Investigation for regression factors in trehalose 6,
6-dimycolate(TDM)-induced granulomatous lesions.

(Frhe—2Y I a3 — MNTDM)FE MR FERZE OIBNERFDOBE )

Yusuke Sakai
I v



Contents

General Introduction  mmmeemeees 3

Chapter I e 10
Histopathological features and expression profiles of cytokines, chemokines
and negative regulators of cytokine signaling in trehalose 6, 6’ - dimycolate

induced granulomatous lesions.

Chapter = e 34
A20 and ABIN-3 negatively regulate trehalose 6-6-dimycolate
(TDM)-induced granuloma by interacting with an NF-kappa B signaling
protein, TAK-1.

Conclusions e 50
Acknowledgement ~ seeeeeees 54
Reference e 56



General Introduction



Tuberculosis (TB), caused by Mycobacterium tuberculosis IMTB), is still one of the
most important infectious diseases in the world, and is responsible for about 1.6 million
deaths annually. Although most of antituberculosis drugs had been found in the
period between 1950 and 1970 and such regimens made TB a curable disease [1], broad
strains of antibiotics-resistant MTB have emerged in recent years [2-4] and they made
TB therapeutics more difficult and complicated [5-7]. These multidrug-resistant
(MDR)- MTBs or extensively drug-resistant (XDR)-MTBs threaten not only developing
countries [8, 9] but also industrialized countries [10] where TB had once been controlled
by use of antibiotics. Such global outbreak of MDR- and XDR- MTBs is a result of
genetic mutations and unnatural selection in the bacteria promoted by an
indiscriminate use of antibiotics. Thus, in the future, drugs that modify host’s
immune response to combat MTBs should be developed, because such
immuno-potentiaters have few risks to promote the selection and distribution of
bacteriocide-resistant MTBs. For this purpose, accumulation of the knowledge
about immune response against MTB will be essential.

In addition to the emergence of drug resistant-MTBs, some drawbacks of Bacille
Calmett-Guerin(BCG) vaccine, a vaccine used in all of the world, have been reported.
First, because live bacterial vaccination is required for effective immunization of
cellular immunity that is an indispensable arm against MTB, the vaccine cannot be
injected to HIV-positive or immunodeficient patients, one of the most sensitive
populations to MTB [11]. Second, BCG vaccination cannot prevent the infection of
all strains of MTB. For example, MTB Beijing strain can escape from BCG-induced
immunity and, currently, distributes worldwide [12]. Thus, the necessity for new
and better anti-tuberculosis vaccine was advocated. To design and evaluate a new

vaccine, more detailed information about the immunity against TB are indispensable.



I investigated, in this thesis, granulomatous lesions induced by the injection of
trehalose 6, 6-dimycolate (TDM) that is one of the cell wall components of MTB.
Because the granuloma formation is one of the most characteristic immunopathology in
MTB- or Mycobacterium leprae-infected patients, the comprehension of immunological
mechanism is thought to be important for understanding anti-mycobacterial immunity.
The nomenclature “granuloma” indicates the lesion consisting of activated and
MTB-infected macrophages, called “epithelioid cells” or “foam cells”, surrounded by
Ilymphocytes and fibrosis cuffing. MTB is known to parasitize in these macrophages
[13-16]. The structure of the lesion is considered to be beneficial for the host because
it avoids dissemination of the mycobacteria and destructive inflammatory processes [14].
However, some negative aspects of granuloma formation have been also reported.
Macrophages in the lesion cannot kill MTB in their phagosome because MTB have an
ability to inhibit phagosome-lysosome fusion [17-19], phagosomal acidification [17, 20,
21] and maturation of phagosome [17, 22, 23]. Beside, macrophages even provide a
nutrient-rich environment for the mycobacteria [24]. Antibiotics become less
effective when MTBs are in a macrophage, because MTBs undergoes the dormancy
state, which is a metabolistically inactivated state and thus resistant to antibiotics [25,
26]. Finally, granulomatous response is physically more destructive than normal
exudative inflammations. Also due to these unfavorable effects, understanding how
these granulomatous lesions are formed, maintained, and resolved, may aid treatment
for the disease.

In this thesis, I induced granulomatous lesions by injecting TDM into mice.
Mycobacterial cell wall mainly consists of glycolipids called mycolic acid, and TDM 1is
the major component and constitutes 60% of the cell wall [26-29]. TDM possesses

trehalose and branched-chain fatty acid called. The mycolic acid is characteristic



substance of mycobacteria and mainly exists as an esterified form with other cell wall
components such as trehalose, wax D and arabinose. TDM is widely used by
researchers who investigate on pathology of tuberculosis granuloma because it has
granulomagenic property. Injection of the glycolipid into experimental animals
induces granuloma formation and cytokine expression mimiking those induced by MTB
infection [30-32], while the injection of MTB that lacks TDM to mice results in fewer
granulomatous lesions and less intense delayed-type hypersensitivity than mice
infected with native MTB [33]. TDM are known to stimulate TLR-2 and TLR-4 and
to promote CD-1-dependent antigen presentation [34, 35], and thus to activate an
adaptive immune response. Although TDM has such immuno-stimulatory
properties, TDM also has the functions that suppress the intracellular processing of the
bacterial antigens, for example, TDM inhibits the maturation of phagolysosomes,
intracellular trafficking of phospholipid vesicles and acidification of phagolysosome in
macrophages [36-38]. Perhaps by this reason, MTB that lacks TDM cannot survive
in macrophages [39, 40]. Therefore, TDM is thought to be one of the most important
substances determining the virulence of the mycobacteria. The TDM-induced
granulomatous lesion develops and regresses more rapidly than the live
bacteria-induced model, because TDM does not show long time persistence nor
proliferate in macrophages. Therefore, the TDM model seems to suit for
understanding throughout the course of the MTB granulomatous lesions.

Cytokines and chemokines are the most important intercellular mediators in
inflammation. These molecules activate cells of the immune system and attract
them to an appropriate site of inflammation. Therefore, these molecules are thought
to control the persistence, intensity, cell population of the inflammation and finally the

systemic response to the immunogenic stimuli.



Roles of some cytokines in TB-granuloma development are also well characterized
[41-43].  Especially, tumor necrosis factor (TNF)-alpha, interleukin (IL)-1beta,
interferon (IFN)-gamma and IL-6 are considered to be crucial molecules for the
development of TB lesions.

TNF-alpha and IL-1beta are the representative pro-inflammatory cytokines and
are secreted mainly by macrophages but also by a broad spectrum of cells [44, 45].
Either TNF-alpha-, TNFR1-, IL-1- or IL-1R-deficient mice failed to form granulomatous
lesions due to poor activation of the immune system, and, as a result, succumbed to
MTB infection [44, 46-52]. Therefore, TNF-alpha and IL-1beta are thought to
contribute to an anti-tuberculosis response by sequentially activating inflammatory
cells and following cytokine secretion [44, 45]. The two cytokines are seem to act at
the upstream of the cytokine network, because their functional loss lead to not only the
loss of inflammatory cell attraction but also the compromised secretion level of other
cytokines, such as IFN-gamma and IL-12, and chemokines [46-52].

The functions of such TNF-alpha- or IL-l1beta-regulated cytokines, including
IFN-gamma and IL-6, in TB lesions are well characterized. IFN-gamma is a Thl
cytokine that is secreted by Th1 cells, cytotoxic-T cells and NK cells, and activates the
cellular immunity. The role of the cytokines in granulomatous lesions is also
demonstrated by an IFN-gamma-knockout mouse model [53-55]. In genetically
IFN-gamma-disrupted mice, MTB infection causes almost normal granuloma but poor
ability to eliminate the bacteria [53]. This suggests the role of IFN-gamma for the
macrophage-activation, not for the granuloma-induction. IL-6 is a multifunctional
cytokine and secreted mainly from macrophages and lymphocytes. The role of IL-6
in TB lesions is less clear than that of cytokines above because the results of previous

studies using IL-6-deficient mice or mice treated with IL-6-neutralizing antibodies are



still conflicting [56-58]. For example, a report suggested that IL-6 depletion caused
granulomas within a shorter period [56], but another reported no remarkable difference
in histopathology between IL-6-depleted mice and control mice [57]. Therefore, it is
likely that IL-6 is essential to induce proper immune response against MTB and is
required for granuloma maintenance.

Not only such pro-inflammatory cytokines, anti-inflammatory cytokines also play
important role in inflammatory process. The histopathological lesions reflect the
balance of such factors with the opposite functions. Anti-inflammatory cytokines
include IL-10 [59], TGF-beta and IL-27. The role of IL-10 in TB lesions is
comparably well characterized among them. IL-10-knockout mice show early and
enhanced cytokine production and macrophage infiltration in MTB infection, which
results in an increased resistance against MTB [60-62]. Such reports suggest that
IL-10 has the function limiting the anti-MTB immunity. IL-27 was identified as an
IL-12-related cytokine in 2002 [63] and subsequent studies have revealed an
immunosuppressive function of I11.-27 [63]. Because this cytokine was identified
recently, the relationship between IL-27 and TB lesion is scarcely unlabeled [64-66].
Transforming growth factor (TGF)-beta is thought to function as a down-regulator of
Th1 response, an inducer of fibrosis and a suppressor of excessive inflammation [67].
TGF-beta is therefore considered to be an important inflammation regressive factor
while its fibrosis-inducing activitiy may contribute to the long-term persistence of the
granulomatous lesions. In fact, suppression of TGF-beta function by using a
TGF-beta antagonist resulted in an enhanced Th1 activity and decreased fibrosis in a
murine tuberculosis model [68].

The expression profile of chemokines is also important to understand the course of

granulomatous lesions, because the trafficking and migration of leukocytes are



controlled by chemokines. At present, over 50 kinds of chemokines and about 20
chemokine receptors have been identified. Multiple chemokines bind to one receptor
and a single chemokine can bind multiple receptors. Because each inflammatory
cell-type has a specific pattern of chemokine receptors, the chemokine profile of the
inflammatory lesion determines the infiltrating cell types. For example, macrophage
inflammatory protein (MIP)-1«, also known as CCL3, is secreted from macrophages
and attracts CCR-1-, 4- or 5-expressing polymorphonuclear leukocytes (PMNs) [69]. In
tuberculosis, infiltrating macrophages rapidly produce multiple chemokines soon after
the contact with MTB. And then recruited leukocytes produce other cytokines. As a
result, granulomatous lesions are organized [42, 70].

In this thesis, therefore, I tried to clarify the kinetics of cytokines and chemokines in
the TDM-induced granulomatous lesion and their relation with the histopathologic
changes, and after that, tried to unravel the mechanism that alters such cytokine and

chemokine profile.



