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Objective(s): Game theory describes the interactions between two players and the pay-off from
winning, losing, or compromising. In the present study, Mycobacterium tuberculosis (Mtb)-host
interactions were used as an example for the application of game theory to describe and predict the
different outcomes of Mtb-infection and introducing target molecules for use in protection or therapy.
Materials and Methods: The gene expression for eight main markers (CCR1, CCR2, IDO, Tbet, TGFf,
iNOS, MMP3, MMP9) of host response and three Mtb virulence factors (Ag85B, CFP-10, ESAT-6) were
assessed in broncho-alveolar lavage of TB* and TB- patients.

Results: The players’ strategies in the “Nash equilibrium”, showed that Ag85B is the main virulence
factor for Mtb in active phase, and also the most immunogenic factor, if the host can respond by high
expression of T-bet and iNOS toward a Th1 response. In this situation, Mtb can express high levels of
ESAT-6 and CFP10 and change the game to the latency, in which host responses by medium expression
of T-bet and iNOS and medium level of TGF-f3 and IDO. Consistently, the IDO expression was 134-times
higher in TB*s than the TB's,and the T-bet expression,~200-times higher in the TB's than the TB"s.
Furthermore, Mth-Ag85B had a strong positive association with CCR2, T-bet and iNOS, but had a
negative correlation with IDO.

Conclusion: Ag85B and maybe ESAT6 (without its suppressive C-terminal) should be considered for
making subunit vaccines. And, preventing IDO formation in dendritic cells might be a novel target for
immunotherapy of tuberculosis, to reduce the pressure of immune-suppression on Th1 responses.
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Introduction

When two organisms, individuals, parties, teams,
or even countries interact, the outcome varies greatly,
depending on the intention of each party involved
(1). Attempts to quantify these interactions can be
assessed, using game theory models. Game theory is a
mathematical framework, describing the outcome (pay-
off) resulting from specific interactions (game) between
two individuals (players) (2, 3). In a biological context,
game theory can describe interactions between a host
and its parasite through epigenetic strategies, and the
resulting pay-off from healthy, infected, or disease
onset. The conflict is very complex, as both organisms
are responsible for resisting and helping the associated
species to survive (1-3).

Bacteria and their host under stress may carry
out the sophisticated principles of game theory, in
order to decide whether to compromise or invade for
elimination of the danger (4). Therefore, it is especially
important for players to think about each other’s
strategic choices and react accordingly(4). Interactions
between Mycobacterium tuberculosis (Mtb) and human

(players) are often included in the Mtb’s strategies to
invade host responses, to replicate and persist within
the host, and on the other hand, the host attempts to
induce appropriate responses to eliminate the infection
(5). Particularly, in the case of Mtb infection, these
interactions are in a strict completion, as the microbe
has adapted to replicate within the macrophages, which
are specialized cells for killing microbes and the host
must activate the infected cell to clear Mtb (5, 6).

The nature of Mtb and the genetic characteristics
of the host seem to be important in the development,
progress, and severity of infection. Even though
numerous association studies have been performed
to identify genetic factors responsible for variations in
TB susceptibility, to date, these candidate genes have
not been found (7, 8). Therefore, Mtb elimination and
dormant or active Mtb infections in a given population
seem to be associated with epigenetic processes. With
a better understanding of the connections between
bacterial infectious diseases and epigenetic events,
opportunities will arise for therapeutic solutions,
particularly, as epigenetic processes can be reverted.
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This opens a new pathway for future research in the
field of microbial pathogenesis (9, 10).

After infectious droplets of Mtb are inhaled, innate
and adaptive effector mechanisms for intracellular
infection or appropriate cell-mediated immunity (CMI)
are able to eliminate the infection. The main effector
player in this situation is the macrophages that are
strongly activated by IFN-y, and the habitats for Mth
transform into activated macrophages to eradicate the
infection (11).

In an immunological equilibrium or latent TB, the
main immune response against Mtb is CMI, which
can only control bacterial replication and consequent
dissemination. A solid granuloma develops around the
bacteria, composed of mononuclear immunity cells,
such as macrophages in different maturation stages and
T cells of different phenotypes (12).

In reactivation or active TB infection, the weakening
of the immune system or inappropriate immune
responses causes the granuloma to become caseous and
later to liquefy, and as a result, Mtb starts to replicate.
Then, they leave their host cells and spread to other
areas of the lung, other organs, and the environment
(13), which is called active TB.

In this study, the main elements in each phase of
host immune responses and Mtb virulence factors were
introduced in the game theory framework to show the
application of this theory in host-microbe interactions.
Briefly, the main strategies to adapt to its habitat,
Mtb, as a parasitic organism, is to produce several
virulence molecules, such as the 6-kD early secreted
antigenic target ESAT-6 (EsxA), the 10-kD culture
filtrate protein CFP-10 (EsxB), PPEs, and Ag85B, which
actively intervene in both innate and adaptive immune
responses of the host (14, 15).

Chemokines (CCLs) and chemokine receptors (CCRs)
are the first factors, in response to a danger signal
involved in cell migration and immune polarization
(such as Th1, Th2, and Th17). The polarization of these
different types of responses depends on APC functions,
which can activate specific transcription factors like
T-bet, GATA-3, ROR-yt, and FoxP3 toward polarization
(16, 17). For example, IDO activates in APCs, catalyzes
tryptophan, and thus, can induce a Treg response to
produce immune-modulatory TGF-f3, or APC- producing
IL-12 can induce a Th1 response to secret IFN-y (18,
19). The last stage is activation of macrophages to
produce oxygen-dependent, highly toxic factors for
killing Mtb, proteases, inducing apoptosis or autophagy,
or producing matrix metalloproteinases (MMPs), which
may be involved in inflammation or tissue damages.
(20-22).

In tuberculosis infection, Mtb and the host are
two players in a game with a conflict of interest,
in which interaction of their strategies determines
the outcome (23). Among all possible strategies,
appropriate responses of each player were selected by
Nash equilibrium calculation as rational and optimal
responses, happening in our assessments, and other
possible strategies were excluded due to complexity.
The interest of Mtb is to enhance its payoff by replicating
as much as possible, and then by being transferred out
of the host to find a new subject. In contrast, the host
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attempts to decrease or eliminate the infection with
minimal harm (23).

In the present study, Mtb-host interactions were used
as an example for the application of the game theory
to describe and predict the different outcomes of Mtb-
infection and introducing target molecules for use in
protection or therapy. Therefore, some main epigenetics
factors were assessed and introduced to the game theory
framework to describe the three outcomes of Mtb-host
interactions, including host overcomes the infection
(protection), equality (latency), or Mtb dissemination
(active TB).

