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Introduction

Abstract

T helper 1 cells play a crucial role in the clearance of Yersinia pseudotuberculosis
infection. By producing cytokines and presenting antigens to T cells, activated
macrophages can orientate the adaptive immune response. The pathway used
by macrophages to metabolize arginine has been employed as an important
parameter to discriminate their activation state. In this study, the pattern of
macrophage activation in Y. pseudotuberculosis-infected BALB/c (Yersinia-suscep-
tible) and C57BL/6 (Yersinia-resistant) mice and their immunostimulatory
capacity were analysed. In the early phase of infection, macrophages obtained
from C57BL/6 mice produced higher levels of NO, lower arginase activity,
and larger amounts of IL-12 and TNF-o than macrophages from BALB/¢
mice. On the other hand, macrophages derived from BALB/¢ mice produced
higher levels of IL-10 and TGF-f than C57BL/6 mice. The Y. pseudotuberculo-
sis infection leads to a fall in the macrophage immunostimulatory capacity of
both strains of mice, with T-cell proliferation significantly reduced 12 h after
infection. Moreover, we observed in the supernatant of co-culture of macro-
phages from infected mice with T lymphocytes from heat-killed Yersinia-
immunized mice lower IFN-y production by cells from BALB/c mice than by
C57BL/6 mice, and IL-4 was produced only by BALB/c mice on the first- and
third-day post-infection. These results suggest that the pattern of macrophage
activation is associated with susceptibility and resistance to Y. psendotuberculosis
infection in BALB/¢c and C57BL/6 mice.

cytoskeleton, phagocytosis, apoptosis and the inflamma-
tory response, thus favouring the survival of the bacteria

Yersinia psendotuberculosis is an enteropathogen that causes
gastrointestinal disorders, usually self-limiting enteritis
and mesenteric lymphadenitis [1]. In the mouse oral
infection model, enteropathogenic yersiniae produce sys-
temic disease, the bacteria replicating in the small intes-
tine, invading the Peyer’s patches and disseminating to
the liver and spleen [2, 3].

Several virulence factors have been identified that pro-
mote resistance to mouse serum, coordinate gene expres-
sion and enable the acquisition of iron by the bacterium
[4]. Yersinia contains an extrachromosomal 70 Kb plas-
mid, essential for pathogenicity, which encodes the type
III protein secretion system (T'TSS), the Yop effector pro-
teins and non-fimbrial adhesin Yad A [5, 6]. The type III
secretion system is used to inject effector proteins from
the bacterial cytoplasm into the cytosol of a host cell.
Once inside the cell, the Yop effectors interfere with sig-
nalling pathways involved in the regulation of the actin

310

[6].

The early control of infection with Yersinia is medi-
ated by mechanisms of innate immunity, involving mac-
rophages, NK cells and neutrophils [7-9]. This early
response is followed by an adaptive immune response,
and the resolution of the infection is mediated by CD4,
Th1 cells that produce cytokines such as IFN-y and IL-2
[8, 9]. An effective way for Yersinia to subvert this
immune response would be to inhibit the presentation of
its antigens by antigen-presenting cells (APC) and thus
impair T-cell stimulation [10].

By producing diverse molecules and presenting anti-
gens to T cells, macrophages influence the type of adap-
tive immune response, leading to the expansion and
differentiation of specific lymphocytes [11]. Microbial
antigens, tumour products, effector T cells and their
secretory products influence the heterogeneity and the
state of activation of macrophage populations [12, 13].
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Classical macrophage activation is characterized by:
high interleukin-12 (IL-12) production, activating a Thl
cell response, and high production of toxic intermediates,
such as nitric oxide (NO) and reactive oxygen intermedi-
ates [14]. Many have referred to cells activated in this way
as M1 [15]. Macrophages exposed to immune complexes,
IL-4, IL-13 and IL-10, undergo an alternative form of acti-
vation, characterized by an IL-10"#" and IL-12'°" pheno-
type, and promote a type II response [14, 16]. These
alternatively activated macrophages are called M2 [15].

