Rab7 expression was seen in cells infected with the
attenuated T1 strain in relation to controls.

The results obtained herein with respect to the C57
wild strain are partially consistent with other reports pub-
lished in the literature on intracellular pathogens, such as
Mycobacterium bovis, Leishmania donovaniand T. Cruzi,
which demonstrate that phagosomes containing these
microorganisms are unable to fuse with late endosomes
and/or lysosomes yet interact with early endosomes. Our
results about the attenuated T1 strain are consistent with
the consensus in the literature.

Via et al.** (1997) showed that J774 macrophage
phagosomes infected with Mycobacterium bovis BCG
acquire and retain Rab5, an early endosomal membrane
fusion regulator, but fail to bind to Rab 7, a late endosome
specific GTP binding protein. These authors defined the
stage between early and late endosomes as the point of
defect in the maturation of the phagosome containing
mycobacteria.

In the infection of Leishmania donovani promastig-
otes, phagosome maturation was also inhibited due to
Rab7 recruitment deficiency, which prolonged the survival
of these microorganisms in 1774 murine macrophages?.

A previous study by Batista et al.?’ (2006) employ-
ing both laser confocal microscopy and flow cytometry
showed that Rab7 and Rabl1 expression, but not Rab5,
were regulated during T. cruzi infection in murine cardio-
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myocytes, with an approximate MFI reduction of 30% and
39%, respectively, in comparison to uninfected cardiac
cultures. In this study, alterations in GTPase Rab expres-
sion during T. cruzi infection correlated with a deficiency
in endocytosis.

The results obtained herein suggest that wild-type
C57 C. pseudotuberculosis modulates the maturation
of the phagosome from the beginning to the end of the
maturation process by regulating Rab5 and Rab?7. In ad-
dition, these results suggest that the C57 strain remains
in nascent phagosomes that do not evolve into early or
late phagosomes. It is possible that bacterial components
(virulence factors, secreted and somatic proteins) are re-
sponsible for the observed decreases in Rab 5 and Rab 7
expression. Accordingly, insufficient recruitment of these
endosome GTPases to phagosomes probably occurs. This
inhibition consequently affects fusion with lysosomes
containing acidic enzymes, preventing the bacterium’s
death. In this way, bacteria can escape the host’s innate
and impair the subsequent adaptive response, thereby
persisting as intracellular parasites in the non-acidified
environment of nascent phagosomes.

According to Cardoso, Jorddo, and Vieira®® (2010),
GTPase Rab10 transiently binds with phagosomes at very
early stages and is necessary for phagosome maturation.
The expression of the constitutively active mutant of
Rab10 increases the percentage of Rab5-positive phago-
somes containing M. bovis BCG. Consequently, levels of
active Rab10 (bound to GTP) can regulate the transition
from nascent phagosomes to initial phagosomes?. Based
on this information, it is plausible to believe that wild-
type C57 C. pseudotuberculosis could also modulate the
expression of Rab10 during the initial stages of infection,
i.e. the lack of Rab 10 may consequently impede the re-
cruitment of Rab5. In addition, the C57 strain could affect
Rabs intracellular trafficking by limiting binding to the
macrophage recognition receptor.

Hard? (1975) viewed an intact lipid layer of C. pseudo-
tuberculosis in peritoneal mouse macrophages on elec-
tron microscopy and believed this to be associated with
the persistence of viable bacteria in phagocytes. Mckean,
Daviesjk, Moore*° (2007) showed that phospholipase D
(PLD) of C. pseudotuberculosis contributed to reducing
the viability of J774 macrophages. However, the literature
contains no studies to date regarding the interference of
these virulence factors on intracellular trafficking path-
ways, especially on the phagosome maturation pathway.