Chapter 1
Histopathological features and expression profiles of cytokines, chemokines
and negative regulators of cytokine signaling in trehalose 6, 6’ - dimycolate

induced granulomatous lesions.
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Sumary

To investigate the immunological response in the granulomatous lesion, I injected
granulomagenic mycobacterial cell wall lipid, TDM into mice. First, I examined the
cytokine and chemokine expression levels comparing with histopathological course of
the lesion. The size of the lesions was increased toward 7 dpi and after that
decreased. The infiltrating cell population in the granulomatous lesions was
changed from PMN-dominant until 7 dpi to lymphocyte-dominant after 14 dpi. The
number of TUNEL-positive apoptotic cells reached at the peak at 7dpi and decreased
thereafter. The expression levels of pro-inflammatory cytokines such as TNF-alpha,
IL-1beta and IL-6 showed the similar kinetics to that of the size of the lesion. This
may show the importance of suppression of pro-inflammatory cytokines for the
reduction of lesion sizes. On the other hand, anti-inflammatory cytokines except for
TGF-beta were down-regulated at all time points. The result indicates the IL-10 and
IL-27 have few roles in the TDM-induced granulomatous lesion. The chemokine
profiles changed from PMN-attracting chemokine-predominant to
lymphocyte-attracting chemokine-predominant. The change of chemokine profiles
may explain the change of infiltrating cell population. I also examined the negative
regulators of cytokine signaling to know how such down-regulation of pro-inflammatory
cytokines occurrs. As a result, SOCS-3, A20 and ABIN-3 were highly expressed at 7
to 14 dpi. Therefore, I concluded that the factors play some roles on the regression of

TDM-induced granulomatous lesions.
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Introduction

As written in the General Introduction, the roles of various cyokines and
chemokines in TB lesions have been already described in previous reports [41-58, 60-62,
64-66, 68] Though, the kinetics of the cytokines from the development to regression
of the lesions is scarcely studied. It also seems to be important to grasp the kinetics
of cytokines in correlation with histopathology of the lesions. The histopathological
and clinical profiles of the lesions are not caused by the role of a single cytokine but
resulted from the network of various cytokines in the lesions. It is important to
know the expression profile of cytokines in the progressing and regressing lesions.
Therefore, in this chapter, I tried to clarify the cytokine profile in TDM-induced
granuloma. I also investigated the expression kinetics of I1L-17 and IL-27, which
have been discovered recently and the role in the TB lesion is still unknown.

In addition to cytokines and chemokines, I also analyzed negative regulators of the
cytokine signal transduction. These include suppressors of cytokine signaling
(SOCS) proteins, A20 and A20-binding inhibitors of NF-kappa B (ABIN) proteins.

Among eight SOCS family proteins (SOCS1-7 and CIS), the role of SOCS-1-3 and CIS
are comparably well investigated [71].  Therefore, I investigated the timing of their
beginning of expression and contribution to granuloma regression. A20 and ABIN
form a complex and mediate the proteasomal degradation by editing the ubiquitination
status of the target proteins, most of which are NF-kappaB signaling proteins [72].
Three members of ABIN family proteins have been identified. However, their
importances in in vivoinflammatory diseases are still not unveiled. Thus, I aimed to
confirm the relationship between the granulomatous lesions and ABIN family proteins.

This chapter includes investigations first, to clarify the TDM-induced lesions

histopathologically; second, to identify the cell population in the lesions at ; third, to
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analyze the expression profiles of cytokines, chemokines, SOCS family proteins, A20
and ABIN family proteins; and finally to determine which mediator most contributes to

the development and regression of TDM-induced granulomatous lesions.
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Materials and Methods
Animals

Six-week-old female BALB/c mice were purchased from SLC (Shizuoka, Japan).
The animals were housed in isolator cages under a specific pathogen-free condition.
The experimental procedures in the present study were approved by the Experimental

Animal Committee of the University of Tokyo.

Preparation of water/oil/water (w/o/w) emulsion

W/o/w emulsion containing TDM was prepared as described in a previous report
[30]. Briefly, 100 1 g of TDM (Nakalai Tesque, Tokyo, Japan) was dissolved in 3.2 1 ¢ of
Freund’s incomplete adjuvant (Chemicon, Temecula, CA), and then, 3.2 u ¢ of 0.1M PBS
were added. The mixture was then homogenized with a glass homogenizer. Finally,
93.6 u 0 of saline containing 0.2% Tween 20 were added to the homogenized w/o

emulsion.

Induction of granuloma

The mice were twice injected i.p with a 100 u ¢ of w/o/w emulsion at a 1
week-interval, before being sacrificed at days 0, 3, 7, 14, or 21 after the last injection.
Three mice were used per group. At 0 day post injection (dpi), mice were sacrificed

just after the last injection.

Histopathological examination and immunohistochemistry
Formalin-fixed paraffin sections and acetone-fixed frozen sections were obtained
from granulomatous lesions in the peritoneum. Paraffin sections were stained with

hematoxylin and eosin (HE). To measure the area of the lesion, an image analysis
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software, Image J was used. The number of PMN in 10 areas in a section was counted
in each mouse.

Some sections were subjected to immunohistochemical staining using the LSAB
method. In this procedure, autoclave-pretreatment in citrate buffer (pH6.0) was
performed for antigen retrieval. Rabbit antibody against CD3 (A0452 ; Dako,
Carpenteria, CA) as a T-cell marker, goat antibody against mouse IgG (KPL, Aurora,
OH) as a plasma-cell marker, and rabbit antibody against Granzyme B
(Springbioscience, Fremont, CA) as a cytotoxic T-cell marker were applied to the
paraffin sections, and rat antibody against CD68 (FA-11; Abcam, Cambridge, UK) as a
macrophage marker to the cryosections as primary antibodies. Positive signals were
visualized by a peroxidase-diaminobenzidine reaction. The number of positive cells in

10 areas was counted in each mouse.

TUNEL stain
DNA fragmentation caused by apoptosis was detected on a paraffin section by

® Peroxidase In situ Apoptosis

using a commercial apoptosis detection kit (ApopTag
Detection Kit; Chemicon, CA) according to the manufacturer’s instruction. In brief,
multiple fragmented DNA 3-OH ends on a deparrafinized section were labeled with
digoxigenin-dUTP in the presence of terminal deoxynucleotidyl transferase (TdT)
enzyme. Peroxidase-conjugated anti-digoxigenin antibody was then reacted with the

section. Apoptic nuclei were visualized by the diaminobenzidine (DAB) reaction.

The number of positive cells in 10 areas was counted in each mouse.

RNA extraction, RT-PCR, and real time PCR

Tissues were homogenated in ISOGEN fluid (Nippongene, Tokyo, Japan) using
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Tissue-ruptor (Qiagen, Valencia, CA). RNA extraction was performed through the
treatment of sample tissues with chloroform, precipitation in isopropanol, and washing
with 75 % ethanol. The resulting total RNA was eluted in Rnase-free water and stored
at -80 ‘C until use.

Reverse transcription (RT) was performed using the PrimeScript RT reagent kit
(Takara Biotechnology, Dalian, China), according to the manufacturer’s instructions.
Briefly, 400 n g of total RNA were mixed with PrimeScript buffer, Oligo dT primer, ANTP
mix and PrimeScript RT Enzyme, and RNase-free water was added to make a total
volume of 20 1 0. The mixture was kept at 42 °C for 50 min, and the reaction stopped
at 70 C. The primers used for RNA amplication are shown in Table 1. Either
RT-PCR or real time PCR was performed for the detection of specific mRNA sequences.

For RT-PCR, I used the ExTaq Enzyme Hot Start PCR kit (Takara Biotechnology),
according to the manufacturer’s instructions. After PCR, agarose gel electrophoresis
was performed and bands of PCR products were stained with ethidium bromide. The
ratio of the intensity of a specific band to that of GAPDH was calculated.

For real time PCR, ¢cDNA was mixed with the SYBR Green Realtime PCR Master
Mix (TOYOBO, Osaka, Japan). c¢DNAs were preheated at 95 °C for 3 min and then
subjected to 40 cycles of amplication. The reaction was monitored and analyzed with
the ABIprism 7700 sequence detection system (Perkin Elmer, Foster city, CA). After
normalization to GAPDH mRNA levels, relative mRNA levels compared with that at 0

dpi were calculated. The results are shown as the mean * standard deviation (SD).
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Results
Histology

The granulomatous lesions grew larger until 7 dpi and became smaller thereafter
with time (Figs. 1 and 2). The lesions consisted of CD68-positive macrophages and
PMN at 3 dpi (Figs. 2a, 4a). At 7 dpi, the major constituents of the lesions were still
CD68-positive macrophages and PMNs, but the proliferation of fibroblasts was also
found (Figs. 2b and 4a). At 14 dpi, the number of CD3-positive T-cells began to
increase, while that of PMNs had decreased by about 50% of 3 dpi (Figs. 2c and 4a). At
21 dpi, the number of PMNs had decreased to less than 10% of all cells (Fig. 4a). At
that time point, the major constituents were CD3-positive T-cells and CD68-positive
macrophages (Figs. 2d and 4a). In some parts of the lesions, only lymphocytes and
fibrous tissue were found. The numbers of Granzyme B-positive cells and IgG-positive
cells were very low at all time points (Fig. 4a). Apoptosis might contribute to the
reduction of lesion size, because the frequency of TUNEL positive apoptotic cells became
high at 7 and 14 dpi (Fig. 3).
Expression profiles of cytokines

The mRNA expression of two major pro-inflammatory cytokines, TNF- o and

IL-1 83, increased after the injection of TDM, peaked 7 dpi, and then decreased toward
21 dpi (Fig. 5a). The expression intensities paralleled to the sizes of the lesions. Thus,
14 dpi was thought to be the time point when the resolution process overcame the
pro-inflmmatory reaction. Among the three anti-inflammatory cytokines investigated
(IL-10, IL-27 and TGF- 3), only the expression of TGF-  was upregulated (Figs. 5a and
5b). The expression of the cytokine peaked at 7 dpi as TNF-« and IL-13 did. At 14
dpi, notably, the expression level of TGF- § was still high (Fig. 5a).  The expression of

IFN- v, a representative Thl cytokine with a role in macrophage activation, was

17



upregulated at all time points examined, while the expression levels of a Th2 cytokine,
IL-4, and a Th17 cytokine, IL-17, were downregulated (Fig. 5¢). IL-6, a Th2 cytokine,
was upregulated at all time points. Different from IL-4, IL-6 is secreted from not only
Th2 cells but also activated macrophages. Therefore, I considered that not only Th
lymphocytes but also macrophages may play the effector function in TDM-induced
glaucomatous response.
Expression of chemokines
The expression of RANTES peaked at 3 dpi and those of MIP-1 « and MIP-2 o

peaked at 7 dpi (Fig. 6a). At 3 and 7 dpi, PMNs were most frequently observed. The
expression levels of IP-10 and MCP-1 were highest at 14 dpi (Fig. 6b), at which time
point the number of lymphocytes in the lesions was significantly high.
SOCS family proteins

I also investigated the mRNA expression of four members of SOCS family proteins.
The expression of SOCS-3 was upregulated at all time points, and the expression levels
of the others, except for SOCS-1 at 21 dpi, were downregulated (Fig. 7). Therefore,
among the SOCS family proteins, only SOCS-3 is suggested to plays an important role
for the regulation of TDM-induced granulomatous lesions.
A20 and ABINs

In addition to SOCS-family proteins, I investigated mRNA levels of A20 and
ABIN-family proteins, which are other negative feedback regulators of cytokine
signaling. The expression levels of A20 quantified by the Real-time PCR at 3, 7, 14
and 21 dpi were 5 times higher than that at 0 dpi (Fig. 8). The expressions of
ABIN-1 and ABIN-3 were also up-regulated after granuloma induction while that of
ABIN-2 was down-regulated at all time points. The up-regulation of ABIN-3 at 7

and 14 dpi were 30 times higher than that at 0 dpi while the fold change of ABIN-1 was
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about 3.7 times.
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Discussion

In this chapter, I revealed histopathological features and expression profiles of
cytokines, chemokines, SOCS family proteins, A20 and ABIN family proteins in
TDM-induced granuloma for 3 weeks after the induction. The sizes of the
granulomatous lesions increased up to 7 dpi and then became smaller. The
expression of three pro-inflammatory cytokines (TNF- «, IL-1  and IL-6) rose up to 7
dpi and decreased thereafter as well. These results indicate that TDM-induced
granulomatous inflammation is promoted until 7 dpi and goes into the regression phase
thereafter. As described in General Introduction, TNF-«, IL-13, IFN-vyand
IL-6 are thought to be crucial molecules for anti-mycobacterial immunity during
granuloma formation in MTB-injected mice [41-58, 60-62, 64-66, 68].  In this chapter,
the reduction of granuloma size coincided with decreases in TNF- « or IL-1 8
expression. IFN-y maintained a high expression level throughout the course. IL-6
also showed high expression levels at 3 and 7 dpi. Therefore, I could affirm the
importance of TNF-«, IL-1 3, IFN-y and IL-6 in the promotion of granulomatous
inflammation.