Materials and Methods

Study population

The study population was 30 patients, including
14 TB patients and 16 non-tuberculosis pulmonary
patients with positive Mantoux test results who were
referred to the Department of Internal Medicine, Ghaem
Hospital, Mashhad University of Medical Sciences
(MUMS), Mashhad, Iran. In the TB+ group, the smear
and culture of sputum were negative, but IS6110-PCR
on the BAL sample was positive. For each patient, a
clinical examination and a checklist were completed
by a pulmonologist. The study was approved by the
Bio medical Ethics Committee of MUMS, (No: 941165,
930690,930635,and 930634) and informed consentwas
obtained from each subject. In addition, all experiments
were performed in accordance with relevant guidelines
and regulations. In particular, written informed consent
was obtained from all participants and all HIPAA
identifiers were anonymized.

Sample collection

A total of 50 ml pulmonary lavage was taken from
each subject by a pulmonologist. After centrifugation at
7000 RPM, the pellet was stored in the Tri-pure (Roche
Co., Germany) at -70 °C, until further RNA extraction.

RNA extraction and cDNA synthesis

Total RNA was extracted from Tripure-treated
samples (Roch Diagnostics Roche, Mannheim, Germany),
according to the manufacturer’s instructions, and then
reverse transcribed to ¢cDNA with random hexamer
primers, using the RevertAid™ H kit (Fermentas,
Germany).

All primers/probes for gene expression analysis
were designed, using sequence data available in the
NCBI databases (NCBI, NIH, USA) by Beacon Designer
software (PREMIER Biosoft International, Palo Alto,
CA, USA). The specificity of the primers was checked by
BLAST analysis (NCBI, NIH, USA). Primers and probes
were synthesized by the BIONEER Corporation (South
Korea), and their specificity was then confirmed by
endpoint PCR and sequencing of the products by Applied
Biosystems (SEQLAB, Germany). Table 1 shows the
sequences of primers and probes for the main virulence
antigens of Mtb and the immunological factors in the
main steps of the anti-responses Mtb.

Relative real-time PCR

Quantitative TagMan real-time PCR was performed
with a Q6000 machine (Qiagen, Hilden, Germany),
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Table 1. Primer and probe sequences & associated accession numbers

Genes Accession number Primers Probe
F TTGTCTTTCAGCAAGGACTGG

B2M NM_004048.2 TCACATGGTTCACACGGCAGGCAT
R CCACTTAACTATCTTGGGCTGTG
F CCAGCATCTACCTCCTGAAC

CCR1 NM_001295.2 ACCTGCTCTTCCTGTTCACGCTTC
R GGATCTTACACATGGCATCAC
F CGGCCTGAGTAACTGTGAAAG

CCR2 NM_001123041.2 ACTGGACCAAGCCACGCAGGTGACA
R CGAAGGCATAGATGATGGGATTG
F GTCCAATGTGACCCAGATG

T-bet NM_013351.1 CCTCTGGCTCTCCGTCGTTCTCAACAC
R TGCGTGTTGGAAGCGTTG
F GCTCAAATCTCGGCAGAATCTAC

iNOS NM_000625.4 TCCGACATCCAGCCGTGCCACCA
R GCCATCCTCACAGGAGAGTTC
F GCAAGTGGACATCAACGGGTT

TGFB NM_000660.5
R CGCACGCAGCAGTTCTTCTC
F GCCAAGGTCATCCAACTACT

IDO NG_028155.1 AAGCTGCTCGAGATTTCCACCAATAGA
R GCCTGCTTCACCACCTTCTGATG
F CCCACTCTATCACTCACTCACAG

MMP3 NM_002422.4 CCTGACTCGGTTCCGCCTGTCTCA
R CAAAGGACAAAGCAGGATCACAG
F CAGCGAGAGACTCTACAC

MMP9 NM_004994.2 CACCACGGACGGTCGCTCC
R GTCCCGGTCGTAGTTG
F CCTGCGGTTTATCTGCTCGA

Ag85B NC_000962.3 AACACCCCGGCGTTCGAGTGGTACT
R TGTAGAAGCTGGACTGCCCG
F GTCCATTCATTCCCTCCTTGAC

ESAT-6 NC_000962.3 CCTGACCAAGCTCGCAGCGGC
R GCGTTGTTCAGCTCGGTAG
F GCCAATAAGCAGAAGCAGGAAC

CFP-10 NM_021803.3 R GCCCATTTGCGAGGACAG CCTGCTGCTGCTCCTCGTCGGC

using TagMan premix (Takara Corporation, Japan) as
previously described (24). Six standards were prepared
using 10-fold serial dilution of a concentrated sample
of the genes of interest and a reference gene [beta-
2 microglobulin (f2M)]. The normalized value of the
expression for each gene was calculated as the ratio of
the number of relative copies of the mRNA of interest
to the number of relative mRNA copies of the reference
gene, indicated as the expression index.

Statistical analysis

The Statistical Package for Social Sciences (SPSS)
version 13 (IBM SPSS Inc., Baltimore, MD, USA) was
used for statistical analyses. Normality of the data was
checked before data analysis using the Kolmogorov-
Smirnov test. For non-parametric analysis, the Mann-
Whitney U test and Kruskal-Wallis test were used to
compare gene expression between the two groups. The
Spearman correlation coefficient was used to show
statistical dependence or correlation between variables.
Data were presented as mean*SEM. Results were
considered statistically significant if P<0.05.

Game theory mathematical modeling of the host and
Mtb interaction

The game theory was applied to the TB positive group,
in which the main players in the onset of tuberculosis
are the host and Mtb. Therefore, their interactions
can be modeled in two strategic (Tables 2 and 3) and
extensive forms (Figure 1) through backward induction.
In all parts of the method, a dynamic game was assessed
from the final (outcome) to the starting stages (initial
interactions in infection). To design this game, the
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first step was to determine two types of interactions:
sequential and simultaneous. Therefore, a stage game
was considered, in which the players simultaneously
performed a static subgame with complete information
during each stage while present within a dynamic game
and sequentially responding to their opponents (25-27).

Quantification and design of the pay-off matrix

The expression of main genes including host CCR1,
CCR2, IDO, T-bet, iNOS, TGF-B, MMP3, and 9 plus Mtb
Ag85B, CFP-10, and ESAT6 was considered as input
data. Gene expression of selected genes was categorized
(low/ high/ medium) by discretization by frequency
operator and the pay-off matrix was designed based on
conditional probability using the naive Bayes classifier
(NBC) by Rapid Miner V5.3 software.

