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Granulomatous Response to Mycobacterium
tuberculosis Infection

Afsal Kolloli, Pooja Singh, and Selvakumar Subbian

Introduction

Tuberculosis (TB), a deadly infectious disease of humans caused by Mycobacterium
tuberculosis (Mtb), continues to be a major health threat worldwide. In 2016, there
were about 10 million new cases and 1.8 million deaths attributed to TB (WHO
Report 2017). The World Health Organization has estimated that about a third of the
world population has asymptomatic latent Mtb infection (LTBI) and about 5-10%
of individuals develop symptomatic, active primary TB following initial Mtb-
infection. However, in a population, Mtb infection results in a heterogeneous out-
come, ranging from complete bacterial clearance to the establishment of LTBI or
development of a full-blown disease. Although individuals with LTBI are consid-
ered to be asymptomatic and noncontagious, about 10% of these individuals can
reactivate to symptomatic active TB in their lifetime dependent upon their immune
status. The outcome of Mtb infection in humans is dependent on both the host and
pathogen-derived factors, including the infectious dose inhaled, the nature of Mtb,
and the status of host immunity at the time of infection (Alcais et al. 2005; Zumla
et al. 2013). However, a population that remains asymptomatic or do not display
disease-like conditions after exposure to Mtb have a chance of 2-23% to remain
uninfected for their lifetime. Thus, an individual exposed to Mtb may prevent the
establishment of infection. This supports the notion that host immunity is capable of
restricting the onset of infection and/or establishing a strong protective response
very early after exposure to Mtb. In most of the individuals with LTBI, the bacteria
are thought to be maintained inside the granuloma in a dormant form for many years
(Lin and Flynn 2010). Active TB can develop either following initial Mtb infection
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(primary-progressive TB) or by reactivation of LTBI (post-primary TB); 30-50% of
active TB patients develop cavities in their lungs (Benator et al. 2002). Lung cavity
is an immunologically weak host environment and is permissive for profound bacte-
rial replication. Cavity formation is considered as one of the detrimental host pro-
cesses and is indicative of final stages of TB. Patients with pulmonary cavitary TB
are highly contagious and are the major source of disease transmission in the com-
munity (Rodrigo et al. 1997).

TB is an ancient disease of humans and over the years, Mtb has evolved with its
host; bacterial persistence that contributes to reactivation and reinfection are two
major difficulties associated with eradication of this deadly disease, as they ulti-
mately provide space for drug tolerance/resistance and emergence of new drug-
resistant strains of Mtb. A key feature of TB pathogenesis is granuloma formation,
which has been a subject of intense research for several decades. Although granulo-
mas are thought to protect the host by containing Mtb in a confined area and pre-
venting bacterial dissemination to other parts of the body, it is also likely to act as a
safe-harbor for the infecting bacteria to thrive and persist in a niche with a compro-
mised immunity.

This chapter summarizes various cellular events underlying TB pathogenesis and
the role of different types of immune cells involved in granuloma formation.

Tuberculosis Pathogenesis and Granuloma Formation

Through sneezing, coughing, talking, singing, and related activities, individuals
with active pulmonary TB generate and spread aerosol droplets containing patho-
genic Mtb that is capable of infecting new hosts. The inhaled bacilli are primar-
ily engulfed by innate phagocytic cells such as alveolar macrophages, neutrophils,
and dendritic cells (DCs) in the lung, where the primary inflammatory response is
generated with the release of cytokines and chemokines by the infected phagocytes
(Huynh et al. 2011) (Fig. 1). At this level, macrophages engulfing Mtb may be clas-
sified into two groups, one which is well-activated and capable of killing the bacte-
ria and the other that is suboptimally or poorly activated and providing a growth
niche to this intracellular pathogen.