L-Arginine metabolism in macrophages has been used
as an important parameter to discriminate between classi-
cally and alternatively activated macrophages [12]. The
activation by the classical pathway results in the produc-
tion of NO, synthesized from arginine by inducible NO
synthase (iNOS) [13, 17]. The alternative metabolic path-
way for arginine is catalysed by arginase, which converts
arginine to ornithine and urea [13]. It has been shown
that macrophages from Thl strains of mice (C57BL/6,
B10D2) preferentially use the iNOS pathway and macro-
phages from Th2 strains of mice (BALB/¢, DBA/2) pref-
erentially use the arginase pathway [15].

It is possible that susceptibility or resistance to
Y. pseudotuberculosis infection correlates with the activation
state of macrophages. We have recently demonstrated
that the predominant macrophage population (M1 or
M2) at the early period of infection seems to be impor-
tant in determining Y. enterocolitica susceptibility or resis-
tance in mice [18]. However, little is known about the
responses of M1 and M2 macrophages to Y. pseudotubercu-
losis infection. Thus, this study was designed to reveal
the pattern of macrophage activation in Y. pseudotuberculo-
of BALB/c
C57BL/6 (Yersinia-resistant) mice and the immunostimu-

sis  infection (Yersinia-susceptible) and

latory capacity of these cells.

Material and methods

Yersinia  pseudotuberculosis YpllIpIB1,
bearing the virulence plasmid, was generously provided
by Dr Hans Wolf-Watz (Umea University, Sweden).

Six-week-old C57BL/6 and BALB/¢ female
mice were purchased from CEMIB (Centro Multidiscipli-
nar para Investigacdo Bioldgica), UNICAMP, SP, Brazil.
All mice were maintained in isolators under specific-

Bacterial  strain.

Animals.

pathogen-free conditions and provided with sterilized
food and water. The study was approved by the School
Committee for Ethics
UNESP at Araraquara.
Experimental infection of mice.

in  Animal Experimentation,
Groups of 16 mice were
infected by gavage with 0.25 ml of a bacterial suspension
containing 10’ CFU/ml. Groups of 16 uninfected mice
were used as controls. Four mice from each group were
sacrificed at intervals of 12 h, 1 day, 3 days and 5 days
after infection, with carbon dioxide.

© 2009 The Authors
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Preparation of heat-killed Yersinia antigen. Viable cells
of Y. psendotuberculosis were killed by incubation for 1 h
at 60 °C. The heat-killed bacteria were collected by cen-
trifugation, washed twice and resuspended in PBS. A sus-
pension of heat-killed Y. psendotuberculosis equivalent to
10 ug of protein per ml was used in the cultures.
macrophage  culture. Macrophages — were
collected from the peritoneal cavities of infected and con-
trol mice in 5.0 ml of sterile PBS, pH 7.4. The cells
were washed twice by centrifugation at 200 Xg for 5 min
at 4 °C and 100 ul were plated in microplates at 2.5 X
10° cells/ml in RPMI-1640 (Gibco, Carlslad, CA, USA),
supplemented with HEPES (12.5 mM), sodium bicarbon-
ate (2 g/1), L-glutamine (2 mMm), penicillin (100 IU/ml),
(100 pug/ml), 5 X 107> M
ethanol (Sigma, Steinheim, Germany) and 10% fetal
bovine serum (FBS; Cultilab, Campinas, Brazil). Adher-
ent and non-adherent cells were separated by plate inver-

Peritoneal

streptomycin 2-mercapto-

sion after 1 h incubation at 37 °C, in an atmosphere of
5% CO, and 95% relative humidity. Macrophages were
then cultured in supplemented RPMI-1640 in the pres-
ence of either 10 pg/ml of lipopolysaccharide (LPS)
(Escherichia coli O111 B4; Sigma) or 10 pg/ml of heat-
killed Yersinia (HKY) or without antigenic stimulation.
Supernatants were removed after 48 h and tested for NO
and cytokine (IL-10, IL-12, TNF-a, TGF-f}) production.
Arginase activity was measured in macrophage lysates.