Designing the extensive form of the game based
on subgame Perfect Nash equilibrium and Pareto
efficiency

The extensive form (or game tree) is a graphical
representation of a sequential game. The game tree
consists of nodes (or vertices), which are points at
which players can take action. They are connected by
edges, which represent the actions that may be taken
at the node. An initial (or root) node represents Mtb’s
strategies (S,-S,) which begin the game due to entrance
and invasion of bacteria and perform as a trigger for
starting an interaction with the host (game). Thus,
pathways which are defined as every set of edges
from the first node in the tree eventually arrive at the
repetition stages called A-H based on this origination
(Mtb’s strategies (S,-S.)). Pathways A-H consist of
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Table 2. Strategic form of game

N= {Mtb, Host}

AMtb={a1, az as, a4, as, ag}

Suw= {Sa, SB, Sc, SD, SE, SE SG, S}

Anost= {a'1,a'2,a'3,a'y,a's,a's,a'7,a's, @'9, @10, @'11, '12, 213, @'14, @'15, @'16, @'17, @'18} 1T
Shost= {Sa, Sb, Scg, Sd, Se, Sf, Sh} #

Ui= {um, Unost}

G={8, 8u.s Bnr1or 8n-1)+24-8(2n)+24 8(2n-1)+36:8(2n)+36 | ns4}

G= {gn, 8u+8, Gn+16, Bn+4)+24, B(n+4)+36 | 4<n<8}

T= T={t,tz t3,..0 | t2=tan, ta=tans1}

N; Players scape. i; player. A; action profile of player i. a_; Action of Mtb. ' ; Action of host. S; Strategy profile of player i. s; Strategy. Ui; Pay-off
profile of player i. G; Profile of subgames. g;Subgame. T; Profile of stages. t; Stage of game.

fa,= Ag85B (low), a,=CFP-10(low), a,=ESAT-6(low), a,=Ag85B (High), a,=CFP-10(High), a,=ESAT-6(High)

Ag85B (Low)< 0.082, Ag85B (High)> 0.082, CFP-10(Low)< 0.1, CFP-10(High)> 0.1, ESAT-6(Low)< 0.467 and ESAT-6(High)> 0.467.

ffa’ =CCR1(low), a’,=CCR2(low), a’,=T-bet(low), a’,=iNOS(low), a’,=TGF-B(low), a’,=IDO(low), a’,=CCR1(Medium), a';=CCR2(Medium), a’,;=T-
bet(Medium), &', =iINOS(Medium), ', =TGF-B(Medium), &’ ,=IDO(Medium), a’,,=CCR1(High), a’,,=CCR2(High), a’ ;=T-bet(High), a’, =<INOS(High),
a’,=TGF-B(High), &’ ,=IDO(High)

CCR1(Low)< 0.51, CCR1 (Medium)= [0.51-1.12], CCR1(High)> 1.12, CCR2(Low)< 0.22, CCR2 (Medium)= [0.22-0.88], CCR2(High)> 0.88,
T-bet(Low)< 0.003, T-bet(Medium)= [0.003-0.055], T-bet (High)> 0.055, iNOS(Low)< 0.003, iNOS (Medium)= [0.003-0.12], iNOS (High)> 0.12,
TGF-B (low)< 0.068, TGF-B(Medium)= [0.068-0.155], TGF-B(High)> 0.155, IDO (Low)< 0.11, IDO(Medium)= [0.11-0.43] and IDO(High) > 0.43.
#SA: Ag85B(Low), CFP-10(Low), ESAT-6(Low), SB: Ag85B(High), CFP-10(low), ESAT-6(Low),

SC: Ag85B(Low), CFP-10(High), ESAT-6(Low), SD: Ag85B(Low), CFP-10(Low), ESAT-6(High),

SE: Ag85B(High), CFP-10(High), ESAT-6(Low), SF: Ag85B(High), CFP-10(Low), ESAT-6(High),

SG: Ag85B(Low), CFP-10(High), ESAT-6(High), SH: Ag85B(High), CFP-10(High), ESAT-6(High),

#S : CCR1(High), CCR2 (Medium), T-bet (High), iNOS (High), TGF-B (Low), IDO (Low)

S,: CCR1(High), CCR2 (High), T-bet (High), iNOS (High), TGF-8 (Medium), IDO (Medium)

ch: CCR1(Medium), CCR2 (Medium), T-bet (Medium), iNOS (Medium), TGF- (Low), IDO (Low)

S,: CCR1 (High), CCR2 (Medium), T-bet (Medium), iNOS (Medium), TGF-$ (Low), IDO (Low)

S,: CCR1 (Medium), CCR2 (High), T-bet (High), iNOS (High), TGF-B (Medium), IDO (Medium)

S.: CCR1 (High), CCR2 (High), T-bet (High), iNOS (High), TGF-B (Low), IDO (Medium)

S,: CCR1 (Medium), CCR2 (High), T-bet (Medium), iNOS (Medium), TGF-8 (Medium), IDO (Medium)

Table 3. Evaluation of action roles in host strategies

TGF-B and IDO
(Medium) = latency

T-bet, iNOS (High) = Ag85B (high) T-bet, iNOS (Medium) = CFP-10(High)

CCR1 (High) CCR1 (Medium) CCR1(Medium)
CCR2 (High) CCR2 (High) CCR2(High)
B E H

MMP9 (Medium)
MMP3 (High)

MMP9 (Variable)
MMP3 (Variable)
CCR1 (Medium) CCR1 (High) CCR2 (Medium) = Decrease of Ag85B
CCR2 (High) CCR2 (Medium) CCR1 (Medium) CCR1 (High)
F A C G D
MMP9 (High) MMP9 (Medium and low) MMP9 (Medium) MMP9 (High) MMP9 (Low)
MMP3 (High) MMP3 (Variable) MMP3 (Medium) MMP3 (Low) MMP3 (Medium)

MMP9(Variable)
MMP3(Variable)

TGF-B and IDO (Low)=
Reactivation

Evaluation of action roles in host strategies. Expression of each gene in every host strategy was specialized in all strategies that remained latent (B,
E and H paths), levels of TGF-f and IDO placed in medium range and in other paths that reactivated, these genes show low expression. Therefore,
levels of TGF- and IDO were differentiator between latent and reactivated paths. In all host strategies in response to high levels of Ag85B Mtb
strategy, T-bet and iNOS expressed in high level while these levels were medium in response to high levels of CFP-10 or CFP-10 and ESAT-6,
therefore levels of T-bet and iNOS expression related with type of Mtb strategies. Levels of CCR1 and CCR2 related to increase and decrease of Mtb
virulence gene expression. High level of CCR1 expression was related to expression of CFP-10 and ESAT-6 in low level and medium level of this
chemokine receptor had reverse effect on expression of these virulence genes. When CCR2 expressed in high level, expression of Ag85B placed on
high level too, against in medium levels of CCR2 such as C, G and D paths, expression of Ag85B placed on low level

strategies that constitute a Nash equilibrium in every
subgame of the original game, and this equilibrium is

the extensive form. In infinitely repeated games, the per-
period interest rate (r) that results from game repetition