On the other hand, the results of anti-inflammatory cytokines did not exhibit a
clear correlation with the granuloma regression. As the expression levels of IL-10
and IL.-27 were downregulated at almost all time points, I discarded the idea that these
cytokines promote the regression of TDM-induced granuloma. The expression
profile of TGF- 3, another anti-inflammatory cytokine, showed a similar pattern to that
of TNF-« and IL-13. However, the expression of TGF- 5 was more than 15 times
higher at 14 dpi, when the lesions had already regressed, than that at of 0 dpi. TGF-
B is known to promote the proliferation of fibroblasts and to inhibit inflammation [67,

68].  Moreover, it was reported that TGF- 8 suppressed cytokine production and
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cellular infiltration in a guinea pig model of TB [73]. Also in this study, TGF- 8 may
have contributed to the proliferation of fibroblasts and the regression of the lesions
because the expression of the cytokine was high not only at 7 dpi but also 14 dpi, at
which time points fibroblast proliferation and regression of the lesions were observed.

I also investigated the expression profiles of SOCS family proteins. Among
the four SOCS family proteins, the expression of SOCS-3 was upregulated at all time
points. This protein is known as a negative regulator for IL-1, IL-6, IL-10, IL-12 , TGF-
B, and IFN-vy, and is produced in mice injected with MTB [71,74-75]. SOCS-3 is
suggested to regulate the regression of TDM-induced granuloma by a negative-feedback
mechanism, according to the present results in which its targets, IL-1 3, IL-6, IFN- v,
and TGF- 3 were upregulated at 3 to 7 dpi. SOCS-1 is also thought to be involved in
the formation of TB lesions, according to a previous study, which described the
inflammatory process during several days after the injection of BCG [76]. In the
present study, however, the expression of SOCS-1 was downregulated at all time points.
These incongruous results may come from the difference of the time course of the two
experiments. SOCS-1 may play a role in the early phase before 3 dpi, not in the
chronic phase. Previous reports have outlined the immunosuppressive roles of SOCS-2
and CIS during inflammation [77, 78]. However, the present results showed these two
proteins have little importance in the formation and regression of TDM-induced
granuloma, because their expression levels were downregulated at all time points.
Therefore, it is concluded that TGF-3 and SOCS-3 are the possible candidates that
contribute to granuloma.

In this chapter, I also investigated the expression of IL-17 in TDM-induced
granuloma. Its roles in the lesions of various diseases were recently unveiled [79],

but the roles in TB or TDM-induced granuloma are poorly understood. In the present
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study, the expression of the cytokine was downregulated at all time points. This
suggests that the cytokine is unrelated to the regression of TDM -induced granuloma.
The function of IL-17 in TB granuloma is thought to be the activation of memory T-cells
and PMN attraction [80], which occur in the early phase of the disease.

At 3 and 7 dpi, PMNs were the most predominant component in the
TDM-induced lesions, and the expressions of PMN-attracting chemokines such as
RANTES, MIP-1«, and MIP-2« was higher at these time points. Thereafter, the
expression levels of the mononuclear cell-attracting chemokines, IP-10 and MCP-1,
increased. Such chemokine expression profiles can explain the changes in the
inflammatory cell population in the granulomatous lesions.  However, the factors that
induce changes in the chemokine expression profiles observed were still unknown.
The expression of chemokine is known to be promoted by TNF- «, IL-1 8 and IFN- vy
[81-83], but this mechanism cannot explain the changes observed in this study.
Therefore, it is reasonable to consider other regulatory factors that may be responsible
for the change in chemokine expression profiles. One possible candidate is TGF- 3,
because this cytokine matintained a high expression level at 14 dpi, and there are
reports regarding the induction of MCP-1 [84] and IP-10 [85] by the expression of
TGF-B. In addition, knocking out of SMADS3, a transducer of the TGF- 3 signaling,
resulted in higher expression of MIP-1 o suggesting thet TGF 8 suppresses the
expression of MIP-1 « [86].

I next examined the expression levels of A20 and ABIN family proteins, because
they are also known as negative feedback factors for cytokine signalings. Among
them, mRNA levels of A20 and ABIN-3 showed marked elevations at 7 and 14 dpi.
In addition between 7 and 14 dpi, at which time points the expression of A20 and

ABIN-3 levels were reached at peak, the size of the lesions were markedly reduced.
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These results implied that the increased expression of A20 and ABIN-3 affected the
reduction of the granuloma size.

The result of TUNEL stain chapter suggested apoptosis of leukocytes contributed to
the granuloma regression. TUNEL-positive cells were increased toward 14 dpi, in
which time point the size of the lesions markedly decreased. Leukocytes undergo
apoptosis through almost the same way as other cell types do, extrinsic or intrinsic
pathway [87-89]. Whichever pathways induce apoptosis, the cell fates are
determined by the balance of survival and apoptotic signals. In general,
pro-inflammatory cytokines act as survival signals for leukocytes by activating the
NF-kappa B pathway. However, TNF-alpha has both pro-apoptotic and
anti-apoptotic effects. In recent studies, wubiquitination status of a
receptor-interacting protein serine-threonin kinase (RIP)-1 is suggested to determine
the destination of TNFR activation [90]. RIP-1 promotes caspase-8 activation by
recruiting Fas-associated death domain (FADD) to TNFR-associated death domain
(TRADD). On the other hand, Lys-63 ubiquitinated RIP-1 cannot promote this
reaction but activate the NF-kappaB signaling [90]. A20 is demonstrated to
negatively regulate Lys-63 ubiquitination and to promotes ubiquitination of other locus
of RIP-1 resulting proteasomal degradation [91]. Therefore, down-regulation of
pro-inflammatory cytokines, such as IL-18 and IL-6, and up-regulation of A20 may
contribute to induce apoptosis to infiltrating cells.

The regression of TDM-induced granuloma began between 7 and 14 dpi. The
increased expression of SOCS-3, A20, ABIN-3 and TGF- 8 combined with the
down-regulation of TNF-« and IL-1 may correlate with granuloma regression and
apoptosis in the lesion. TGF-3 may also contribute to the changes in infiltrating

leukocyte profiles by modulating chemokine expression. As mentioned above, the
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present study revealed the expression levels of cytokines and chemokines in the
development and regression process of the granulomatous lesion combined with
histopathological process. I convince the importance of the present demonstration of
the possible relation of cytokine kinetics to histopathological findings of granuloma

regression.
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Table 1 Primers for PCR

gene primer sequence gene primer sequence
sense TCTCATCAGTTCTATGGCCC sense GCCCTTGCTGTTCTTCTCTGT
TNF-a MIP-1a
antisense  GGGAGTAGACAAGGTACAAC antisense GGCAATCAGTTCCAGGTCAGT
sense GCTCTGAGACAATGAACGCT sense GAACAAAGGCAAGGCTAACTGA
IFN-y MIP-2a
antisense  AAAGAGATAATCTGGCTCTGC antisense AACATAACAACATCTGGGCAAT
sense ACCGCAACAACGCCATCTAT sense ACCATGAACCCAAGTGCTGCCGTC
TGF-B8 IP-10
antisense  GTAACGCCAGGAATTGTTGC antisense GCTTCACTCCAGTTAAGGAGCCCT
sense TTGACGGACCCCAAAAGATG sense ACCTTCTTGGTGCGCGAC
IL-1B SOCS-1
antisense  AGAAGGTGCTCATGTCCTCA antisense AAGCCATCTTCACGCTGAGC
sense TCGGCATTTTGAACGAGGTC sense GGTTGCCGGAGGAACAGTC
IL-4 SOCS-2
antisense  GAAAAGCCCGAAAGAGTCTC antisense GAGCCTCTTTTAATTTCTCTTTGGC
sense GTTCTCTGGGAAATCGTGGA sense GCGAGAAGATTCCGCTGGTA
IL-6 SOCS-3
antisense  TGTACTCCAGGTAGCTATGG antisense CGTTGACAGTCTTCCGACAAAG
sense ATGCAGGACTTTAAGGGTTACTTG sense CCAGCCATGCAGCCCTTA
IL-10 CIS
antisense  TAGACACCTTGGTCTTGGAGCTTA antisense CGTCTTGGCTATGCACAGCA
sense CTCCAGAAGGCCCTCAGACTAC sense CATCCACAAAGCACTTATTGACA
IL-17a A20
antisense  GGGTCTTCATTGCGGTGG antisense GAGTGTCGTAGCAAAGTCCTGTT
sense TGTTCAAAGGAGGAGGAGGAC sense GCATGGAGCTGCTGGAA
IL-27 ABIN-1
antisense  GGATGACACCTGATTGGGG antisense CATGGACCGGAAATGCT
sense CATATGGCTCGGACACCACT sense AACAGAAGGTGACTCATGTAGAAG
RANTES ABIN-2
antisense ACACACTTGGCGGTTCCTTC antisense TCCCTACTTGCATCATAACG
sense ATGCAGGTCCCTGTCATG sense GGACTTGACAAATTCTCTTGAACGA
MCP-1 ABIN-3
antisense GCTTGAGGTGGTTGTGGA antisense CGGAATTGCTGGTCCCATTG

25




[ <0tmm? [ 01to 05mm?
B oswcimm B =1mm?

a Area of lesions

o0
E a0 |
5 608 —
E
P 408 —
E 208 —
) =k
3 dnpi 7 odpi 14 dpi 21 dpi
b Average sizes of the lesions
mm2
0g
= 08
o
[y]
o
2
+ 04
[
o
0]
i
M
B I ':
D 1 1
3 dpi 7 dpi 14 dpi 21 dpi

Figure 1. Size of the granulomatous lesions.

a. The size of each lesion was graded into 4 groups. The largest was >1 mm?, followed by that
between 1 m ni and 0.5 m ni and that between 0.5 and 0.1 mm?, and the smallest was < 0.1 mm?.
The graph shows the proportion of the number of lesions to the total.

b. Average size of the lesions at each time points. Mean area £ SD. The differences between groups
were confirmed as significant (P<0.05) except for 3 dpi vs. 7 dpi and 14 dpi vs. 21 dpi by by ANOVA

and Tukey-Kramer test as post-hoc test .
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Figure 2. Histopathology of granuloma.

A granuloma consisting mainly of PMNs and macrophages. 3 dpi (a). Fibroblast’s proliferation is
seen in addition to PMNs and macrophages. 7 dpi (b). The major consistuents are macrophages and
lymphocytes rather than PMNs. 14 dpi (c). A granuloma has been reduced in size, and only

mononuclear cells are seen. 21 dpi (d). HE stain. Scale bar = 20 x m.
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Figure 3. TUNEL-positive cells. TUNEL staining was performed for paraffin sections. The number of
TUNEL-positive cells was counted, and percent to the total cell number was calculated. Mean *=SD. 3

mice were used per time point and ten lesions were counted per mouse.
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Figure 4. Results of immunohistochemical staining and cell counts.Immunohistochemical staining was
performed on paraffin sections (a). The number of inflammatory cells were counted, and the proportion
relative to the total cell number was calculated. Mean value *=SD are shown. Ten lesions were
counted per mouse, and 3 mice were used per time point. Immunohistochemical staining was
performed for cryosections (b). The numbers of CD68-positive macrophages were counted, and the
proportion relative to the total cell number was calculated. Mean valuexSE are shown. Ten lesions
were counted per mouse, and 3 mice were used per time point. Immunohistochemical staining of CD3

(0), IgG (@), Granzyme B (e), and CD68 (f). Scale bar = 20 4 m.