NO production. Nitric oxide production by macrophag-
es was determined by measuring nitrite, employing the
method of Green ez /. [19]. Briefly, 50 ul of cell super-
natant was removed from each well and incubated with
an equal volume of Griess reagent (1% w/v sulfanil-
amide, 0.1% w/v naphthylethylene diamine dihydrochlo-
ride, 3.0% H3PO,) at room temperature for 10 min.
Absorbance at 550 nm was determined with an ELISA
microplate reader (Model 550; BioRad, Hercules, CA,
USA). Nitrite concentration was calculated from an
analytical curve for NaNO,.

Determination of arginase activity. Arginase activity was
measured in cell lysates [20]. Briefly, cells were lysed
with 100 ul of 0.1% Triton X-100. After 30 min on a
shaker, 100 ul of 25 nm Tris—HCI was added to 100 pul
of this lysate, 10 ul of 10 mm MnCl, was added and the
enzyme was activated by heating for 10 min at 56 °C.
Arginine hydrolysis was conducted by incubating the
lysate with 100 pl of 0.05 M L-arginine at 37 °C for
60 min. The reaction was stopped with 900 ul of H,SO4
(96%)/H3PO,4 (85%)/H,0O (1/3/7). The urea concentra-
tion was measured at 540 nm after addition of 40 ul of
a-isonitrosopropiophenone (dissolved in 100% ethanol)
followed by heating at 95 °C for 30 min. One unit of
enzyme activity is defined as the amount of enzyme that
catalyses the formation of 1 pmol of urea per min.

IL-4, IL-10, IL-12, TNF-0, TGF-f and IFN-y determi-
nation. Cytokines in cell

culture supernatants were
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measured with commercially available kits from BD
Biosciences/Pharmingen, San Diego, CA, USA (IL-10,
IL-12, TNF-o, TGF-f and IL-4) or Biolegend, San
Diego, CA, USA (IFN-y).

Immunization of mice. BALB/c and C57BL/6 mice
were immunized with an intraperitoneal injection of
10 ug of HKY mixed with 1 mg of aluminium hydrox-
ide in 0.15 M NaCl. Fourteen days later, the mice
received a reinforcement dose of 10 pg of the antigen in
saline solution. Lymphocytes were collected 7 days later
and co-cultured with macrophages from mice infected
with Y. pseudotuberculosis or uninfected.

T-cell enrichment. Lymphocytes were obtained from
the spleens of immunized mice using the Pan T-Cell
Isolation Kit (Miltenyi Biotec, Bergisch Galdbach, Ger-
many), according to manufacturer’s instructions. The cell
enrichment process was accompanied by flow cytometry,
using anti-CD3-FITC, anti-CD4-PE and anti-CD8-SPRD
(BD/PharMingen). The final cell suspension contained
approximately 80% CD3, 50% CD4 and 35% CDS.

T-cell antigen-specific activation. T-cell enriched frac-
tions were seeded in 96-well plates, at a density of
5 x 10° cells/well, and co-cultured with macrophages
2% 10% cells/well) from mice infected with Y. pseudo-
tubercilosis or uninfected, in the presence of HKY, in sup-
plemented RPMI-1640, at 37 °C, in an atmosphere of 5%
CO, and 95% relative humidity. After 4 days, 100 ul of
supernatant was removed for cytokine analyses and 3-(4,5-
dimethyl-2-thiazolyl)-2,5 diphenyl-2H-tetrazolium bro-
mide (MTT) was added to the cultures (5 mg/ml;
10 ul/well), which were incubated for an additional 4 h.
After dissolving the formazan crystals by incubating with
isopropanol, the plates were read at 540 nm.