called the subgame perfect Nash equilibrium (SPE)
(25). As explained earlier, the edges eventually arrive
in repetition stages (shown as a dotted line in Figure 1)
instead of a terminal node, because this is an infinitely
repeated game, and the pay-off at the end of the game
is calculated as a total pay-off and cannot be shown in
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is important, and players change the stage pay-off to the
1

present value by a discount factor defined as §=——
I+r
In order to calculate the total pay-off of an infinitely

repeated game, a function was first defined as the utility
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Subgame perfect equilibrium extensive form of game shows backward
moving from repeated strategies (latency), which was considered
as the beginning of the game extended to the eight different Mtb’s
strategies (A-H), by changing Ag85B, CFP-10, and ESAT-6 expression
levels (reactivation or remaining latency). They are considered as final
outcomes of host-Mtb interaction in each pathway. Host’s strategies
“a’, “f”, and “cg” are grim trigger strategies and “a.a,” is another grim
trigger strategy performing by Mtb, which is responded as strategy
“d” by host. These strategies are reactivation strategies in favor of
Mtb resulting in TB manifestation. Other Mtb and host strategies are
cooperative strategies that are related to the latency phase

of strategy (u,(s)) in each stage game (t) for every period
(n) as follows:

Ui=Ui(5f)(1)

Then the player’s present value pay-off (V) was
calculated, and the total pay-off was defined as the sum
of the present values in each stage of the game for any
time period calculated as:

=

oot e S (st)-0m S s2) -0 @
n=1

t=1 n=1

Vi
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In infinitely repeated games, Patience means the
increase of futute pay-off in the present time; on the
other hand, with an increase in repetitions, r goes to
zero. Then, § goes to one, and future pay-offs resulting
from a game repetition are preferred and more valuable
than momentary pay-offs (28); this is called collusive
pricing, which is a subgame Perfect Nash equilibrium
outcome and leads to cooperation with Pareto dominant
strategies (26).

Parallel subgames’ Perfect Nash equilibrium and
appropriate response efficiency

An equilibrium in which the player’s strategy
constitutes Nash equilibrium in every parallel subgame
setofthe original game is a parallel subgame Perfect Nash
equilibrium (PSPE), which is equal to the appropriate
response because it is determined by the maximization
of the minimum pay-offs under consideration of all SPE
strategies in a time period (26).

To determine the PSPE, the original game is separated
into five parallel subgame sets, each of which refers to
a stage. Nash equilibrium joint strategy pay-offs are
placed on each set of a parallel subgame, and finally, the
best strategy of every parallel subgame is selected with
the Min-Max method as PSPE. When a PSPE is found in
any set of parallel subgames, the defined PSPE efficiency
index is calculated for each path (A-H) (26).

If “x” is the number of strategies that matched and
“y” is the number of strategies that are unmatched with
PSPE in unrepeated parallel subgames, then “n,” will be
the number of unrepeated parallel subgames, so that
n, =x+y (26).

If “n " is the number of repeated parallel subgames
that passed after the number of repetition times “t” and
n_=x'+y, then “x™ is the number of strategies matched
with the PSPE in repeated parallel subgames and “y’” is
the number of strategies which are unmatched.

For paths repeated from the first stage, x'/n
represents the PSPE efficiency index in the repeated
parallel subgames. In other paths, this index is
represented by x/n, calculated in unrepeated parallel
subgames. Therefore, three types of strategies exist
based on PSPE efficiency: PSPE dominant strategy (x>y
or x>y’), PSPE dominated strategy (x<y or x’<y’), and
PSPE optimal strategy (x=y or x’=y’) (26).

The meaning of dominant and dominated strategies
here differs from Pareto dominant and dominated,
as this classification of strategies is based on PSPE
efficiency, while classification in the previous parts was
based on Pareto efficiency (26).

The PSPE efficiency index for each subject of paths
repeated from the first stage (L(t) function) and other
paths (R(t) function) is placed in a range of values based
on the number of repetitions:

X+X' () X X () \ X
Ly LORX ( X
np+n, ¢) (72) M (71) otn,t)) 1, 79
x+X'(t) X X)) y X
REF ROE X (‘ X
50, () (g5 M g ot ) ) 0, 80

The PSPE efficiency index range for the path that

earns “x” in unrepeated stages (n0) and “x”” in repeated
stages (n ) is equal to [x/ n, x’/n ), and the paths that
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Table 4. Age homogeneity of groups

Group Age (years) P
Mean SD

TB* 68.43 8.29 0.650

TB- 69.56 7.46

Total 69.03 7.74

are repeated from the first stage and earn “x’” have a
constant value equal to x’/n .

Cooperative and grim trigger strategies in the
original game

At the end of the modeling when all the last stages
have been modeled, the game strategies are considered
for the repeated stages and eight patient outcomes, and
the earlier strategies that are placed in the repeated
stages are cooperative strategies (29, 30). If one player
contravenes his obligation, the first strategy that is not
placed in the repeated stages is grim trigger strategy
(28). The pay-off in a grim trigger strategy is less than
that in cooperation strategies and could have different
values of PSPE efficiency [x/ n, x’/n ), while cooperative
strategies are strategies with more pay-off that have a
constant PSPE efficiency equal to x’/n .

Study population data

The mean age of TB* patients was 68.43+8.29 years
(range=57 to 83 years), including 42.9% women.
The mean age of TB™ controls was 69.56+7.46 years
(range=57 to 83 years), and 56.3% were males and 46%
were females. However, the differences in age and gender
distribution were not statistically significant (Table 4).
Table 5 shows the social and demographic characteristics
of the subjects studied. Table 6 shows the comparison
of the TB positive group with the TB negative group, in
terms of clinical and para-clinical symptoms.

Table 5. Social and demographic characteristics of the study subjects

The socio-demographic profile

TB+ TB- TOTAL
N (%) N (%) N (%)
Men 57.1 43.7 50
Sex/ gender
Women 42.9 56.3 50
Employee 0 42.8 20
Men Self-employed 75 57.2 66.6
Job Retired 25 0 13.4
Housewife 42.8 64.2 50
Women
Employee 0 0 0

mRNA levels of CCR1, CCR2, iNOS, T-bet, TGFf, IDO-1,
MMP3, and MMP9 in the host

The CCR1 gene expression rates of BAL-PBMCs in
TB* and TB~ patients were 1.1+0.23 and 0.34+0.09,
respectively. There was a significant difference in the
CCR1 gene expression between TB* patients and TB-
controls (P<0.01). Although, the average CCR2 gene
expression in TB* was around 3 times higher than in the
TB-~ subjects, no significant difference was observed in
the 95% confidence level. The CCR2 gene expression
rates of BAL-PBMCs in TB* and TB~ patients were
0.78+0.21 and 0.29+0.8, respectively (P<0.01) (Table 7).