29



fold induction

60

50

12 H-F — %
._%
2 08 = B
2
0 |||
| 1PNl I
Odpi  3dpi 7dpi 14dpi 21dpi Odpi  3dpi 7dpi 14dpi 21dpi
B TNF-o @IL-1p OTGF-B mIL-10 OlL-27
14

fold induction

Odpi  3doi 7doi 14doi 21dpi
mFNy BIL-6 @IL-4 OlL-17

Figure 5. Expression of cytokines

mRNA Expression levels were measured by real time PCR . Relative values against GAPDH were
calculated, and fold changes relative to 0 dpi are represented. Mean +=SD (n = 3 per group per time
point). Differences among groups were examined by one-factor ANOVA followed by Tukey- -Kramer
multiple comparison test. P < 0.05 was considered statistically significant.0 dpi vs. 7dpi and 7 dpi
vs. 14 dpi for TNF a/, 0 dpi vs. 7dpi and 7dpi vs. 21dpi for TGF 8, 0dpi vs. 3dpi, Odpi vs. 7dpi, Odpi vs.
14dpi and Odpi vs. 21dpi for IL10, O dpi vs. 3 dpi, 0 dpi vs. 7 dpi and O dpi vs. 14 dpi for IL-4, 0 dpi vs 3
dpi, 3 dpi vs. 21 dpi, 7 dpi vs. 21 dpi, and 14 dpi vs. 21 dpi for [L-17 were statistically significant.  For

IL-18,IL-27, IFN ¥ and IL-6, statistically no significant result was obtained.
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Figure 6. Expression of chemokines

(a) Real time PCR for RANTES, MIP-1@, and MIP-2 . Relative values against GAPDH were
calaulated, and fold changes relative to O dpi are represented. =~ Mean £ SD (n = 3 per time point).
Significant differences among groups were examined by one-factor ANOVA followed by Tukey -Kramer
multiple comparison test. P < 0.05 was considered statistically significant. 0 dpi vs. 3 dpi, 0 dpi
vs. 7 dpi, 3 dpi vs. 7 dpi, 3 dpi vs. 14 dpi, 3 dpi vs. 21 dpi and 7 dpi vs. 14 dpi for RANTES, and 0 dpi vs.
7 dpi, 3 dpi vs. 7 dpi and 7 dpi vs. 21 dpi for MIP1 «, O dpi vs. 7 dpi, 3 dpi vs. 7 dpi, 7 dpi vs. 14 dpi and
7 dpi vs. 21 dpi for MIP2 @ were statistically significant. (b) Semi — quantitive RT-PCR for IP-10 and
MCP-1. Electrophoresis of PCR products was performed, and band intensity was measured.
Relative values against GAPDH are represented. Mean = SD (n = 3 per time point).  Significant
differences among groups were examined by one-factor ANOVA followed by Tukey -Kramer multiple
comparison test. P < 0.05 was considered statistically significant. For MCP-1 and IP-10, no

statistically significant result was obtained.
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Figure 7. Expression of SOCS family proteins.

The levels of mRNA expression were measured by real time PCR.  Relative values against GAPDH
were calculated, and fold changes relative to 0 dpi are represented. Mean * SD (n = 3 per time
point). Significant differences among groups were examined by one-factor ANOVA followed by Tukey-
-Kramer multiple comparison test. P < 0.05 was considered statistically significant. 3 dpi vs. 21
dpi for SOCS1, 0 dpi vs. 3 dpi for SOCS2, 0 dpi vs. 3 dpi for SOCS3 and 0 dpi vs. all other time points

for CIS were statistically significant.
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Figure 8. Real-time PCR for A20 and ABINs

mRNA Expression levels were measured by real time PCR . Relative values against GAPDH were
calculated, and fold changes relative to O dpi are represented. Mean =SD (n = 3 per group per
time point). The 95 % level significance of differences were analyzed using ANOVA and
Tukey-Kramer test as post-hoc test. For A20, the differences between groups were confirmed as
significant except for 3 dpi vs. 7 dpi, 3dpi vs. 14dpi and 14 dpi vs. 21 dpi. For ABIN-1, 0 dpi vs. 3
dpi, 0 dpi vs. 14dpi, 3 dpi vs. 21 dpi and 14 dpi vs. 21dpi were confirmed as significant. For ABIN-2,
0 dpi vs. all the other time points were confirmed as significant. For ABIN-3, the significance of

differences between groups were confirmed as significant except for 3 dpi vs. 7dpi and 14 dpi vs. 21 dpi.
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Chapter 1I
A20 and ABIN-3 negatively regulate trehalose 6’-6-dimycolate
(TDM)-induced granuloma by interacting with an NF-kappa B signaling

protein, TAK-1.
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Summary

Purpose of this chapter is to confirm the correlation of NF-kappa B and
A20-ABIN-3 in the formation and regression of the TDM-induced granulomatous lesion.
I first examined the activation of NF-kappa B by immunohistochemical and Western
blotting methods. The results demonstrated the increase of NF-kappa B toward 7
dpi and the decrease after that. In addition, the level of NF-kappa B activation
correlated with the size of the lesion. Next, I quantified protein levels of A20 and
ABIN-3 in the lesion. The similar kinetics of the proteins to that of their mRNA
levels demonstrated in Chapter 1 was observed in a milder manner, i.e., high expression
levels of A20 and ABIN-3 at 7 to 14 dpi. Finally, I tried to identify factors that
interact with ABIN-3 by co-immunoprecipitation method. As a result, TAK-1 and
A20 were immunoprecipitated with ABIN-3, demonstrating that TAK-1 and A20
interact with ABIN-3. Therefore, it can be concluded that the ABIN-3 and
A20-mediated suppression of TAK-1 induces the suppression of NF-kappa B, and this

may lead to the regression of the granulomatous lesion.
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Introduction

As demonstrated in Chapter 1, A20 and ABIN-3 were markedly up-regulated in the
TDM-induced granulomatous lesion. ABIN-3 was originally identified as a factor
upregulated in monocytes infected by Listeria monocytogenes [92]. It is
demonstrated that the stimulation of Toll-like receptor 4 (TLR4) by lipopolysaccharide
(LPS) induces the expression of ABIN-3 in human and murine macrophages and also
more weekly in other cell lines such as HepG2 and Hela [93-95].  The transcription of
ABIN-3 is thought to depend on NF-kappa B. Therefore, ABIN-3 is considered as a
negative feedback regulator of NF-kappa B signaling [95].  However, the regulation
of ABIN-3 is not well characterized under conditions other than Listeria infection or
LPS stimulation. In addition, there have been few in vivo experiments regarding the
regulation of ABIN-3.

The function of ABINS is now gradually being unlabeled. = ABIN-3 suppresses
the NF-kappa-B signaling pathway, which finally activates inflammatory leukocytes, by
forming a complex with an ubiquitin editing protein, A20 [93, 96]. A20 also
functions as a negative regulator of the NF-kappa-B signaling by making a complex
with ABIN-3 homologous proteins, ABIN-1 and ABIN2. Each ABIN is considered to
interact with different counterparts. For example, ABIN-1 interacts with
NEMO/IKK-gamma [93, 97]. However, the counterpart of ABIN-3 is not well
clarified.

Thus, in this chapter, I examined the protein levels of A20 and ABIN-3 and

molecules in the NF-kappa B signaling.
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Materials and Methods
Animals
Six weeks old female BALB/c mice were purchased from SLC (Shizuoka, Japan).
The animals were housed in isolator cages under a specific pathogen-free condition.
The experimental procedures in the present study were approved by the Experimental
Animal Committee of the University of Tokyo.
Preparation of water/oil/water (w/o/w) emulsion
W/o/w emulsion containing TDM was prepared as described in previous reports [9].
Briefly, 100 z g of TDM (Nakalai Tesque, Tokyo, Japan) was dissolved in 3.2 u 0 of
Freund’s incomplete adjuvant (Chemicon, Temecula, CA), and then, 3.2 x ¢ of 0.1M PBS
were added. The mixture was then homogenized with a glass homogenizer. Finally,
93.6 u 0 of saline containing 0.2% Tween 20 were added to the homogenized w/o
emulsion.
Induction of granuloma
The mice were twice injected intraperitoneally(G.p) with a 100 u 0 of w/o/w
emulsion at a 1 week-interval, before being sacrificed at 3, 7, 14, or 21 dpi. Three
mice were used per group. At 0 dpi, mice were sacrificed just after the last injection.
Histopathological examination and immunohistochemistry
Formalin-fixed and paraffin-embedded sections were obtained from
granulomatous lesions in the peritoneum. Some sections were subjected to
immunohistochemical staining using the LSAB method. In this procedure,
autoclave-pretreatment in citrate buffer (pH6.0) was performed for antigen retrieval.
Antibody used in this study were rabbit antibody against phospho-NF-kappa-B (Serine
536) (93H1, 1:50, Cell Signaling Technology, Danvers, MA,) and Rabbit antibody against

phospho-IKK alpha / beta (Serine 176 / 180) (16A6, 1:50, Cell Signaling Technology).
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Western blotting

Granulomatous lesions were collected and homogenized in 10mM Tris-HCI buffer
(pH 7.8) containing 150mM NaCl, 1mM EDTA, 2mM Na3VO04, 10mM NaF, 1% NP-40
and Proteinase Inhibitor Cocktail (Roche Applied Science, Penzberg, Germany). The
homogenate was centrifuged at 12,000 g, at 4°C for 20 min to exclude debris. The
supernatant was mixed with laemmli sample buffer (Bio-Rad, Hercules, CA) and loaded
onto a SDS-PAGE gel, and electrophoresed. Proteins on the gel were transferred to a
PVDF membrane. The blotted membrane was probed with antibodies to
phospho-NF-kappa-B (Serine 536) (93H1, Cell Signaling Technology), A20 (ab74037 ;
Abcam, Cambridge, UK) , ABIN-3 (SAB3500087, Sigma-Aldrich, Saint Louis, MO), RIP
(Cell Signaling Technology), phospho-IKK alpha / beta (Serine 176 / 180) (16A6, Cell
Signaling Technology), TAK-1 (4505 ; Cell Signaling Technology), IKK-gamma (2685 ;
Cell Signaling Technology) or beta-actin (4967, Cell Signaling Technology). After
incubation with the appropriate secondary antibodies, positive immunoreaction was
visualized with the ECL Plus Western Blotting Reagent (Amersham, Buckinghamshire,
UK), and with the ChemDoc XRS-J (Bio-Rad).

For quantification of the Western blot analyses, immunoreactive bands were
quantified by densitometry. The intensity of each band was normalized by the level of
beta-actin. The fold changes relative to the value in the 0 dpi group are shown as the
mean *+ SD.