Statistical analysis. Results are representative of two
independent experiments and are presented as mean = SD
of triplicate observations. Data were analysed statistically
by Student’s 7-test, using the Origin statistical program,
version 5.0 (Northampton, MA, USA), with the level of
significance set at P < 0.05.
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Results

NO production by macrophages from C57BL/6 and BALB/c
mice

Macrophages from C57BL/6 control mice produced 1.2-
fold more NO than macrophages from BALB/¢ controls
(Fig. 1).
decrease in the production of NO by macrophages from

Yersinia pseudotuberculosis infection led to a

BALB/¢ mice, 12 h post-infection, when these cells were
stimulated with LPS or HKY. On the first-day post-
infection, there was a significant decrease in the
production of NO, in both strains of mice, C57BL/6
macrophages producing around 1.5 more NO than those
from BALB/¢ mice.

From the third-day post-infection, an increase in NO
production was seen; however, the increase became signif-
icant only on the fifth-day post-infection, in both
C57BL/6 and BALB/¢c mouse cells. The amount of NO
produced by macrophages from infected C57BL/6 mice
on the fifth-day post-infection was greater than that for
BALB/c mice (about 1.2-fold more in the cells stimu-
lated with LPS or HKY, and 1.5-fold in macrophages
incubated with RPMI medium alone).

Arginase activity

Macrophages from BALB/¢ control mice exhibited higher
arginase activity than macrophages from C57BL/G con-
trols (Fig. 2). There was no significant difference in argi-
nase activity between macrophages from C57BL/6 and
BALB/c mice, 12 h after infection.

Yersinia pseudotuberculosis infection led to a significant
increase in the arginase activity on the first-day post-
infection, macrophages from BALB/c mice showing
higher levels than those from C57BL/6 mice (around 1.3-
fold more in the cells stimulated with LPS or HKY).

The arginase activity of the macrophages collected from
BALB/¢ mice on the third- and fifth-day post-infection
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Figure 1 Nitrite (NO, ") production by murine peritoneal macrophages collected from BALB/¢ (A) and C57BL/6 (B) mice during Yersinia pseudotu-
berculosis infection. Cells (2.5 X 10%/ml) were cultured with HKY, LPS or RPMI-1640 medium, and the supernatants were collected after 48 h of cul-
ture. Nitrite was assayed with Griess reagent. Control refers to average values obtained from uninfected mice throughout the experiment. Results are
representative of two independent experiments and are presented as mean = SD of triplicate observations. *P < 0.05 versus control and ¢P < 0.05
versus C57BL/6.
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Figure 2 Arginase activity in murine peritoneal macrophages collected from BALB/c (A) and C57BL/6 (B) mice during Yersinia pseudotuberculosis
infection. Cells (2.5 X 10°/ml) were cultured with HKY, LPS or RPMI-1640 medium for 48 h and then macrophages were lysed and arginase activ-
ity determined. Control refers to average values obtained from uninfected mice throughout the experiment. Results are representative of two indepen-

dent experiments and are presented as mean = SD of triplicate observations. *P < 0.05 versus control and P < 0.05 versus C57BL/6.

stayed high, although at lower levels than on the first-
day post-infection. On the other hand, in macrophages
from C57BL/6 mice, a significant decrease was observed in
the arginase activity on the fifth-day post-infection, in the
cells stimulated with LPS or HKY, the levels being 2.5
times lower than those obtained in BALB/r mice in the
same period.

Cytokine production

Figure 3 represents the levels of IL-10, IL-12, TNF-u
and TGF-f in culture supernatants of macrophages from
uninfected or Y. pseudotuberculosis-infected mice.