The pathogen recognition receptors (PRRs) present on innate immune cells, such
as macrophages, recognize the pathogen-associated molecular patterns (PAMP) pres-
ent in Mtb, and play a central role in the initiation of host innate immune response
(Akira et al. 2006; Pahari et al. 2017). PRRs are either membrane-bound, such as
toll-like receptors (TLRs) and C-type lectins, or cytoplasmic, such as NOD-like
receptors (NLRs) and RNA helicase retinoic acid-inducible gene I (RIG-I) recep-
tors (Hossain and Norazmi 2013). Among the various TLRs identified, TLR2,
TLR4, and TLRO have key roles in sensing different mycobacterial antigens. The
TLR2 interacts with mycobacterial lipoproteins such as 19-kDa secreted lipoprotein
(LpgH), LprA and LprG and phosphatidyl-myo-inositol mannoside and induces a
strong pro-inflammatory response by activating myeloid differentiation factor 88
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Fig. 1 Architecture and function of granuloma. Following Mtb infection, phagocytes (e.g., mac-
rophage and dendritic cell/DC) uptake the bacteria. The pattern recognition receptors (PRR) pres-
ent in these antigen presenting cells recognize Mtb antigen that leads to the production of various
cytokines and chemokines, which recruit different types of immune cells (neutrophils, T and B
cells) to the site of infection to form granuloma. A granuloma is a well-organized cellular structure
characterized by the presence of infected macrophages (alveolar, interstitial, foamy, and epitheli-
oid) and DCs that are surrounded by multinucleated giant cells and cuffs of lymphocytes (B and T
cells). During disease progression, the granulomas undergo several changes in their structure,
immune cell composition and function. Thus, granulomas can be broadly stratified into: (a) fibro-
calcific granulomatous nodules, (b) non-necrotic granulomas, (c) caseous necrotic granulomas,
and (d) suppurative and cavitary granulomas

(MyD88) and TIR domain-containing adaptor protein (TIRAP) signaling pathways
(Quesniaux et al. 2004). Similarly, TLR4 interacts with lipopolysaccharide (LPS) of
bacteria and activates MyD88-mediated nuclear factor-kB (NF-xB) signaling path-
ways, thus inducing the expression of pro-inflammatory cytokines and chemokines
(Reiling et al. 2002; Bulut et al. 2005). While TLRY recognizes CpG DNA of bac-
teria and promotes pro-inflammatory cytokines production (Hemmi et al. 2000),
this receptor can also function cooperatively with TLR2 to induce interferon-gamma
(IFN-y) and IL12p40 production, thus playing a critical role in the development of
host-protective immunity to infection (Bafica et al. 2005). Recognition of Mtb anti-
gens by various TLRs also induces maturation of DCs, which migrate from the site
of infection to draining lymph nodes and present the antigen to naive T-cells, thus
initiating the adaptive immune response to Mtb infection (Bhatt and Salgame 2007).
Moreover, some strains of Mtb activate TLR2, while few others interact with TLR4;
this differential stimulation of TLR also leads to differential regulation and/or
expression pattern of cytokines and chemokines by the phagocytes and subsequent
cellular immune response to the pathogen (Carmona et al. 2013).

There are several types of C-type lectin receptors, such as mannose receptors
(MR or CD206) and dendritic cell-specific intercellular adhesion
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molecule-3-grabbing non-integrin (DC-SIGN/CD209), present on phagocytes that
interact with Mtb and mediate phagocytosis. In human macrophages, MR recog-
nizes mannose-capped lipoarabinomannan (ManLAM) of Mtb. It has been pro-
posed that MR-mediated phagocytosis delays the fusion of Mtb-containing
phagosome with lysosome, by suppressing the production of phosphatidylinositol-
3-phosphate in the phagosomes (Rajaram et al. 2017). Moreover, in Mtb-infected
DCs, MR-mediated phagocytosis augments anti-inflammatory response, by inter-
fering with pro-inflammatory IL-12 production (Nigou et al. 2001). This also facil-
itates intracellular survival of Mtb. The DC-SIGN recognizes different types of
PAMPs including LAM, ManLLAM, and phosphatidylinositol mannosides (PIMs).
Similarly to MR, the interaction of DC-SIGN with ManLAM also modulates pro-
inflammatory responses and causes immune suppression (Geijtenbeek et al. 2003).
The CD14 receptor plays a crucial role in the monocytic cell differentiation and
phagocytosis of Mtb (Lingnau et al. 2007). This receptor recognizes mycobacterial
LPS and induces a host-protective innate immune response to infection (Bowdish
et al. 2009). Moreover, a decreased pulmonary inflammat ory response was
observed in Mtb-infected CD14 knockout mice, which suggests that CD14 has a
role in regulating inflammation during chronic pulmonary infection (Wieland et al.
2008). In addition to these cell surface receptors, cytoplasmic receptors can also
sense mycobacterial antigens. The NLRs, such as NOD2, can interact with myco-
bacterial muramyl dipeptide (MDP) and induce pro-inflammatory cytokine pro-
duction (Divangahi et al. 2008). The NOD?2 receptor plays a protective role by
sensing the pathogenic Mtb that enters the host cell cytoplasm after rupturing
phagosome membrane (Pandey et al. 2009). Thus, the interaction of mycobacterial
antigens with specific receptor can activate unique downstream signaling pathway,
and their cumulative effect on immune cell activation determines the fate of intra-
cellular Mtb as well as the course of infection towards progressive disease or con-
tainment and clearance.