Co-immunoprecipitation

Protein-A Sepharose beads were pre-incubated at 4°C for 3 hours with Rabbit
antibody against ABIN-3 antibody (SAB3500087, Sigma-Aldrich) or Rabbit isotype
control IgG at the dilution of 1:100 with 0.1% BSA in TBST. 2504 0 of protein

homogenates were incubated at 4°C overnight with 50 u 0 of the protein-A sepharose
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beads. Then the mixtures were centrifuged and the supernatants were collected.
The supernatants were incubated with anti-ABIN-3 antibody-coated beads or isotype
control IgG-coated beads at 4°C for 3 hours. Thereafter, the beads were picked up,
and proteins were resolved in laemli sample buffer. The extracts were used for Western
blotting to detect the protein that interacts with ABIN-3.

For detection of ABIN-3 through Western blotting, conformational specific anti-rabbit
IgG (Cell Signaling Technology) was used to avoid the cross reaction of a secondary

antibody with rabbit IgG light chain.
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Results
Activation of NF-kappa B signaling

The expression of NF-kappa B signaling proteins were quantified by
immunohistochemical staining and Western blotting using anti- phospho NFkB and
anti- phospho IKK «/ antibodies. Both phospho NF-kappa B- and phospho IKK «/
B -positive cells in the lesions increased toward 7 dpi and gradually decreased after that
(Fig. 1). The results of Western blotting demonstrated that the amount of phospho
NF-kappa B reached the peak at 3 dpi (Fig. 2). Therefore, we concluded that the sizes
of the lesions might relate with the activation status of NF-kappa B signal proteins.
Protein levels of A20 and ABINs

I performed Western blotting to examine whether the mRNA up-regulation
observed in Chapter 1 leads to the elevation in the protein level. The results
confirmed the up-regulation of A20 and ABIN-3 in the protein level, although the fold
changes were smaller than those of mRNA levels(Fig. 3).

Co-immunoprecipitation with ABIN-3 antibody

To confirm the formation of an A20 and ABIN-3 complex in the granulomatous
lesions, co-immunoprecipitation using anti-ABIN-3 antibody was performed. A20
protein was co-immunoprecipitated with anti-ABIN-3 (Fig. 4), indicating the formation
of the complex.

Next, we tried to identify the proteins involved in the NF-kappaB pathway and
interacting with ABIN-3. Because RIP and IKK-vy were identified as interacting
partners of an ABIN-3 homologous protein, ABIN-1 [93, 97], we first performed Western
blotting of immunoprecipitated samples using anti-RIP and IKK- y antibodies.
However, no positive signals were gained (Fig. 4). RIP and IKK-y were not

considered to interact with ABIN-3. TAK-1 mediates signals from IL-1R / TLR [98,
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99], TNF-« [98] and TGF-3 [100] and ,as a result, activates NF-kappa B. This
protein acts at the upstream of IKK complex and downstream of TRAF-6 [101-103].
Therefore, TAK-1 is considered to be one of candidates for ABIN-3 interacting protein.
As a result, TAK-1 positive band was observed and, therefore, TAK-1 were considered to

be an ABIN-3 interacting protein (Fig 4).

41



Discussion

In this chapter, we first examined NF-kappa B activation because A20 and ABIN-3
target the NF-kappa B signaling pathway. The NF-kappa B activation was first
indicated by the increased number of the phospho-NF-kappa B- and phospho-IKK alpha
/ beta-positive cells up to 7 dpi, when the size of the lesion reached at peak, and it was
then reduced toward 21 dpi. The result of Western blotting showed the similar
kinetics with that of positive cell counts in a milder manner. Therefore, we assumed
the involvement of NF-kappa B signaling in the development and regression of the
granulomatous lesions.

Previous studies well characterized the role of NF-kappa B in inflammation.
NF-kappa B acts as a transcriptional factor and promotes the expressions of various
cytokines, chemokines, cyclooxygenase 2 (COX-2) and leukocyte’s adhesion molecules in
various cell types [104, 105] including macrophages [106]. As NF-kappa B has such
pro -inflammatory functions, an aberrant expression of NF-kappaB molecules leads to
the immunodeficiency and increased susceptibility to pathogens [107]. The
involvement of NF-kappa B in the lesions of tuberculosis or Th1-mediated delayed type
hypersensitivity is also well characterized. In tuberculosis mice, NF-kappa B is
activated through TLR signaling or pro-inflammatory cytokine signaling [108], and
leads to the secretion of a key cytokine for Th-1 response such as IFN-gamma [109]. In
addition, TDM is known to stimulate TLR-2 [110].  Therefore NF-kappa B is thought
to play important role in TDM-stimulated mice as well as in tuberculosis mice.
Therefore, it is concluded that the development and regression of granulomatous lesions
and NF-kappa B activation are strongly corelated.

We next examined the protein levels of A20 and ABIN family proteins, because

their mRNA levels showed marked elevation in Chapter 1. Protein levels of A20 and
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ABIN-3 were elevated at 7 and 14 dpi, mimicking the mRNA kinetics of in a milder
manner. On the contrary, NF-kappa B activation was remarkably decreased at that
time point. These results indicated that the NF-kappa B activation was affected by
A20 and ABIN-3 in the granuloma lesions.

There are several proteins that suppress NF-kappaB function by
post-transcriptional modification [111]. A20 is one of such negative feedback
regulators. A20 ubiquitinates or de-ubiquitinates proteins involved in NF-kappa B
signaling pathway and, as a consequience, promotes proteasomal degradation of target
proteins [91]. Previous studies suggested a crucial role of A20 in the pathogenesis of
some diseases in which NF-kappa is deeply involved. For instance, A20-mediated
NF-kappa B suppression is involved in the suppression of tumor [112] and cardiac
fibrosis [113]. A mutation of A20 causes various autoimmune diseases and chronic
inflammatory diseases [114]. The present study demonstrated the relevance of
NF-kappa B in TDM-induced granulomatous lesion, therefore A20 likely to promote the
granuloma regression.

ABIN family proteins have been identified as A20 binding proteins [93, 115, 116]
and are thought to function as adaptors between A20 enzyme and target proteins.
Also in this study, A20 protein was co-immunoprecipitated with ABIN-3, suggesting
that it makes a complex with ABIN-3. The functions of ABIN-3 have recently been
reported in several articles [93-96]. ABIN-3 suppresses NF-kappa B signaling by
linking A20 and an unknown counterpart [93]. Previous studies observed ABIN-3
induction by LPS stimulation only in cell lines of macrophage-origin [93] or also in some
non-macrophage cell lines weakly [95]. Therefore, the prominent elevation of
ABIN-3 in the TDM-induced granuloma may be due to the accumulation of

macrophages that highly expresse ABIN-3.
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Murine ABIN-3 molecule lacks the ABIN homology domain (AHD)-2, which is
considered to be necessary for a NF-kappa B suppressing role of ABIN-family proteins
[93]. Some reports, therefore, concluded that murine ABIN-3, not like human
ABIN-3, has no effects on NF-kappa B pathway [93, 117]. The discussion about the
role of ABIN-3 in human tuberculosis and its murine model is still controversial.

Finally, we tried to find proteins that interact with ABIN-3 by
co-lmmunoprecipitation. The results of Western blotting demonstrated that A20
was Immunoprecipitated with ABIN-3. Thus, we confirmed the interaction of
ABIN-3 with A20.

TAK-1 is a protein that originally identified as a mediator of the TGF-beta
signaling [100], and then, the role of this protein has been unlabelled in other signaling
pathway such as IL-1R / TLR and TNF-alpha pathways [98, 99]. Cytokines like
IL-1beta and TNF-alpha plays an important role in granulomatous diseases. For
example, IL-1 receptor or TNF-alpha knock-out mice fail to form granulomatous lesions
[44, 46-52]. Therefore, TAK-1 is assumed to act as an important mediator for
pro-inflammatory signalings also in the TDM-induced granuloma model. Mediating
these signalings consequently activates NF-kappa B. Thus, suppression of TAK-1
function by interacting with ABIN-3 possibly suppresses NF-kappa B activation as
consequence.

The present study confirmed the importance of the NF-kappa B signaling in
TDM-mediated granulomatous inflammation, including the induction of ABIN-3 by
TDM stimulation. Although, the efficacy of ABIN-3-dependent suppression of
NF-kappaB is disputable in the mice model, ABIN-3 is assumed to be induced in human
tuberculosis and to suppress the NF-kappa B signaling. Additionally, we identified

TAK-1 as an ABIN-3 interacting protein. As the AHD-2 domain is not necessarily
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required for the protein-protein interaction of ABIN-3, TAK-1 can be a murine

candidate for ABIN-3 interacting protein also in human.
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Figure 1. Immunohistochemistry of p-NF-kappa B and p-IKK alpha / beta
Results of immunohistochemistry of p-NF-kappa B(a) and p-IKK alpha / beta (b). Representative
pictures of each time points are shown. Positive cells decrease from 3 dpi toward 21 dpi. (c) The

numbers of p-NF-kappa B- or p-IKK alpha / beta-positive cells were counted, and the proportions

relative to total cells were calculated. Mean =SD. Ten lesions were counted per mouse, and 3 mice
was used per time point. The significance of differences was analyzed using ANOVA and
Tukey-Kramer test as post-hoc test. The significance of differences between groups were confirmed

as significant (P<0.05) except for 3 dpi vs. 7 dpi and 14 dpi vs. 21 dpi in both p-NF £ B and p-IKK &/
B.
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Western blotting for p—NF kappa B
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Figure 2. Western blotting for p-NF-kappa B.

Relative values against beta-actin were calaulated, and fold changes relative to 0 dpi are
represented. Mean value = SD. The significance of differences was analyzed using ANOVA and
Tukey-Kramer test as post-hoc test. The differences of 0 dpi vs. all the other time points and 3dpi

vs. 21dpi were confirmed as significant (P<0.05).
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Figure 3. Protein levels of A20 and ABIN-3. Western blotting for A20 and ABIN-3. Relative values
against J -actin were calculated, and fold changes relative to 0 dpi are represented. =~ Mean value =
SD. The significance of differences was analyzed using ANOVA and Tukey-Kramer test as post-hoc
test. a. For A20, 0 dpi vs. 7dpi and 0 dpi vs. 14 dpi were confirmed as significant (P <0.05). b. For
ABIN-3, 0 dpi vs. 7dpi was confirmed as significant (P <0.05).
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Figure 4. Interaction of ABIN-3 with A20 and TAK-1 The protein extracts from the lesions at 7 dpi
were immunoprecipitated with anti-ABIN-3 antibody. = The figure shows the results of Western
blotting of immunoprecipitated samples using anti- TAK-1, A20, RIP, IKK-gamma or ABIN-3
antibodies.  The antibodies used for Western blotting are indicated at the left of each picture.
The left lane : Molecular markers. The middle lane : Samples immunoprecipitated with anti-ABIN-3

antibody. The right lane : Samples immunoprecipitated with Rabbit isotype-control antibody.
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Conclusions
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In this thesis, I observed the expression profiles of cytokines, chemokines and
negative regulators of cytokine signalings in the TDM-induced granulomatous lesion
comparing with the histopathological course of the lesion. The size of the lesion was
reached peak at 7 dpi and decreased thereafter. The expression of the
pro-inflammatory cytokines such as TNF-alpha, IL.-1beta and IL.-6 showed the similar
kinetics, i.e., increasing toward 7 dpi and decreasing thereafter, suggesting the
correlation between the expression of pro-inflammatory cytokines and the size of the
lesion. On the other hand, the expressions of anti-inflammatory cytokines such as
IL-10 and IL-27, except for TGF-beta, were suppressed at all time points. It suggest
that the decrease of pro-inflammatory cytokines is more important than the expression
status of anti-inflammatory cytokines for the regression of the TDM-induced
granulomatous lesion. This leaded me to an assumption that regulatory-T-cells play
few roles in the formation and regression of granulomatous lesion, because IL-10 and
IL-27 are mainly produced by regulatory-T-cells. While TGF-beta, one of an
anti-inflammatory cytokines is likely to play some roles in the granulomatous lesions
because this cytokine is kept at high level at 7 dpi and 14 dpi. Until 7 dpi, the
expression levels of PMN-attarcting chemokines such as RANTES, MIP-1lalpha and
MIP-1beta exceeded those of lymphocyte-attracting chemokines including IP-10 and
MCP-1. After 14 dpi, their balance became inverted. Such change reflected
histopathological changes of inflammatory cell population, i.e., PMN-dominant
granuloma to lymphocyte-dominant granuloma

To investigate why such time-dependent down-regulation of pro-inflammatory
cytokines occurs, I analyzed some negative feedback regulators for cytokine signaling.
Among them, the expression levels of SOCS-3, A20 and ABIN-3 were markedly elevated

at 7 and 14 dpi. The elevations of these factors may suppress the
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leukocyte-activating signaling and further pro-inflammatory cytokine secretion.
Such suppression of pro-inflammatory signal then reduced the TDM-induced
granulomatous lesions at the time point.