The T-bet gene expression rates of BAL-PBMCs in
TB* and TB~ patients were 0.84+0.52 and 2.28+1.44,
respectively; the difference was significant (P<0.03).
The average T-bet gene expression was around 1.53
times higher in TB~ patients than in the TB*subjects.

The mean mRNA expression rates of iNOS in the BAL-
PBMCs from TB* and TB~ patients were 0.64+0.29 and
1.72+ 0.64, respectively. As shown in Figure 1, mRNA
expression was around 2.68 times higher in healthy
carriers than in the TB* patients; however, the difference
was not statistically significant (Table 7).

The mean mRNA expression rates of TGFf in the
BAL-PBMCs of TB* and TB~ patients were 0.2+0.07
and 0.139+0.03, respectively. As shown in Figure 1,
mRNA expression was around 0.69 times higher in TB*
patients than in the healthy carriers (P<0.85). However,
no significant differences were found in the TGF§ mRNA

Table 6. Comparison of TB positive group with TB negative group in terms of clinical and para-clinical symptoms

Comparison of two groups in terms of clinical symptoms

TB- TB* p

Clinical Symptoms YES NO YES NO
Frequencies % Frequencies % Frequencies % Frequencies %
Cough 15 93.75 1 6.25 14 100 0 0 0.533
Dyspenia 14 87.50 16 12.50 11 78.57 3 2143 0.433
Lymphadenopathy 0 0 16 100 0 0 14 100
Weight losing 7 43.75 9 56.25 8 57.14 6 42.86 0.358
Decreased appetite 13 81.25 3 18.75 8 57.14 6 42.86 0.15
Respiratory failure 0 0 16 100 0 0 14 100
Comparison of two groups in terms of para-clinical symptoms

TB- TB*

Clinical symptoms P
SD Mean SD Mean

Albumin 0.58 3.98 0.08 4.44 0.02
LYM 8.77 36.24 11.37 26.44 0.01
PMN 8.36 57.22 12.39 69.48 0.004
WBC 2.21 7.6 2.4 6.8 0.30
ESR 11.78 35.64 14.60 28.87 0.1
CRP 0.51 0.5 0.12 0.5 1
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Table 7. The gene expression data using real-time PCR

In human
TB+ TB-
Genes (N=14) (N=16) p
X + SEM X + SEM
CCR1 1.1+0.23 0.34+ 0.09 0.01
CCR2 0.78+0.21 0.29+ 0.8 0.1
T-bet 0.84+0.52 2.28+1.44 0.03
INOS 0.64+0.29 1.72+ 0.64 0.24
TGF-B 0.220.07 0.139+0.03 0.85
IDO-1 0.67 +0.28 0.034+0.01 0.001
MMP-3 0.22+0.09 0.64+0.23 0.52
MMP-9 2.56+0.68 1.13+0.35 0.05
In Mycobacterium tuberculosis
Genes N Minimum Maximum X+ SEM
CFP-10 13 0.003 0.452 0.11+0.3
Ag-85B 14 0 13.79 1.16 +0.97
Esat-6 14 0.082 31.10 2.18 £8.19

levels between TB* and TB-controls (Table 7) (Figure 1).
The IDO-1 gene expression rates of BAL-PBMCs in
TB*" and TB- patients were 0.67+0.28 and 0.034%0.01,
respectively. The average IDO-1 gene expression in TB*
was around 19.70 times higher than in the TB subjects,
and the difference was significant (P<0.001) (Table 7).
The mean MMP3 mRNA expression rates in the
BAL-PBMCs of TB* and TB~ patients were 0.22+0.09
and 0.64%0.23, respectively, and the difference was
not significant (Figure 1) (Table 7). The MMP9 gene
expression rates of BAL-PBMCs in TB* and TB~ patients
were 2.56+0.68 and 1.13+0.35, respectively. There was
a significant difference in the MMP9 gene expression
between TB* patients and TB~ controls (P<0.05) (Table
7). The average MMP9 gene expression was around 2.26
times higher in TB* patients than in the TB- subjects.

Extensive form of game and three types of
cooperation

Figure 1 shows the extensive form of the game, in
which the original game (G) is separated into subgames.
Each path is an SPE of the original game. This is a Pareto
dominant strategy, leading to cooperation and infinite
repetition. There are three sets of strategies, each
leading to specific repeated stages, consisting of a joint
cooperative strategy. Every one of them shows one type
of cooperation that equals latency strategies. The first
set comprises the paths that begin with A, B, E, and F
strategies and lead to “e” host’s strategy, in response
to a high level of Ag85B, which is Mtb’s strategy (a4, €).
The second set comprises the paths that begin with A,
B, E, and F strategies and lead to the “b” host’s strategy,
in response to a high level of Ag85B, which is also Mtb’s
strategy (a4, b). The third set comprises the paths that
begin with C, D, G, and H strategies, and lead to the “h”
host’s strategy, in response to a high level of CFP-10,
which is Mtb’s strategy (a5, h). The D path, however, led
to “h” host’s strategy, in response to a high level of CFP-
10 and ESAT-6, which is Mtb’s strategy (a5a6, h), before
leading to “h” host’s strategy, in response to a high level
of CFP-10, which is Mtb’s strategy (a5, h), just like C, G,
and H paths.
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Evaluation of pathways by PSPE Efficiency As A
Criterion For Appropriate Response

PSPE was determined between parallel subgames
in each stage, consisted of “h” strategy in t5, a4 (Ag85B
(High)) Mtb strategy in t4, “h” host’s strategy against
“a.a.” (high levels of CFP-10 and ESAT-6) Mtb strategy in
stages t3 and t2, and finally in the paths that followed
high levels of Ag85B (A, B, E, and F), “a” host’s strategy,
and in other paths that followed high levels of CFP-10
and ESAT-6 (C, G, D, and H), “d” host’s strategy (Figure 1).

Figure 2 shows the PSPE efficiency indices calculated
for each path. This index had a 50% constant value in B,
E, and H paths, classified into the PSPE optimal strategy
(latent paths), 20% in the F, C, and G paths, and 40% in
the A path, which is classified into the PSPE dominated
strategy. The maximum value of this index was related
to the D path (80%), which is classified into PSPE
dominant strategy.