Architecture and Function of Granuloma

Granuloma is a well-organized cellular structure, comprised of infected macro-
phages (alveolar, interstitial, foamy, and epithelioid), dendritic cells, and neutro-
phils that are surrounded by multinucleated giant cells, blood-derived macrophages,
and cuffs of lymphocytes (T and B cells) (Fig. 1 and Table 1). In a well-organized
granuloma, freshly recruited phagocytes and lymphocytes surround the Mtb-
infected macrophages. At this stage, the granuloma can act as a physiological bar-
rier and prevent the initial dissemination of infection within and between hosts
(Flynn et al. 2011). When a granuloma loses its integrity during early stages and
becomes permissive for bacterial growth, then the initial infection progresses into
primary active TB. During early stages of infection, an elevated level of pro-
inflammatory cytokines, such as TNF-a and IFN-y produced by immune cells,
polarizes the macrophages to a predominantly M1 phenotype that is capable of



45

Granulomatous Response to Mycobacterium tuberculosis Infection

(panunuoo)

(€002) 'Te 12 19108

SOATIBALIOD
Pprouesoord pue §-J ‘TdDIA @onpoid

asuodsar KIojewregur SAjenIU]

ueuuewodi] Ajurewr

{(1661) ‘812 Sueyyz | osuodsal [eLI)ORqNUE PUE SIS0JA00Teyd | ‘sjuauodwiod s) pue qQiA UoIj09Jur Jo sa3eIs AlIeq spiydonnaN K
(1102) ‘B3R Kyoedeo Sunuasaxd
Us[oM (q ‘86007) | uesnue/[eIqororw-nue/onLooseyd 100d spidi] Ajurew sewo[nuels AIeIIARD pue
‘Te 19 [[ossny sarpoqysyofdoap pidif Jo uonenwnddy | ‘syuauoduwiod s1 pue QA | O1N0IOAU YIIM ISBISIP ANOY | soSeydoroewr Awreoq b
asuodsax JuowuTEIU0d
1190 1, owitd pue sopou ydwA| 03 9)eISIA 10 3SEISIP AATIOE O] $[[99 SLIPUSP
(1002) 'Te 10 Teupog fyredord woneyuesard uasnuy UOI}OQJUI JO UOT)ISURT) puE pue soeydoioewr
{(7007) 'Te 19 BaIya() | osuodsal [eIqoIdIUNUL PUB SIS01L003eyd | sjuduodwod )1 pue Qi uonouI Jo sagels Alrey PIALISP 21K00UOJA €
Anoedes onkooBeyd 1004 ueuuewodI] [e119)0BqOIAW
Aiqedes voneyuasard uasnuy £q uoneanoe SUOIS9 snojewo[nuels | S[[od jueIS/sueyroSue|
(0107) 'Te 12 1BYES Sewo[nueIs g, JO 2INJeIJ JUAUIOIJ juopuadop Z-¥ 1L | Jo Areyduad oy je ApSojn /pojea[onuUnNA ¥
SIOSUQS QUNWIW]
djeuur 1oyjo ‘uSIs-)(J ‘7 pue 1-undoeqg
‘10)dooar asouurw ‘s10)dadar 1OSUdARIS
<101daoar Juowardwos :s103doooy
SO[NO9[OU J0JOIIJO
(T102) PUE SOULOWAYD ‘SAUOIAD JO ASEA[DY ewAyoudred Sunjoyy | seSeydoroewr JejooATR
jsurg pue sdifiyg QA Jo s1s014003eyd pue uonusoooy | suauodwod )1 pue I\l | Ul uondJul Jo sadels Ajreq pue s[[oo reroydg 1
SQOUAIRJY uonoun,j Kq pa1a33uy, Qouereaddy S[[?D | 'ON