The results presented here with respect to the atten-
uated T1 strain of C. pseudotuberculosis suggest that
although this strain remains in early phagosomes that
acquire Rab 5, these recruit lessRab7. This bacterial strain
likely secretes components different from those of the
virulent strain, i.e., these components do not affect the
acquisition of Rab5 by the phagosome. Although the T1
strain acquires Rab5, decreased recruitment of Rab7 is
significant in that it also leads to reduced recruitment of
the Rab7-effector protein RILP (Rablnteracting Lysosomal
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Protein), which is responsible for phagosome-lysosome
fusion®:-32-33,

Pathogen-based manipulation of the mechanism
regulating the active state (GTP-linked) versus inactive
state (linked to GDP) of Rab proteins is very efficient at
subverting intracellular traffic**. In addition, direct deg-
radation of the Rab proteins is an effective strategy for
pathogens to control intracellular transport®.

Sun et al.*” (2007), using RAW 264.7 macrophages,
demonstrated that inactive Rab7 (GDP-bound) predom-
inated in viable M. bovis BCG-infected cells and that the
culture supernatant of M. bovis BCG contained a factor
that catalysed the change from GTP to GDP in Rab7-re-
combinant molecules. Another study by Sun et al.>¢ (2010)
showed that a nucleoside diphosphate kinase (NdkA) of M.
tuberculosis acted directly on GTP bound to Rab5 or Rab?7.

Since Rab proteins’ functioning is regulated by pro-
tein expression, membrane binding, and activation?*%,
it is possible that C. pseudotuberculosis modulates the
activation state of Rab proteins. This would significantly
decrease the accumulation/activation of Rabs5 and 7 in
cells infected with C57 while reducing the accumulation/
activation of Rab7 in T1-infected cells.

Nevertheless, further study is needed to clarify how
the expression of these Rab proteins is modulated in
macrophages and any possible molecules involved in the
decrease/inhibition of expression/recruitment of Rab5
and Rab7 in T1 and C57 C. pseudotuberculosis infection.

A comparison of the modulation of Rab expression in
macrophages infected by these two different C. pseudo-
tuberculosis strains showed lower Rab5 and Rab7 MFl in
the macrophages infected with the wild-type C57 strain
compared to attenuated T1.

These findings are in accordance with a previous study
by Bugalhdo* (2013), which demonstrated that the aviru-
lent H37Ra and virulent H37Rv strains of M. tuberculosis
exhibit different capabilities to manipulate host vesicular
trafficking pathways in THP-1 macrophages silenced for
RabGTPases. Decreased Rab7 and Rab34 protein expres-
sion significantly increased the intracellular survival ca-
pacity of H37RaM. Tuberculosis, yet this was not affected
in the H37Rv strain. Both Rab7 and Rab34 are important
for the functioning and positioning of lysosomes.

The results obtained herein indicate that more Rab
5. and 7 are recruited by the phagosomes containing the
attenuated T1 strain, and although both strains (T1 and
C57) significantly interfere with Rab7 binding, modulation
by C57 is more pronounced. As previously mentioned,
each strain appears to survive in a distinct compartment
within macrophages, i.e. C57 in nascent phagosomes and
T1 in early phagosomes that recruit Rab5. These results
further suggest that the T1 and C57 strains probably
produce different molecules, thereby involving a variety
of recognition receptors and the induction of different
signalling cascades that divergently affect endocytic
intracellular trafficking and phagosome maturation. It is
also possible that the attenuated T1 strain produces less
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PLD, an important virulence factor, in relation to wild-type
C57. Future studies should be conducted to elucidate these
potential differences in the context of the present findings.

CONCLUSIONS

In conclusion, C. pseudotuberculosis has the ability
to alter Rab protein expression in peritoneal mouse mac-
rophages cultured in vitro, modulating host cell intracel-
lular trafficking using a strategy similar to that of other
intracellular pathogens, i.e. via the regulation of Rab5
and/or Rab7. Decreased Rab 5 and 7 expressions in cells
infected with the wild-type C57 strain and of only Rab7
in the attenuated T1-infected macrophages indicates that
these strains modulate Rab proteins differently, with more
marked modulation by the C57 wild-type with respect to
the fundamental factors involved in phagosome-lyso-
some progression, which act throughout the maturation
process. These results offer insight into how C. pseudotu-
berculosis evades initial macrophage response by altering
the normal physiology of the host cells, consequently
avoiding bacterial destruction and immune recognition
mechanisms.
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