Moreover, this value can be calculated in each
repetition for each path, as Figure 2 shows, in a time-
course manner. Therefore, a long latency time could
reduce the PSPE efficiency index to less than 80% in
the D path, increase the PSPE efficiency index to higher
than 20% in the F C, and G paths, and increase it to
more than 40% in the A path. Moreover, a long latency
time is beneficial for the path that is classified into the
PSPE dominated strategy, and a short latency time is

Time (T)

, PSPE index
100%

40% iso%: 80%
(A) (B, E, H) (D)

""'PSPE dominated strategy
....PSPE dominat strategy

Figure 2. PSPE index during the time graph. Horizontal axis shows
the PSPE index from zero until 100% and the vertical axis shows the
number of repetition times from zero until infinity. The right curve is
a PSPE dominant strategy (D path), left curves are PSPE dominated
strategies (A, F, C, and G paths) and optimal strategy (B, E, and H
paths) is a middle line that has a constant value during the repetition
times equal to 50% and this is the vertical asymptote for two other
curves. Increase in repeated times can lead to increases in the PSPE
efficiency index and response appropriacy about inappropriate
responses. This means that interaction between host and parasite will
moderate by increasing the number of encounters of players together
and players avoiding malicious strategies and moving towards
cooperation strategies like increasing immune response inhibition by
a medium level of TGF-f3 and IDO. Another argument is at least one of
two players’ strategies which are in response to each other in repeated
stages must be placed in PSPE to shape a cooperation strategy. In A,
B, E, and F paths Mtb strategy is placed in PSPE, and in C, D, G, and H
paths host strategy is placed in PSPE
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beneficial for the path that is classified into the PSPE
dominant strategy (Figure 2).

Evaluation of the pathways by the level of MMPs
expression

To evaluate pulmonary tissue damage as a patient’s
outcome of Mtb, the host interaction levels of MMP9 and
MMP3 were determined and categorized into levels of
low, medium, or high. Levels of MMP3 and MMP9 were
determined in each path from A to H. The results showed
that in the D path, the MMP9 level was classified into
the low range; in the A path, it was classified into the
low and medium ranges; the B and C paths were related
to medium levels of MMP9, and G and F paths showed
high levels of MMPO9. Paths E and H had variable values.
Paths B and F were classified into high levels of MMP3; D
and C paths were classified into the medium range; the
G path showed low levels of MMP3, and the H path was
placed in the medium and low ranges. Paths E and A had
variable values.

Reactivation or grim trigger strategy

In A, C, F and G paths, the host contravened his
obligation in the t1 stage and entered a grim trigger
strategy, classified as a PSPE dominated strategy.
The pay-off decreased and the PSPE efficiency index
diminished from 50% to 20% for C, F, and G paths and
from 50% to 40% for the A path. Therefore, reactivation
was performed by inappropriate responses in C, F
and G, and finally led to a bad outcome (high levels of
MMP9 in G and F and medium levels in C). In the A path,
reactivation performed at a 40% efficiency. This is twice
that of C, G, and F paths, even though it was placed on
the PSPE dominated strategy. Yet, as a result, this path
showed a better outcome with medium and low levels
of MMP9.

In the D path, Mtb contravened his obligation (high
levels of CFP-10 expression as a cooperative strategy)
in the t2 stage, and entered a grim trigger strategy
(high levels of ESAT-6 expression in addition to CFP-
10), classifying as a PSPE dominant strategy. Because
of this switching, pay-off decreased, and the PSPE
efficiency index increased from 50% to 80%. Therefore,
reactivation was performed by appropriate responses
that led to better outcomes (low levels of MMP9).

According to the results, A, F C, and G paths
represented suitable strategies in latency that were
reactive by the host and led to bad outcomes, while the
D path represented a suitable strategy in latency that
was reactive by Mtb and finally led to a good prognosis.

In B, E, and H paths, no player contravened from
his obligation in any of t1 or t2 stages. Therefore, the
players remained in their joint cooperative strategies
with a constant pay-off and PSPE efficiency index (latent

group).

Discussion

In this study, the status of host-microbe interactions
(game) in the onset of TB (win or lose) was investigated
in active and latent stages of infection.

Therefore, to use game theory, we had to choose
suitable variables, which are implicated in microbe
and host strategy by evaluation of gene expression
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(epigenetics outcome) for each player (Mtb and host) in
each subject (TB*), simultaneously. Therefore, the gene
expression of the main virulence factor of Mtbh (Ag85B,
CFP-10, and ESAT-6) was considered as Mtb’s strategy,
and the host’s main immunological molecules were
assessed in four different steps of immune responses
as host’s strategies: (i) leukocyte recruitment by
chemokine receptors (CCR1 and CCR2), (ii) polarization
of the response by transcription factor expressions
(T-betand TGF-), (iii) cytokine and immunomodulatory
factor production (IDO and iNOS), and (iv) release of
effector molecules in tissue damage (MMP3 and MMP9).
However, this condition can be changed depending
on host (human) or microbe (Mtb) activities, under
the influence of epigenetic strategies (31). In the
present study, the first step of the game was induced
by Mtb as a parasite for colonization in which the host
responds by recruitment of leukocytes to the site of
infection. Findings showed that both CCR2 and CCR1
expression were higher in TB* patients than in Mantoux
positive TB~ patients. Although CCR1 expression was
statistically significant, CCR2 met significance only
at level of 90% confidence interval (0.1). This form of
expression is in favor of bacteria as Th2-like cells and
monocyte macrophages recruit and exacerbate airway
inflammation.

The next step was consistent with these findings as
the main difference between TB* and TB~ patients was
expression of T-bet, which was ~200 times more in the
Mantoux positive TB~ patients than in the active TB
patients. Furthermore, expression of IDO as an immune-
suppressor was 134 times more in TB* than in the TB-
patients. In such a situation, with a high level of IDO
expression as an inducing factor for Treg polarization, a
higher expression of TGF-f3 in TB* patients is expected,
while in reality, its expression was 4 times more, but
did not meet the 95% CI (P=0.1). Taken together, Th1
recruitment (T-bet high expression) can protect the host
against Mtb infection and Th2 like, Treg high responses
and maybe the CCR2 expressing monocyte/macrophage
have been in favor of lung inflammation and microbe
dissemination in TB* patients.

The expression profile for the TB* patients was applied
in a mathematical model to describe players’ behaviors
in the game, and by the Pareto efficiency criteria to
describe the three outcomes of Mtb infection, in terms
of host-microbe interactions. In this model, an extensive
form of the game was designed by SPE to exclude non-
credible threats that a rational player would not actually
carry out because it would not be in his interests (32).
Therefore, none of the players selected low levels of
defective factors or virulence molecules as a strategy,
although these strategies were also not seen among the
players, in the assessed situations.

In this study, it could be assumed that all patients
(TB* and TB~) were in the latent phase, based on the
mean age of the subjects and positive Monteux test
results. At this stage of latency, the interactions of host
and microbes reach a cooperation strategy or latency
status, but some subjects experienced Mtb reactivation
or grim trigger strategy. Some patients followed the
strategies, in response to high levels of Mtb Ag85B
expression (b and e strategies; Figure 1), and others
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designed different strategies in response to high levels
of Mtb CFP-10 expression (h strategy; Figure 1).