SISO[NoIaqN) SUMINP UOTIRUIIO) BWO[NURIS UT POAJOAUT S[[0d duNWIW] | I[qEL,



A. Kolloli et al.

46

asuodsar [[09 I, . D @dueyuyg

sarpoqniue dy1oads uagnue QI 2Jelouan)

Lvﬂ&v:& L_CC.:.—L
JUSWIUIRIUOD
IO 3SBISIP QAN

(L00?) 'Te 12 QuoI[SeN S[[00 ewise[d ojur AenUAIII suagnue [BLI)OBqOIATA 0) UOT}O?JUI JO UOT)ISURI], S[[0 g L
S[[99 P9IOJUL UO $JIAJJ JIX0I0IAD) suasnue
uononpoid ANAT see[n3ar A[oane3oN QA £q parenuums
uononpoxd [-TDX | S[[eo Sunuesaid uasnuy 9SBASIP/UOTIOAJUI JTUOIYD) S[[99 1. .8AD

(9002) 'T® 12 1RYNo0 ]
*(L00T) T8 19 H[esog
(S661) T8 19 [9pe]

SeWIO[NURIS UTRJUTRW/ZIUuRSIO

sageydoioew Jo UONBANOY

uonejuesaxd [[-OHIA

uononpoxd ANAT

suagnue

QN £q pare[nuns
S[[90 Sunuasaxd uadnuy

JUSUIUTEIUOD
10 ASBOSIP AATOR
0} UOT)OJUT JO UOTISURI],

S[[99 L +vdD 9

SAOURIRJY

uonoung

Kq pa1a33uy,

Qouereaddy

SIPD | 'ON

(ponunuod) [ dYqeL,



Granulomatous Response to Mycobacterium tuberculosis Infection 47

p AN Neutrophils
Neutrophils
T cells
E
o 3 Mycobacteria
D s
= =)
s Mycobacteria &
e et
z
Time (Weeks) Time (Weeks)
Thl cell response Impaired Thl cell response

Fig. 2 Host immune response during Mtb infection. Thl immune response plays a critical role
during granuloma formation and restricts bacterial growth. Optimal onset of Th1 response along
with protracted neutrophil infiltration enables containment of bacteria in the granulomas (left
panel), while increased infiltration of neutrophils to the site of infection and impaired Th1 response
increase inflammation and tissue destruction that contribute to elevated bacterial load (right panel)

controlling Mtb growth and replication, through their antimicrobial effector func-
tions. In addition, M1 macrophages can efficiently present Mtb antigens to T cells,
which mount a host-protective Thl type immunity by recruiting and activating
more innate and adaptive immune cells with a pro-inflammatory phenotype. These
cells surround the infected macrophages at the center of granuloma and limit the
spread of Mtb (Chakravarty et al. 2008). Thus, the quality and quantity of immune
response elicited by M1 macrophages, followed by immune cell recruitment and
actvation of CD4* and CD8* T cells, mark the type of immune response generated
in a granuloma (Fig. 2). However, as the disease progresses, the immune environ-
ment changes and the macrophages are more permissive to Mtb growth and polar-
ized toward an anti-inflammatory M2 phenotype, marked with elevated IL-4 and
IL-10 production. This facilitates establishment of a Th2 type immune environment
with increased IL-2, IL-4, and I-10 production by immune cells; all these events are
also associated with elevated lipid metabolism that contributes to formation of
foamy macrophages (Kim et al. 2010).