Macrophages from C57BL/6 control mice produced
higher levels of IL-12 and TNF-o than macrophages from
BALB/c mice. There was no detectable production of
TGF-f§ by macrophages from uninfected C57BL/6 mice.
Macrophages from BALB/¢ control mice produced larger
amounts of IL-10, and appreciable levels of TGE-p.

In the early period of Y. pseudotuberculosis infection,
there was an increase in the IL-10 and TGF-f§ produc-
tion, followed by a decrease in the IL-12 and TNF-o
production, in both strains of mice. At 12-h and 1-day
post-infection, macrophages from BALB/¢ mice produced
significantly higher amounts of IL-10 (around 1.9-fold
more at 12 h and 1.8-fold at 1 day post-infection) and
TGF-f (about fivefold more when stimulated with HKY
and eightfold when incubated with LPS, 12 h post-infec-
tion) than macrophages from C57BL/6 mice. A small
amount of TGF-f§ was produced by macrophages from
C57BL/6 mice at 12-h and 1-day post-infection. The lev-
els of IL-12 and TNF-o produced by macrophages from
BALB/¢ were lower than those by C57BL/6 mouse cells:
BALB/c cells produced levels of IL-12 around seven
times lower than C57BL/6 in the early period of
infection, and levels of TNF-o 3.2 times lower at 12 h
post-infection.

On the third- and fifth-day post-infection, an increase
in IL-12 and TNF-o levels was observed, followed by a

© 2009 The Authors

decrease in IL-10 production, in both strains of mice. At
these times, macrophages from C57BL/6 mice produced
significantly higher levels of IL-12 (about 3.6-fold more
on the third-day and twofold on the fifth-day post-infec-
tion, in the cells stimulated with LPS or HKY) and
TNF-o (approximately threefold more in the macrophag-
es stimulated with HKY) than macrophages from
BALB/¢ mice, and lower levels of IL-10. There was no
TGF-f production by C57BL/6 cells on the third- and
fifth-day post-infection, while a non-significant amount
was produced by BALB/¢ mouse cells on the fifth-day
post-infection.

T-cell antigen-specific activation

The capacity of macrophages from uninfected or infected
mice to present the antigen HKY to T lymphocytes was
investigated by using the MTT assay to measure cell
proliferation. This method is based on reduction of the tet-
razolium salt by living cells to produce a blue formazan.

The results show that macrophages obtained from
C57BL/6 control mice induced higher proliferation of T
cells than macrophages obtained from BALB/¢ control
mice (Fig. 4). The formazan production was reduced at
12-h and 1-day post-infection for both strains of mice,
and the level of proliferation of T cells obtained from
BALB/r mice remained lower than for the C57BL/6
strain. On the third- and fifth-day post-infection, the for-
mazan concentration increased to a level exceeding the
control, with greater production by cells from C57BL/6
mice.

Figure 5 represents the levels of IFN-y and IL-4 in
the supernatants of the co-cultures of T cells obtained
from HKY-immunized BALB/r and C57BL/6 mice with
macrophages from infected or uninfected mice. Cells from
C57BL/6 control mice produced higher levels of IFN-y
than cells from BALB/c control mice. There was no
detectable production of IL-4 in supernatants of cells
from BALB/c and C57BL/6 control mice.

Journal compilation © 2009 Blackwell Publishing Ltd. Scandinavian Journal of Immunology 69, 310-318



314 Macrophage Activation in Yersinia Infection

A. Tansini & B. M. M. de Medeiros

A 2500+

20004

1500 4

1000 4

IL-10 (pg/mL)

5004

0 L+

C 2500+

2000+

IL-12 (pg/mL)

E 1400

1200+

TNF-0. (pg/ml)

4004

200+

[o]

1400
1200

1000
800
600

TGF-B (pg/ml)

400
200

1500+

1000 =

10004

800

6004

1600

BALB/c

1

H»