The best strategy for Mtb in latency is the high
level of Ag85B expression that was determined to be a
component of PSPE. This can be explained by the fact
that Ag85B is a TAG synthase and might be a key player
in both cell wall stability and biosynthesis of storage
compounds for the survival of Mtb, in the dormant state
(Mtb in the A, B, E, and F paths followed this strategy)
(Figure 1).

Another strategy that Mtb may use in latency
is high levels of CFP-10 expression. In this stage,
all ESAT-6 molecules were in the form of CFP-10/
ESAT-6 as a chaperone and were not able to express
any effective function (C, D, G, and H paths followed
this strategy). As a result, high levels of CFP-10
expression and the heterodimer form of CFP-10/ESAT-
6 guarantee the compromise between the host and
Mtb, due to (i) inhibition of phagosome rupture and
cytosolic translocation of mycobacteria that prevent
growth, proliferation, and dispersion of bacteria; (ii)
ESAT-6 in complex with CFP-10 also interacts with
beta-2 microglobulin ($2M), affecting the antigen
presentation activities of macrophages and preventing
the recognition of Mtb in dormancy; (iii) CFP-10 in the
ESAT-6/CFP-10 complex may particularly contribute to
neutrophil recruitment and activation. Thus, during Mtb
infection, the high level of this virulence factor leads to
inflammatory reactions, complicating the immuno-
pathogenesis of TB (33); (iv) ESAT-6/CFP-10 complex
enhances the production of NO and IL-12 released
from M1 cells, following IFN-y stimulation. The game
theory results for this status showed that the presence
of CFP-10 resulted in the production of medium level
T-bet, inducing Th1 cells to produce IFN-y, and also
medium level of iNOS for NO production (7, 33). These
two mechanisms keep the pathogen in a limited activity
(latency); and (v) in such strategy, the high level of CCR2
expression may induce IFN-yR1 on the surfaces of the
macrophages and create an appropriate innate immune
response to help with Mtb elimination (16).

In pathways C and G, when the host contravenes his
obligation from “h” to “cg” strategy, leads to reactivation
by a grim trigger strategy (cg), instead of a cooperative
strategy (h). Furthermore, the production of IDO and
TGF-B was decreased, in order to up-regulate the
protective immune response to remove Mtb, also the
probability of phagosome acidification increased, and
CFP-10 and ESAT-6 were dissociated upon acidification.
Consequently, ESAT-6 allowed interaction with the
phagosomal membrane, resulting in phagosome rupture
and cytosolic translocation of mycobacteria. Another
altered part of the host strategy is the decrement of
CCR2 expression, leading to the decreased recruitment
of monocytes. This is a rational decision because ESAT-6
was shown to directly bind to Toll-like receptor 2 (TLR2),
inhibiting TLR signaling in macrophages. Inhibition
of macrophage response by ESAT-6 does not earn a
significant pay-off (34). Therefore, the recruitment of
monocytes will be decreased in the host, in order to
prevent the pay-off of energy loss. This is a rational way
to minimize Mtb pay-off by not allowing the bacteria to
develop its own strategy.
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In pathway D, the patient induces a pattern of
gene expressions, including CCR1 (high), CCR2, T-bet,
iNOS, TGF-B, and IDO (medium), in response to Mtb’s
high expression of CFP-10 in the latent phase. In
this commensal situation, Mtb decides to leave the
cooperation and expresses ESAT-6 along CFP-10, leading
to the increased probability of ESAT-6 production
without CFP-10. Therefore, these ESAT-6 molecules can
inhibit phagosome maturation and lead to phagosome
rupture and cytosolic translocation of mycobacteria.
With this strategy, bacteria can evade the toxic
elements of the phagolysosome, and they can activate
pro-inflammatory pathways such as IL-1, IL-8, IL-12,
and IFN-B. Thus, this is an appropriate host immune
response to low levels of TGF-f3 and IDO, high levels of
CCR1, and medium levels of CCR2. That is a punishment
strategy for Mtb, because (i) low levels of TGF- and
IDO lead to a decrease in immune system over-reaction
by inhibiting harmful inflammation; (ii) change of
CCR1 from the medium to the high level, consequently
led to decreased CFP-10, as activation of this pathway
recruits Th1 lymphocytes to the site of infection, which
are the most powerful arm of the immune system to
combat intracellular invaders. The radical change in
CCR2 from a high to a medium level did not allow Th2
to come to the site of the infection (35). Consequently,
the response promotes in favor of Thil, and the host
can produce appropriate anti-Mtb responses. Thus, Mth
loses the game and has to decrease its production of the
main virulence factor, Ag85B, due to the high level of
immunogenicity. Finally, Mtb could just save a high level
of ESAT-6, because the virulence is weak for dominance;
it is a punishment state for Mtbh. Moreover, low levels of
MMP9 and medium levels of MMP3 in this path, show
a low level of pulmonary tissue damage, in favor of a
modulated proper immune response.

Low levels of MMP9 lead to increased recruitment
of neutrophils and an appropriate innate immune
response, while medium levels of MMP3 can be related
to the medium level of CCL2 (MCP-1), as a ligand of
CCR2 and to medium levels of monocytes recruitment
(36-39).

The game theory model demonstrated that the best
outcome in path “D” occurred for several reasons. The
first one is related to the Pareto efficiency, like the other
paths, but with only one difference, which is 80% of its
strategies were matched with PSPE and appropriate
protective responses. The rationale behind the reason
that this strategy is better for the host is, unlike the other
paths, in path D Mtb leaves the cooperation or latency
by a grim trigger strategy, which is matched with PSPE.
Firstly, Mtb is a parasite and the most common behavior
for any parasite is to “save its host”, in favor of species
survival. Reaching an equilibrium state with the host
(latency) is the best strategy for Mtb, and perhaps for
the host.

If Mtb changes the strategy to a very severe infection,
not only the host loses the game and dies due to the
severity of the infection, but also the parasite loses its
ecological niche, which is not in favor of the survival of
the species. Therefore, adaptation of the host and the
parasite by cooperation strategy for survival is rational
as game theory showed by PSPE optimal paths B, E, and
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H at 50% efficiency. On the other hand, the parasite must
have an evasion strategy not to lose the game. Thus,
as the results of the current study showed, Mtb never
changed strategy from high levels of CFP-10 to high
levels of Ag85B. Although Ag85B is a powerful virulence
factor for the bacteria, it is also an immune-dominant
antigen for the host and induces a severe response to
eliminate the bacteria. As a result, replacing high levels
of ESAT-6 and CFP-10 with high levels of CFP-10 was
the best decision, because ESAT-6 is a weaker virulence
molecule than both Ag85B and CFP-10 and even an
immune-modulator for host Th1 responses (40, 41).

The second response is the host’s response to high
levels of ESAT-6 and CFP-10, differing from latency
strategies, in terms of TGF-$ and IDO levels. Furthermore,
it differs from other reactivation strategies, in response
to high levels of CFP-10, high levels of CCR1, and medium
levels of CCR2 (41).