I further investigated details of the role of A20 and ABIN-3, because the function
of ABIN-3 is sill scarcely known. The activation of the NF-kappa B signaling, which
1s a target of A20 and ABIN-3 and is involved in the regulation of inflammatory
cytokines, was decreased from 7 dpi. On the contrary, the amounts of A20 and
ABIN-3 were high at 7 and 14 dpi. Thus, it may show the involvement of the A20
and ABIN-3 in the suppression of NF-kappa B signaling. The increased levels of A20
and ABIN-3 may also induce apoptosis. Because NF-kappa B is known to promote
the pro-inflammatory cytokines secretion inhibit the apoptosis of leukocytes.

Through co-immunoprecipitation, I identified TAK-1 as a protein that interacts
with ABIN-3. This protein functions as one of signal transducers from cytokine
receptors to NF-kappa B. The interaction of TAK-1 and ABIN-3 may inhibit the
NF-kappa B signaling. Therefore, the termination of inflammation may be
regulated by such negative feedback factors.

This is the first demonstration of the induction of ABIN-3 in the TDM-induced
granulomatous lesion. The ABIN-3-dependent self-limiting regulation of
inflammation may not be a TDM-specific but universal mechanism in stimulated
macrophages. I hope this the present study contribute the future researches on

ABIN-3 as an important anti-inflammatory factor in macrophages.

52



TINF-alpha TDM/ IL-1beta IL-6 / IFN-gamma TGF-beta

Jo 0

THNFR TLR/IL-1R Cytokine Receptors  T(;F-heta Reeptors

: STAT : :CD-SMAD:

Y

apoptosis

v
[Ant:i -inflammatory effects

[Trans cription of pro-inflammatory genes]

Granuloma developing phase

TINF-alpha TDM/IL-1beta IL-6 / IFN-gamma TGF-heta
THFR TLR/IL-1R Cy'tokine Receptors TGF-heta Rl:eptors

,
lapoptomsl ‘ @ l : [Anti-inﬂanunatory effects]

Transcr1pt1on of pro mflamm atory genes

Granuloma regression phase

Fig 1. Kinetics of pro-inflammatory and anti-inflammatory factors in the development

and regression of TDM-induced granuloma.

53



Acknowledgement

54



I wish to express my gratitude to Professor Hiroyuki Nakayama for supervising
this doctoral thesis in great business and for his big patience for my selfishness and
idleness. I am also grateful to Associate Professor Kazuyuki Uchida, Professor
Emeritus Kunio Doi, Dr. Koji Uetsuka and Dr. Kazuhiko Suzuki for all their kind advice
and encouragement to pursue my work.

This thesis has benefited from various doctors who have been studying or have
graduated from the Department of Veterinary Pathology, the University of Tokyo.
Discussing, talking, drinking with them has always cheered me up. Thanks go to all
the present and past members I have ever met in the Department of Veterinary

Pathology.

55



Reference

56



[1] W. Fox, G.A. Ellard, D.A. Mitchison Studies on the treatment of tuberculosis
undertaken by the British Medical Research Council Tuberculosis Units, 1946-1986,
with relevant subsequent publications. Int.dJ. Tuberc. Lung. Dis. 3(1999)231-279

[2] E.D. Chan, M.D. Iseman Multidrug-resistant and extensively drug-resistant
tuberculosis : a review. Curr. Opin. Infect. Dis. 21(2008)587-595

[3] G.B. Migliori, R. Centis, C. Lange, M.D. Richardson, G. Sotgiu Emerging epidemic
of drug-resistant tuberculosis in Europe, Russia, China, South America and Asia :
current status and global perspective. Curr. Opin. Pulm. Med. 16(2010)171-179

[4] C.Y. Chiang, R. Centis, G.B. Migliori Drug-resistant tuberculosis : past, present,
future. Resperology. 15(2010)413-432

[5] J.A. Caminero, G. Sotgiu, A. Zumla, G.B. Migliori Best drug treatment for
multidrug-resistant and extensively drug-resistant tuberculosis. Lancet. Infect.
10(2010)621-629

[6] 1. Monedero, J.A. Caminero Management of multidrug-resistant tuberculosis : an
update. Ther. Adv. Respir. Dis. 4(2010)117-127

[7] C. Lienhardt, A. Vernon, M.C. Raviglione New drugs and new regimens for the
trearment of tuberculosis : review of the drug development pipeline and implication for
national programmes. Curr. Opin. Pulm. Med. 16(2010)186-193

[8] Multidrug- and extensively drug-resistant tuberculosis in Africa and Southern
America : epidemiology, diagnosis and management in adults and children. Clin.
Chest. Med. 30(2009)667-683

[9] M.P. Grobusch Drug-resistant and extensively drug-resistant tuberculosis in
southern Africa. Curr. Opin. Pulm. Med. 16(2010)180-185

[10] G.B. Migliori, M.D. Richardson, G. Sotgiu, C. Lange Multidrug-resistant and

extensively drug-resistant tuberculosis in the West. Europe and United States :

57



epidemiology, surveillance and control. Clin. Chest. Med. 30(2009)637-665

[11] P. Azzopardi, C.M. Bennett, S.M. Graham, T. Duke Bacille Calmette-Guerin
vaccination-related disease in HIV-infected children : a systematic review. Int J
Tuberc Dis 13(2009)1331-1344

[12] I. Parwati, R. van Crevel, D. van Soolingen Possible underlying mechanisms for
successful emergence of the Mycobacterium tuberculosis Beijing strains. Lancet
Infect. Dis. 10(2010)103-111

[13] C.L. Cosma, D.R. Sherman, L. Ramakrishnan Secret lives of the pathogenic
mycobacteria. Annu. Rev. Microbiol. 57 (2003) 641-676

[14] T. Ulrich, S.H. Kaufman New insight into the function of granulomas in
human tuberculosis. J. Pathol. 208 (2006) 261-269

[15] D.G. Russell, P.J. Cardona, M.J. Kim, S. Allain, F. Altare Foamy macrophages
and the progression of the human TB granuloma. Nat. Immunol. 10(2009)943-948
[16] D.G. Russell Who puts tubercle in tuberculosis? Nat. Rev. Microbiol.
5(2007)39-47

[17] L.S. Meena, Rajini Survival mechanisms of pathogenic Mycobacteirum
tuberculosis H37Rv.  FEBS J. 277(2010)2416-2427

[18] Z.A. Malik, S.I. Shanker, D.J. Kusner Mycobacteirum tuberculosis phagosomes
exhibit altered calmodulin-dependent signal transduction contribution to inhibition of
phagosome-lysosome fusion and intracellular survival in human macrophages. dJ.
Immunol. 166(2001)3392-3401

[19] J.A. Armstrong, P.D. Hart Response of cultured macrophages to Mycobacterium
tuberculosis, with observation on fusion of lysosomes with phagosomes. J. Exp. Med.
134(1971)713-740

[20] S.S. Koszycki, P.H. Schlesinger, P. Chakraborty, P.L. Haddix, H.L. Collins, A.K. Fok,

58



R.D. Allen, S.L. Gluck, J. Heuster, D.G. Russell Lack of acidification in
Mycobacterium phagosomes produced by exclusion of the vesicular proteon-ATPase.
Science 263(1994)678-681

[21] D.J. Hackam, O.D. Roptstein, W.J. Zhang, S.P. Cruenheid, S. Grinstein Host
resistance to intracellular infection : mutation of natural resistance-associated
macrophage protein 1(Nrampl) impairs phagosomal acidification. J. Exp. Med.
188(1998)351-364

[22] J. Sun, X. Wang, A. Lau, T.Y. Liao, C. Bucci, Z. Hmama Mycobacterium
nucleoside diphosphate kinase blocks phagosome maturation in murine RAW264.7
macrophages.  PloS One. 19(2010)e8769

[23] J. Sun, A.E. Deghmane, H. Soualhine, T. Hong, C. Bucci, A. Solodkin, Z. Hmama
Mycobacterium bovis BCG disrupt the interaction of Rab7 with RILP contributing to
inhibition of phagosome maturation. J. Leukoc. Biol. 82(2007)1437-1445

[24] P. Peyron, J. Vaubourgeix, Y. Poquet, F. Levillain, C. Botanch, F. Bardou, M. Daffe,
J.F. Emile, B. Marchou, P.J. Cardona, C. de Chastellier, F. Altare, Foamy macrophages
from tuberculosis patient’s granuloma constitute a nutrient-rich reservoir for M.
tuberculosis persistence. PloS Pathog Nov. 4(11) e100204 (2008) Epub2008 Nov 11

[25] L.E. Connolly, P.H. Edelstein, L. Ramakrishnan Why is long-term therapy
required to cure tuberculosis? Plos Med. 4(2007)e120

[26] P.E. Kolattukdy, N.D. Fernandes, A.K. Azad, A.M. Fitzmaurice, T.D. Sirakova
Biochemistry and molecular genetics of cell-wall lipid biosynthesis in mycobacteria. Mol
Microbiol 69 (1997) 263-270.

[27] P.J. Brennan, H. Nikaido The envelope of mycobacteria. Annu. Rev. Biochem. 64
(1995) 29-63

[28] 1. Yano, The 72rd Annual Meeting Education Lecture. Cord factor. Kekkaku 73

59



(1998) 37-42

[29] P.E. Kolattukudy, N.D. Fernandes, A.K. Azad, A.M. Fitzmaurice, T.D. Sirakova
Biochemistry and molecular genetics of cell-wall lipid biosynthesis in mycobacteria.
Mol. Microbiol. 24(1997) 263-270

[30] N. Hamasaki, K. Isowa, K. Kamada, Y. Terao, T. Matsumoto, T. Arakawa, K.
Kobayashi, In vivo Administration of Mycobacterial Cord Factor (Trehalose
6,6-dimycolate) can induce lung and liver granulomas and thymic atrophy in rabbits.
Infect Immun 68 (2000) 3704-3709

[31] H. Yamagami, T. Matsumoto, N. Fujiwara, T. Arakawa, K. Kaneda, I. Yano, K.
Kobayashi, Trehalose 6,6-dimycolate (cord factor) of Mycobacterium tuberculosis
induces foreign body and hypersensitivity type granulomas in mice. Infect Immun 69
(2001) 810-815

[32] C.A. Behling, R.L. Perez, M.R. Kidd, G.W. Staton, R.L.Jr. Hunter, Induction of
pulmonary granulomas, macrophage procoagulant activity, and tumor necrosis factor- «
by trehalose glycolipids. Ann. Clin. Lab Sci. 23(1993) 256-266

[33] C.L. Silva, S.M. Ekizlerian, R.A. Fazioli Role of cord factor in the modulation of
infection caused by mycobacteria. ~ Am. J. Pathol. 118(1985) 238-247

[34] E.M. Beckman, S.A. Porcelli, C.T. Morita, S.M. Behar, S.T. Furlong, M.B. Brenner
Recognition of a lipid antigen by CD-1-restricted o B *T-cells. Nature 372(1994)
691-694

[35] PA. Sieling, D. Chatterjee, S.A. Porcelli CD1-restricted T-cell recognition of
lipoglycan antigens.  Science 269(1995) 227-230

[36] B.J. Spargo, L.M. Crowe, T. Ioneda, B.L. Beaman, J.H. Crowe, Cord factor (o, o
-trehalose 6,6" dimycolate) inhibits fusion between phospholipid vesicles Proc. Natl.