Control  12h 1 day 3 days

Time after infection

BALB/c

Control  12h 1 day 3 days

Time after infection

BALB/c

12h  1day 3 days
Time after infection

G - BALB/c b *
Ty ox

- #
SEL)

5 days

5 days

1%
e

5 days

Control

12h lday  3days
Time after infection

5 days

O HKY

B 7500, C57BL/6

2000 -

1500 4

IL-10 (pg/mL)
#
*

12h 1 day 3 days
Time after infection

Control

o

25004 C57BL/6
2000+ L

1500+ 3

1000 4

IL-10 (pg/mL)

500+

12h 1 day 3 days
Time after infection

Control 5 days

1400 ~

1l

CS57BL/6
12004

=
*

10004

8004

6004

IL-10 (pg/mL)

4004

2004

Control

12h  1day 3 days
Time after infection

5 days

16009 . cs7BL/6
1400
1200
1000

800

600

IL-10 (pg/mL)

400+ *

2004 * *

Control 12h 1 day 3 days

Time after infection

5 days

OLPS M RPMI

Figure 3 Cytokine production by murine peritoneal macrophages collected from BALB/¢ and C57BL/6 mice during Yersinia pseudotuberculosis infec-
tion. Cells (2.5 X 10%/, ml) were cultured with HKY, LPS or RPMI-1640 medium, the supernatants were collected after 48 h of culture and the con-
centrations of IL-10 (A,B), IL-12 (C,D), TNF-u (E,F) and TGF-f (G,H) assayed by ELISA. Control refers to average values obtained from uninfected
mice throughout the experiment. Results are representative of two independent experiments and are presented as mean + SD of triplicate observations.
*P < 0.05 versus control and ¢P < 0.05 versus C57BL/6.
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Figure 4 Influence of Yersinia psendotuberculosis infection on the capacity
of macrophages to stimulate T-cell proliferation. Peritoneal macrophages
obtained from BALB/c- and C57BL/6-infected mice were co-cultured
with T cells from immunized mice of the same strain, for 4 days in the
presence of HKY. T-cell proliferation was measured by the MTT assay.
Results are expressed as the OD at 540 nm, representing the production
of formazan, and are presented as mean = SD of quadruplicate observa-
tions. *P < 0.05 versus control and P < 0.05 versus C57BL/6.

There was a decrease in the IFN-y production in the
co-culture with macrophages obtained in the early period
of Y. pseudotuberculosis infection, in both strains of mice.
The amount of IFN-y detected in the supernatants of the
co-culture of BALB/c-infected mice was lower than that
detected in co-culture of C57BL/G-infected mice on all
days post-infection. On the fifth-day post-infection, a
significant increase in the production of IFN-y by cells
from C57BL/6-infected mice was observed (twofold more
in relation to BALB/¢).
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There was no detectable production of IL-4 in the
of the co-culture of C57BL/6-infected
mice. A small amount of IL-4 was detected in the co-cul-
ture of BALB/¢ mice on the first- and third-day
post-infection.

supernatants

Discussion

Our results showed that Yersinia-resistant and -suscepti-
ble strains of mice have different patterns of macrophage
activation, during Y. pseudotuberculosis infection.
The NO produced by macrophages
C57BL/6 control mice were significantly higher than

levels from
those produced by macrophages from BALB/¢ mice. Con-
versely, the arginase activity of cells from C57BL/6 con-
trol mice was significantly lower than that observed for
the BALB/c mice. Similarly, macrophages from
C57BL/6-infected mice, stimulated with HKY or LPS or
unstimulated, produced higher levels of NO and lower
arginase activity than equivalent macrophages from
BALB/¢ mice. These results corroborate reports showing
that macrophages from Thl strains of mice are more eas-
ily activated for NO production, and macrophages from
Th2 strains of mice use the arginase pathway of arginine
metabolism [21, 22].