Among the paths (A, C, G, and F), in which the host
contravenes his obligation and the new strategy is PSPE
dominated, the path A reactivation strategy was more
efficient and comparable with path D. In fact, A and D
paths are analog, which are appropriate responses to
high levels of Ag85B and CFP10-ESAT-6, respectively.

In pathway A, the Mtb virulence factors in the lower
levels and host strategies are a, b, and e, which can be
frequently repeated in b and e. As can be concluded
from these figures, Mtb first starts the colonization,
and the host induces a higher expression of CCR1 and
CCR2, T-bet, iNOS, IDO, and TGF-3 expression rates are
medium. In such a situation, Mtb tries to induce high
expression of Ag85B (a4) frequently, until it reaches
a host strategy (“a”), in which CCR1, T-bet, and iNOS
remain at high levels, but CCR2 is at a medium level,
and TGF-f and IDO are at a lower level. In these levels,
the patients leave the cooperative strategy or latency,
and Mtb can win the game with a higher expression of
Ag85B, in which the players enter, a grim trigger strategy
with 40% PSPE efficiency, which is 10% less than the
cooperative strategy. Therefore, it should be noted
that the host leaving a commensal interaction, results
in a better situation for Mtb to escape from the host’s
immune responses and enters reactivation status. It
should be noted that the host’s strategies in these paths,
only differ in the levels of T-bet and iNOS; however,
TGF-B and IDO levels remain unchanged, which is in
favor of Mtb reactivation.

Thelowerlevels of IDO and TGF-[3 can be in favor of the
host, in clearing the infection. As previously mentioned,
IL-10 and TGF-B are also important anti-inflammatory
cytokines, modulating immune responses (42).
Appropriate amounts of TGF-§ and IL-10 (like medium
level in latency strategies) in the Mtb-infected organs
are vital, for balancing the Th1 protective response and
preventing Th1 hypersensitivity (DTH) reactions, by
suppressing the intensity of this response to bacteria.
Thus, in Mtb infection, the importance of IL-10 and
TGF- may be double-edged (42, 43). High expression
of TGF-B and IDO is a non-credible strategy that is
excluded in this model since either dampening the host’s
inflammatory response or limiting the Th1 appropriate
response goes toward immuno-compromise, which may
allow reactivation and dissemination of infection to an

Iran ] Basic Med Sci, Vol. 24, No. 10, Oct 2021

active TB or reactivation of a latent status. According
to the current results, it can be expected that, in the
presence of high levels of IDO expression, as an inducing
factor for Treg polarization, TGF-B production will
also increase significantly, but in gene expression data,
this assumption did not meet this status (CI=90%,
p=0.1). Of note, patients in this study had no immuno-
compromising conditions (42).

Another change in the host response is related to the
CCRs expression thatleads to changes in cell recruitment
of Thl, Th2, Treg, and Th17 for clearance, infection
establishment, or granuloma formation (44). Besides
physically sequestering mycobacteria, the formation
of granuloma inhibits bacterial growth by subjecting
mycobacteria to stressful conditions, such as starvation,
reactive oxygen, nitrogen intermediates, and hypoxia.
However, viable, apparently extracellular bacteria can
persistin chronic granulomas for many years (44, 45).In
asuitable status like an immune-compromised host, Mtb
can overcome the pressure of the host’s immune system
and be reactivated. As this model shows, there are direct
associations between the strength of virulence factor,
Ag85B, CFP-10, and ESAT-6, and the host’s immune
response, such as CCR-1, T-bet, Th1 polarization, IFN-y
production, and iNOS, for macrophage activation.

The potentiation of the innate immune response in
this model was determined by [FN-y and iNOS, leading to
NO production, and was responsible for the potentiation
of the phagocytes for elimination of pathogens.

For the last stage of the effector phase, MMPs
assessment is the outcome of the responses in clearance
or pulmonary tissue damage, which can be discussed
in the context of the pathways C, G, and D. It should be
noted that MMPs are also able to modify chemokine and
cytokine activity, resulting in modified inflammatory
cell recruitment (22, 46).

The immune response in both paths C and G had the
same high levels of CFP-10, but the expression of MMPs
differs. In path C, the medium level of MMPs contributes
to the remaining Mtb infection. In path G, in the
presence of the low level of MMP3, CCL2 degradation
decreased, providing more CCL2 ligands for the medium
expression of CCR2 (same levels as in paths C and G than
path C). Therefore, monocytes are recruited more to the
inflamed site of infection in the G path than to path C and
do not allow Th2 to come. Consequently, the response
is in favor of Thl, and the host can produce a strong
appropriate reaction. On the other hand, a high level
of MMP9 causes damage to pulmonary tissue, and by
increasing degradation of IL-8, it decreases neutrophils’
recruitment at the infection site. In this strategy, the
host does not have an appropriate innate immune
response. Finally, in path G, high levels of ESAT-6-CFP-10
induce this outcome. Low levels of MMP9 and medium
expression of MMP3 contribute to an appropriate innate
response, in producing a moderate Th1 response and
monocyte recruitment.

The study has some limitations, firstly, such
samples who are eligible for TB- and TB* are rare to
have pulmonoscopy, which is an aggressive method.
Secondly, life and its maintenance are some of the most
complicated phenomena in the world, and science has
not found a reliable methodology for the study of the
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complexity. Particularly, “the conflicts on survival in
parasitism” in which behavior of two living players in
the site of interactions must be studied, at the same
time. Itis nearly impossible to include all of the factors
which are implicated in the site of microbe-host and
micro-environment interactions in a three-dimensional
system. Therefore, to introduce the game theory as a
model for prediction of the outcome of such interactions,
only main Mtb and host activities were included.

Conclusion

According to the “Nash equilibrium”; although Ag85B
is the main virulence factor of Mtb for proliferation and
winning the game, the most immunogenic factor arises
when the host can respond by high expression of T-bet
and iNOS and defeats the microbe. In such a situation
of immune response, Mtb can express high expression
of ESAT-6 and CFP10 and drives the game to a host
strategy with a medium expression of T-bet and iNOS. In
addition to these host factors, it is more likely that TGF-f3
and IDO are differentiating factors between latent and
reactive phases, the medium expression levels of which
can lead to latency and low levels to reactivation.

Accordingly, it can be assumed that effective
vaccines, containing Ag85B and maybe ESAT6 (without
suppressive C-terminal) should be considered in
different attempts to protect the host from Mtb
infection. Furthermore, with respect to host responses,
application of the appropriate adjuvants and assessment
of expression of T-bet and maybe CCR2 in PBMCs, in the
presence of the multi-stage vaccine cocktail will be in
favor of Th1-response.
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