Acad. Sci. USA 88 (1991) 737-740

60



[37] J. Indrigo, R.L.Jr. Hunter, J.K. Actor, Cord factor trehalose 6,6-dimycolate (TDM)
mediates trafficking events during mycobacterial infection of murine macrophages.
Microbiol. 149 (2003) 2049-2059

[38] S. Sturgill-Koszycki, P.H. Schlesinger, P. Chakraborty Lack of acidification in
Mycobacterium phagosomes produced by exclusion of the vesicular proton-ATPase.
Science 263(1994) 678-681

[39] P.C. Karacousis, W.R. Bishai, S.E. Dorman, Mycobacterium tuberculosis cell
envelope lipids and the host immune response. Cell Microbiol. 6 (2004) 105-116

[40] J. Indrigo, R.L.Jr. Hunter, J.K. Actor, Influence of trehalose 6,6’-dimycolate (TDM)
during mycobacterial infection of bone marrow macrophages. Microbiol. 148 (2002)
1991-1998

[41] D.O. Co, L.H. Hogan, S.I. Kim, M. Sandor Mycobacterial granulomas : keys to a
long-lasting host-pathogen relationship. 113(2004)130-136

[42] HM. Algood, J. Chan, J.L. Flynn Chemokines and tuberculosis. Cytokine
Growth Factor Rev. 14(2003)467-477

[43] E.K. Jo, J.K. Park, H.M. Dockrell Dynamics of cytokine generation in patients
with active pulmonary tuberculosis. Curr. Opin. Infect. Dis. 16(2003)205-210

[44] M. Jacob, D. Togbe, C. Fremond, A. Samarina, N. Allie, T. Botha, D. Carlos, S.K.
Parida, S. Grivennikov, S. Nedospasov, A. Monteiro, M. Le Bert, V. Quesniaux, B. Ryffel
Tumor necrosis factor is critical to control tuberculosis infection. Microbes Infect.
9(2007)623-628

[45] C.A. Dinarello Biologic basis for interleukin-1 in disease. Blood 87(1996)
2095-2147

[46] V. Kinder, A.P. Sappino, G.E. Grau, P.F. Piguet, P. Vassalli The inducing role of

tumor necrosis factor in the development of bactericidal granulomas during BCG

61



infection. Cell 56(1989)731-740

[47] J.L. Flynn, M.M. Goldstein, J. Chan, K.J. Triebold, K. Pfeffer, C.J. Lowenstein, R.
Schreiber, T.W. Mak, B.R. Bloom Tumor necrosis factor-alpha is required in the
protective immune response against Mycobacterium tuberculosis in mice. Immunity
2(1995)561-572

[48] A.G. Bean, D.R. Roach, H. Briscoe, M.P. France, H. Korner, J.D. Sedgwick, W.J.
Britton Structural deficiencies in granuloma formation in TNF-gene targeted mice
underlie the heightened susceptibility to aerosol Mycobacterium tuberculosis infection,
which is not compensated for by lymphotoxin. J. Immunol. 162(1999)3504-3511

[49] D.R. Roach, A.G.Bean, C. Demangel, M.P. France, H. Briscoe, W.J. Britton =~ TNF
regulates chemokine induction essential for cell recruitment, granuloma formation, and
clearance of mycobacterial infection. J.Immunol. 168(2002) 4620-4627

[50] N.P. Juffermans, S. Florquin, L. Camoglio, A. Verdon, A.H. Kolk, P. Speelman, S.J.
van Deventer, T. van Der Poll Interleukin-1 signaling is essential for host defense
during murine pulmonary tuberculosis. J. Infect. Dis. 182(2000) 902-908

[51] C.M. Fremond, D. Togbe, S. Rose, V. Vasseur, I. Maillet, M. Jacob, B. Ryffel, V.F.
Quesniaux, IL-1 receptor-mediated signal is an essential component of
MyD88-dependent innate response to Mycobacterium tuberculosis infection. dJ.
Immunol. 179(2007) 1178-1189

[52] H. Yamada, S. Mizumo, R. Horai, Y. Iwakura, I. Sugawara Protective role of
interleukin-1 in mycobacterial infection in IL-lalpha/beta double-knockout mice.
Lab. Invest. 80(2000) 759-767

[53] L.H. Hogan, W. Markofski, A. Bock, B. Barger, J.D. Morrissey, M. Sandor,
Mycobacterium bovis BCG-induced granuloma formation depends on gamma interferon

and CD40 ligand but does not require CD28. Infect. Immunol. 69 (2001) 2596-2603

62



[54] A.M. Cooper, J. Magram, J. Ferrante, .M. Orme Disseminated tuberculosis in
interferon gamma gene disrupted mice. J. Exp. Med. 178(1993)2243-2247

[55] H. Takimoto, H. Maruyama, K.I. Shimada, R. Yakabe, I. Yano, Y. Kumazawa
Interferon-gamma independent formation of pulmonary granuloma in mice by injection
with trehalose dimycolate(cord factor), lipoarabinomannan and phosphatidylinositol
mannosides isolated from Mycobacterium tuberculosis. Clin. Exp. Immunol.
144(2006)134-141

[56] K.J. Welsh, A.N. Abbott, S.A. Hwang, J. Indrigo, L.Y. Armitage, M.R. Blackburn,
R.L. Hunter Jr. J.K. Actor A role for tumor necrosis factor-alpha, complement C5
and interleukin-6 in the initiation and development of the mycobacterial cord factor
trehalose 6, 6-dimycolate induced garnulomatous response. Microbiol.
154(2008)1813-1824

[57] C.H. Label, C. Blum, A. Dreher, K. Reifenberg, M. Kopf, S.H. Kaufman Lethal
tuberculosis in interleukin-6 deficient mutant mice. Infect. Immunol.
65(1997)4843-4849

[58] B.M. Saunders, A.A. Frank, I.M. Orme, A.M. Cooper Interleukin-6 induces
early gamma interferon production in the infected lung but is not required for
generation of specific immunity to Mycobacterium tuberculosis infection. Infect.
Immunol. 68(2000)3322-3326

[59] K.W. Moore, R. De Waal Malefyt, R.L. Coffman, A. O’Garra Interleukin-10 and
the interleukin-10 receptor. Annu. Rev. Immunol. 19(2001)683-765

[60] P.S. Redford, A. Boonstra, S. Read, J. Pitt, C. Graham, E. Stavropoulos, G.J.
Bancroft, A. O’Garra Enhanced protection to Mycobacterium tuberculosis infection
in IL-10-deficient mice is accompanied by early and enhanced Th1 response in the lung.

Eur. J. Immunol. 40(2010)2200-2210

63



[61] P.J. Murray, R.A. Young Increased antimycobacterial immunity in
interleukin-10 deficient mice. ~ Infect. Immun. 67(1999)3087-3095

[62] D.M. Higgins, J. Sanchez-Campillo, A.G. Rosas-Taraco, E.J. Lee, ILM. Orme, M.
Gonzalez-Juarrero Lack of IL-10 alters inflammatory and immune response during
pulmonary Mycobacterium tuberculosis infection. Tuberculosis 89(2009)149-157
[63] R.A. Kastelein, C.A. Hunter, D. Cua Discovery and Biology of IL-23 and IL-27 :
Related but functionally distinct regulators of inflammation. Annu. Rev. Immunol.
25(2007) 221-242

[64] F. Larousserie, S. Pflanz, A. C. UHermine, N. Brousse, R. Kastelein, O. Devergne
Expression of IL-27 in human Th-1-assocuated granulomatous diseases. J. Pathol.
202(2002) 164-171

[65] C. Holscher, A. Holscher, D. Ruckerl, T. Yoshimoto, H. Yoshida, T. Mak, C. Saris, S.
Ehlers The IL-27 receptor chain WSX-1 differentially regulates antibacterial
immunity and survival during experimental tuberculosis. J. Immunol. 174(2005)
3534-3544

[66] J.E. Pearl, S.A. Khader, S.A. Solache, L. Gilmartin, N. Ghilardi, F. deSauvage, A.M.
Cooper. IL-27 signaling compromises control of bacterial growth in
mycobacteria-infected mice. J. Immunol. 173(2004) 7490-7496

[67] J.J. Letterio, A.B. Roberts Regulation of immune response by TGF-beta.
Annu. Rev. Immunol. 16(1998) 137-154

[68] R.H. Pando, H.O. Esteves, H.A. Maldonado, D.A. Leon, M.M. Landeros, D.A.
Espiosa, V. Mendoza, F.L. Casillas A combination of a transforming growth factor
beta antagonist and an inhibitor of cyclooxygenase is an effective treatment for murine
pulmonary tuberculosis. Clin. Exp. Immunol. 144(2006) 264-272

[69] P. Menten, A. Wuyts, J. van Damme Macrophage inflammatory protein-1

64



Cytokine Growth Factor Rev. 13(2003)455-481

[70] E.R. Rhoades, A.M. Cooper, I.M. Orme Chemokine response in mice infected
with Mycobacterium tuberculosis. Infect. Immun. 63(1995) 3871-3877

[71] A. Yoshimura, T. Naka, M. Kubo SOCS proteins, cytokine signaling and
immune regulation.  Nat. Rev. Immunol. 7(2007) 454-465

[72] L. Verstrepen, I. Carpentier, K. Verhelst, R. Beyaert ABINs : A20 binding
inhibitor of NF-kappaB and apoptosis signaling. Biochem. Pharmacol. 78(2009)
105-114

[73] S.S. Allen, L. Cassone, T.M. Lasco, D.N. McMurray, Effect of neutralizing
transforming growth factor B8 1 on the immune response against Mycobacterium
tuberculosis in guinea pigs. Infect. Immun. 72 (2004) 1358-1363

[74] 1.S. Dimitriou, L. Clemenza, A.J. Sotter, G. Chen, FM. Guerra, R. Rottapel, Putting
out the fire : coordinated suppression of the innate and adaptive immune systems by
SOCS1 and SOCS3 proteins. Immunological. Rev. 224 (2008) 265-283

[75] K. Imai, T. Ochiai-Kurita, K. Ochiai, Mycobacteirum bovis bacillus Calmette
Guerin infection promotes SOCS induction and inhibits IFN-vy stimulated JAK/STAT
signaling in J774 macrophages. FEMS Immunol. Med. Microbiol. 39 (2003) 173-180
[76] R. Nakamura, H. Okunuki, S. Ishida, Y. Saito, R. Teshimura, J. Sawada, Gene
expression profiling of dexamethasone-treated RBL-2H3 cells : induction of
anti-inflammatory molecules. Immunol. Lett. 15 (2005) 272-279

[77] F.S. Machado, J.E. Johndrow, L. Esper, A. Dias, A. Bafica, C.N. Serhan, J.Aliberti,
Anti-inflammatory actions of lipoxinA4 and aspirin-triggered lipoxin are SOCS-2
dependent. Nat. Med. 12 (2006) 330-334

[78] S. Li, S. Chen, X. Xu, A. Sundstedt, K.M. Paulsson, P. Anderson, S. Karlsson, H.O.