At 12 h and 1 day after infection, macrophages from
C57BL/6- and BALB/r-infected mice showed decrease in
the NO production when compared with macrophages
from control mice. These results suggest that Y. pseudotu-
berculosis infection can interfere with NO production, as
described by Pujol and Bliska [23] in experiments where
macrophages were infected in vitro with Y. pseudotuberculo-

sis and Yersinia pestis.
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Figure 5 Cytokine production in supernatants of co-cultures of T cells with macrophages from uninfected or infected mice. Peritoneal macrophages

obtained from infected BALB/¢ and C57BL/6 mice were co-cultured with T cells from immunized mice of the same strain, for 4 days in the presence

of HKY, and the concentrations of IL-4 and IFN-) were assayed in supernatants by ELISA. Control refers to average values obtained from uninfected

mice throughout the experiment. Results are presented as mean + SD of triplicate observations. *P < 0.05 versus control and ®P < 0.05 versus

C57BL/6.
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Macrophages activated in different patterns display
distinct profiles of cytokine secretion. In general, M1
cells have an IL-12"" IL-10'" phenotype, and are effi-
cient producers of proinflammatory cytokines (IL-1f,
TNF-o, IL-6). M2 macrophages share an IL-12'%
IL-10"" phenotype, with low production of proinflam-
matory cytokines [14]. Consistent with these previously
published data, our study showed that macrophages from
C57BL/6 control mice produced higher levels of IL-12
and TNF-o than macrophages from BALB/¢ mice. On
the other hand, macrophages from BALB/¢ control mice
produced higher amounts of IL-10 and considerable levels
of TGF-f5.

During Y. pseudotuberculosis infection, macrophages
from C57BL/6  mice
amounts of IL-12 and TNF-«, while macrophages from

produced significantly higher
BALB/c mice produced significant higher amounts of
IL-10 and TGF-f5. These observations suggest that the
infection does not change the characteristic pattern of
activation of macrophages in these mice.

At 12h and 1 day after infection, there was an
increase in the production of IL-10 by macrophages of
both strains of mice. IL-10 is a cytokine with broad anti-
inflammatory properties that results from its ability to
inhibit functions of both macrophages and dendritic cells,
including secretion of their proinflammatory cytokines
[24] and NO production [25]. Sing er al. [26] reported
that low calcium response V (LcrV) or antigen V, a
secreted antihost protein with strong immunomodulatory
inhibits
zymosan-induced production of TNF-o by inducing IL-

effects that is associated Yersinia virulence,

10. The increase of IL-10 production, in the early period
of infection, was consistent with the observed decrease of
proinflammatory cytokines and NO production in the
same period.

In this study, we verified that infection with Y. psex-
dotuberculosis exerts a suppressor role on TNF-o0 and IL-12
production by macrophages from BALB/r and C57BL/6
mice, corroborating iz wvitro studies that reported the
function of LerV and YopB in the inhibition of the pro-
duction of TNF-o and IL-12 in murine peritoneal macro-
phages [27] and revealing one survival mechanism used
by this bacterium.

In the early period of infection, significant production
of TGF-f was seen, with higher levels for BALB/¢ mice.
TGF-f is an immunoregulatory cytokine that inhibits
the activation of macrophages [28]. Possibly the most
important deactivating effect of TGF-f§ on macrophages
is its ability to limit the production of cytotoxic reactive
oxygen and nitrogen intermediates [29]. This is coherent
with the decrease in NO production seen 12 h and 1 day
after infection, mainly in macrophages from BALB/¢
mice.

On the third- and fifth-day post-infection, there was a
decrease in the production of TGF-f§ by macrophages of

A. Tansini & B. M. M. de Medeiros

BALB/¢ mice and the absence of TGF-f production by
macrophages of C57BL/6 mice. In the same period, a
concomitant increase of NO levels was observed in both
strains of mice.

In the course of infection, a decrease of IL-10 produc-
tion and increase of TNF-o and IL-12 concentrations
were observed in macrophages from BALB/r and
C57BL/6 mice. TNF-o. and IL-12 are two major media-
tors of inflammatory responses in mammals [30]. IL-12 is
a heterodimer cytokine that induces IFN-y production,
activates TNF-oo and increases NK-cell cytotoxicity, as
well as T-cell proliferation [31]. The high TNF-o and IL-
12 production and lower IL-10 levels that occurred on
the fifth-day post-infection, in macrophages from
C57BL/6 mice, were coherent with the increase of NO
and decrease of arginase activity.

The T cells play a crucial role in the defence of the
immune system against Yersinia; an effective way for
yersiniae to subvert the host immune response is to inhibit
the presentation of their antigens and thus impair T-cell
stimulation [10, 32]. In the early Y. pseudotuberculosis infec-
tion, we observed a decrease in the immunostimulatory
capacity of macrophages, which led to a lower proliferation
of T-cells from BALB/¢r mice. On the third- and fifth-day
post-infection, macrophages acquired the capacity to stim-
ulate T-cells, higher T-cell proliferation occurring in
C57BL/6 mice. These results corroborated the published
reports [32] and show that macrophages influence the
susceptibility of BALB/c mice to Yersinia infection.

It is known that T lymphocytes from different strains
of mice tend to produce different profiles of cytokines
[33]. In this study, we observed that the C57BL/6 unin-
fected mice produced higher amounts of IFN-y than
BALB/c-uninfected mice in supernatants of co-cultures.
However, neither strain of mice produced IL-4. It is pos-
sible that BALB/¢ control mice produced an amount that
was below the limit of detection of the test. The results
obtained with C57Bl/6 mice agree with reports of Hein-
zel et al. [34], who verified that T cells from this strain
expressed high levels of IFN-y) mRNA and that IL-4
mRNA was not detectable.

We did not detect IL-4 in supernatants of co-culture
of C57BL/6-infected mice. Cells from BALB/c-infected
mice produced detectable IL-4 levels on the first- and
third-day post-infection. Our results corroborate reports
of IL-4 production by T lymphocytes from BALB/c mice
infected with species of enteropathogenic Yersinia |[15,
34, 35]. C57BL/6-infected mice also produced higher
amounts of IFN-y than BALB/c-infected mice, but no
IL-4. Therefore, the response of C57BL/6 mice is typi-
cally Thl. Autenrieth er a/. [36] showed that T cells iso-
lated from C57BL/6 mice infected with Y. enterocolitica,
produced IFN-y levels significantly larger than T cells
from BALB/c mice. The neutralization of IFN-y in vivo
abolishes the resistance to Yersinia infection and leads to
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disease progression [36, 37]. It is known that IFN-y
stimulates C57BL/6 mice to produce NO [38], justifying
the high levels of NO produced by macrophages of this
strain of mice.

On the other hand, we observed that BALB/c-infected
mice produced a typically Th2 response, with IL-4 produc-
tion on the first- and third-day post-infection and lower
production of IFN-y. IL-4 does not protect against Yersinia
infection. The administration of anti-IL-4 antibodies
before Y. enterocolitica infection transforms BALB/¢ suscep-
tible mice into resistant animals, while the same treatment
does not affect C57BL/6 mice significantly [36].

Macrophages from Yersinia-resistant and Yersinia-sus-
ceptible strains not only differ in their ability to be acti-
vated in the classical sense, but also respond differently
to the same stimuli. It may well be that the susceptibil-
ity of BALB/c mice to Yersinia is a consequence not only
of the weak and delayed T-lymphocyte response [36], but
also of the deficient activation of macrophages observed
early in the infection.

Our results suggest that the deficient activation of
macrophages in BALB/r mice (weak levels of NO, high
levels of IL-10 and TGF-f1 and a reduced immunostim-
ulatory capacity) may contribute to the susceptibility of
this strain of mice to Yersinia pseudotuberculosis.
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