Sjogren, P. Wang, Cytokine-induced Src homology 2 protein (CIS) promotes T-cell

65



reveptor mediated proliferation and prolongs survival of activated T-cells. J. Exp. Med.
191 (2000) 985-994

[79] S.L. Gaffen, An overview of IL-17 function and signaling. Cytokine 43 (2008)
402-407

[80] A.S. Khader, A.M. Cooper, IL-23 and IL-17 in tuberculosis. Cytokine 41 (2008)
79-83

[81] P. Menten, A. Wuyts, Jo. Van Damme, Macrophage inflammatory protein-1
Cytokine and Growth factor reviews 13 (2002) 455-481

[82] E. Melgarejo, M.A. Medina, F.S. Jimenez, J.L. Urdiales, Monocyte chemoattractant
protein-1:A key mediator in inflammatory process. Int. J. Biochem. Cell Biol. 48 (2009)
998-1001

[83] L.F. Neville, G. Mathiak, O. Bagasra, The immunobiology of interferon-gamma
inducible protein 10kD(IP-10):a novel, pleiotropic member of the C-X-C chemokine
superfamily. Cytokine and Growth factor reviews 8 (1997) 207-219

[84] F. Zhang, S. Tsai, K. Kato, D. Yamanouchi, C. Wang, S. Rafii, B. Liu, K.C. Kent,
Transforming growth factor-beta promotes recruitment of bone marrow cells and bone
marrow-derived mesenchymal stem cells through stimulation of MCP-1 production in
vascular smooth muscle cells. J. Biol. Chem. 284 (2009) 17564-175674

[85] S. Segawa, D. Goto, Y. Yoshiga, M. Sugihara, T. Hayashi, Y. Chino, I. Matsumoto, S.
Ito, T. Sumida, Inhibition of transforming growth factor-beta signaling attenuates IL-18
plus IL-2-induced interstitial lung disease in mice. Clin. Exp. Immunol. 160 (2010)
394-402

[86] M. Anthoni, V.N. Fyhrquist, F. Wolff, H. Alenius, A. Laurema, Transforming growth
factor-beta/Smad3 signaling regulates inflammatory responses in a murine model of

contact hypersensitivity. Br. J. Dermatol. 159 (2008) 546-554

66



[87] A. Parihar, T.D. Eubank, A.I. Doseff Monocytes and macrophages regulate
immunity through dynamic network of survival and cell death. J. Innate Immunity
2(2010) 204-215

[88] P.H. Krammer, R. Arnold, I.N. Lavrik Life and death in peripheral T-cells.
Nat. Rev. Immunol. 7(2007) 532-542

[89] A.D. Kennedy, F.R. DeLeo Neutrophil apoptosis and the resolution of infection.
Immunol. Res. 43(2009) 25-61

[90] F. vanHerreweghe, N. Festjens, W. Declerq, P. Vandenabeele Tumor necrosis
factor-mediated cell death: to break or to burst, that’s the question. Cell. Mol. Life
Sci. 67(2010) 1567-1579

[91] I.E. Wertz, KM. O'Rourke, H. Zhou, M. Eby, L. Aravind, S. Seshagiri, P. Wu, C.
Wiesmann, R. Barker, D.L. Boone, A. Ma, E.V. Koomin, V.M. Dixit De-ubiquitination
and ubiquitin ligase domains of A20 downregulate NF-kappa B signaling. Nature
430(2004) 694-699

[92] H. Staege, A. Brauchlin, G. Schoedon, A. Schaffner, Two novel genes FIND and
LIND differentially expressed in deactivated and Listeria-infected macrophages.
Immunogenetics. 53 (2001) 105-113

[93] A. Wullaert, L. Verstrepen, S. V. Huffel, M. Adib-Conquy, S Cornelis, M. Kreike, M.
Haegman, K. E. Bakkouri, M. Sanders, K. Verhelst, I. Carpentier, J. M. Cavaillon, K.
Heyninck, R. Beyaert, LIND / ABIN-3 is a novel lipopolysaccharide-induced inhibitor of
NF-kappa-B activation. J. Biol. Chem. 282 (2007) 81-90

[94] K. Verhelst, L. Verstrepen, B. Coornaert, I. Carptentier, R. Beyaert, Cellular
expression of A20 and ABIN-3 in response to Toll-like receptor-4 stimulation. Methods
Mol. Biol. 78 (2009) 105-114

[95] L. Verstrepen, M. Adib-Conquy, M. Kreike, I. Carpentier, C. Adrie, J.M. Cavaillon,

67



R. Beyaert, Expression of the NF-kappa B inhibitor ABIN-3 in response to TNF and
toll-like receptor 4 stimulation is it self regulated by NF-kappa B. J. Cell. Mol. Med 12
(2008) 316-329

[96] S. Wagner, 1. Carpentier, V. Rogov, M. Kreike, F. Ikeda, F. Lohr, C.J. Wu, V. Dotsch, I.
Dikic, R. Bayaert, Ubiquitin binding mediates the NF-kappa B inhibitory potential of
ABIN proteins. Oncogene 27 (2008) 3739-3745

[97] C. Mauro, F. Pacifico, A. Lavorgna, S. Mellone, A. Lannetti, R. Acquaviva, S.
Formisano, P. Vito, A. Leonardi, ABIN-1 binds to NEMO / IKK-gamma and co-operates
with A20 in inhibiting NF-kappa-B. J. Biol. Chem. 281 (2006) 18482-18488

[98] J.H. Shim, C. Xiao, A.E. Paschal, S.T. Bailey, P. Rao, M.S. Hayden, K.Y. Lee, C.
Bussey, M. Steckel, N. Tanaka, G. Yamada, S. Akira, K. Matsumoto, S. Ghosh, TAK1,
but not TAB1 or TAB2, plays and essential role in multiple signaling pathway in vivo.
Genes. Dev. 19 (2005) 2668-2681

[99] L.A. O’'Neill Signal transduction pathways activated by the IL-1 receptor/toll-like
receptor superfamily. Curr. Top. Microbiol. Immunol. 270(2002) 47-61

[100] K. Yamaguchi, K. Shirakabe, H. Shibuya, K. Irie, I. Oishi, N. Ueno, T. Taniguchi,
E. Nishida, K. Matsumoto, Identification of a member of the MAPKKK family as a
potential mediator of TGF-beta signal transduction. Science 270(1995) 2008-20

[101] G. Takaesu, R.M. Surabhi, K.J. Park, J. Ninoyama-Tsuji, K. Matsumoto, R.B.
Gaynor, TAK-1 is critical for I« B kinase-mediated actication of the NF-kappa B
pathway.  J. Mol. Biol. 326(2003)105-115

[102] G. Takaesu, S. Kishida, A. Hiyama, K. Yamaguchi, H. Shibuya, K. Irie, J.
Ninomiya-Tsuji, K. Matsumoto, TAB-2, a novel adaptor protein, mediates activation of
TAK-1 MAPKKK by linking TAK-1 to TRAF-6 in the IL-1 signal transduction pathway.

Mol. Cell. 5(2000) 649-658

68



[103] C. Wang, L. Deng, M. Hong, G.R. Akkaraju, J. Inoue, Z.J. Chen, TAK-1 is a
ubiquitin-dependent kinase of MKK and IKK. Nature 412(2001)346-351

[104] L. Quitang, M.V. Inder, NF-kappaB regulation in the immune system. Nat. Rev.
Immunol. 2(2002) 725-735

[105] P.P. Tak, G.S. Firestein, NF-kappaB : a key role in inflammatory diseases. J. Clin.
Invest. 107(2001) 111-137

[106] B. Billack, Macrophage activation : Role of Toll-like receptors, nitric oxide, and
Nuclear Factor kappa B. Am. J. Pharm. Educ. 70 (2006) 102

[107] S. Gerondakis, M. Grossmann, Y. Nakamura, T. Pohi, R. Gurmort, Genetic
approaches in mice to understand Rel / NF-kappaB and I-kappaB function ; Transgenic
and knockouts. Oncogene 18(1999) 6888-6895

[108] E. Doz, S. Rose, N. Court, S. Front, V. Vasseur, S. Charon, M. Gilleron, G. Puzo, 1.
Fremaux, Y. Delneste, F. Erad, B. Ryffel, O.R. Martin, V.F. Quesniaux, Mycobacterial
phosphatydilinositol mannosides negatively regulate host Toll-like receptor 4,
MyD88-dependent proinflammatory cytokines, and TRIF-dependent co-stimulatory
molecule expression. J. Biol. Chem 284 (2009) 23187-23196

[109] H. Kojima, Y. Aizawa, Y. Yanai, K. Nagaoka, M. Takeuchi, T. Ohta, H. Ikegami, M.
Ikeda, M. Kurimoto, An essential role for NF-kappaB in IL-18 induced IFN-gamma
expression in KG-1 cells. J. Immunol. 162(1999)5063-5069

[110] D.M. Bowdish, K. Sakamoto, M.J. Kim, M. Kroos, S. Mukhopadhyay, C.A. Leifer,
K. Tryggvason, S. Gordon, D.G. Russel, MARCO, TLR-2 and CD14 are required for
macrophage cytokine responses to mycobacterial trehalose dimycolate and
Mycobacterium tuberculosis. PloS Pathog. 5 (2009) Epub 2009 Jun 12

[111] N.D. Perkins, Post-transcriptional modifications regulating the activity and

function of the nuclear factor kappa B pathway. Oncogene 25(2006)6717-6730

69



[112] B.A. Malynn, A. Ma, A20 takes on tumors : tumor suppression by an
ubiquitin-editing enzyme. J. Exp Med. 206(2009)977-980

[113] H. Huang, Q.Z. Tang, A.B. Wang, M. Chen, L. Yan, C. Liu, H. Jiang, Q. Yang, Z.Y.
Biang, X. Bai, L.H. Zhu, L. Wang, H. Li, Tumor suppressor A20 protects against
cardiac hypertrophy and fibrosis by blocking transforming growth factor-beta-activated
kinase 1-dependent signaling. Hypertension 56(2010)232-239

[114] L. Vereecke, R. Beyaert, G. van-Loo, The ubiquitin editing enzyme
A20(TNFAIP-3) is a central regulator of immunopathology. Trends Immunol.
30(2009)383-391

[115] K. Heyninck, D. DeValck, W.V. Berghe, W. Van Criekinge, R. Contreras, W. Fiers,
The zinc finger protein A20 inhibits TNF-induced NF-kappaB-dependent gene
expression by interfering with an RIP- or TRAF2- mediated transactivation signal and
directly bind to a novel NF-kappaB-inhibiting protein ABIN. J. Cell. Biol.
145(1999)1471-1482

[116] L. Verstrepen, I. Carpentier, K. Verhelst, R. Beyaert, ABINs : A20 binding
inhibitors of NF-kappaB and apoptosis signaling. Biochem. Pharmacol.
78(2009)105-114

[117] B.K. Weaver, E. Bohn, B.A. Judd, M.P. Gill, R.D. Schreiber, ABIN-3 : a
molecular basis for species divergence in interleukin-10 induced anti-inflammatory

actions. Mol. Cell. Biol. 27(2007)4603-4616

70