During active disease, the Mtb-infected macrophages at the center of granulomas
undergo necrosis that results in the accumulation of caseum, a creamy and acellular
region, in which Mtb can survive extracellularly. Uncontrolled necrosis of infected
host cells contributes to granuloma rupture and dissemination of pathogen to neigh-
boring tissues facilitating secondary granuloma formation; these are seen in the
lungs of about 20% of active TB cases, while reactivation of Mtb from quiescent
granulomas contributes to active lung disease in about 80% of cases (Frieden et al.
2003). Even though granulomas are thought to restrict Mtb growth and dissemina-
tion, it is also suggested to promote bacterial persistence, which is a potential
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reservoir for future disease reactivation (Davis and Ramakrishnan 2009).
Mycobacterial components are known to stimulate IL-10 secretion thereby sup-
pressing Th1 response (Davis and Ramakrishnan 2009) and promoting M2 macro-
phage polarization with the development of lipid-rich, foamy macrophages and
giant cells (Lugo-Villarino et al. 2012). This phenomenon suggests that granulomas
can serve as a niche to support Mtb growth and/or survival by providing host lipids
as a carbon source (Davis and Ramakrishnan 2009).

Structural Transformation of Granuloma

The granuloma physically maintains the bulk of Mtb in the organs of infected indi-
viduals. However, during progression of infection into active disease, the granulo-
mas undergo several changes, mediated through the immune cells that constitute the
granulomas, including structural transformation and metabolic shift (Russell et al.
2009a, b; Cadena et al. 2017). There is a strong positive correlation between the
structural organization of granuloma and the extent of disease progression (Marino
etal. 2011). While solid granulomas, marked with well-activated immune cells and
no necrosis can effectively control Mtb growth and infection, cavitary granulomas
with necrotic center are permissive for bacterial growth and disease progression.
This suggests that any host debilitating conditions, such as immune deficiency (e.g.,
HIV infection, immune suppressive treatment) or metabolic disorder (e.g., diabet-
ics) can alter the granuloma’s integrity and significantly affect the disease status.
According to their structural organization, granulomas can be broadly stratified
into: (a) fibro-calcific nodules, (b) non-necrotic, (c) caseous necrotic, (d) suppura-
tive, and (e) cavitary granulomas (Mattila et al. 2013; Cadena et al. 2017). The fibro-
calcific nodules are usually found in individuals with LTBI and believed to have a
host protective role in controlling Mtb infection from transmission. These are usu-
ally smaller, healing-type granulomas (a.k.a. Ghon’s focus), characterized by min-
eralized fibrotic tissue and calcification at the center; both these processes can
reduce bacterial survival and the probability of disease reactivation (Lin et al. 2009).
In these granulomas, the fibrotic center is surrounded by large numbers of lympho-
cytes, macrophages (predominantly CD163+), and a restricted number of neutro-
phils (Lin et al. 2012).

The non-necrotic granulomas are highly cellular and characterized by the absence
of cellular necrosis at the center, which is surrounded by both CD68+ and CD163+
macrophages. Limited number of neutrophils, abundant HAMS56+ foamy macro-
phages, elevated proportion of epithelioid macrophages that strongly express iNOS
and eNOS, and a relatively low frequency of Arg-1 expressing monocytes/macro-
phages are also observed in these granulomas. The caseous necrotic and suppurative
granulomas have almost related features with a necrotic center. In caseous necrotic
granuloma, the necrotic region is acellular with moderate number of neutrophils,
whereas large number of neutrophils are present in the vicinity of necrotic center in
suppurative granulomas (Mattila et al. 2013). In these granulomas, both CD68+ and
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CD163+ macrophages are distributed in and around the lymphocyte cuff. While
the CD163+ macrophages are predominantly present in the peripheral region,
HAMS56+ foamy macrophages are abundant mainly at the rim of necrotic center.
Both iNOS and Arg-1 are expressed abundantly throughout the necrotic granuloma,
including lymphocytic cuff and the periphery of necrotic region. It is suggested that
the ratio between iNOS and Arg-1 expression levels might play an important role in
the structural transformation of granuloma and subsequent disease progression
(Mattila et al. 2013; Kramnik and Beamer 2016).

Cavitation of granulomas in the lungs is a prelude to transmission of infection/
Mtb within and between host(s). The luminal wall of cavitary lesions have copious
number of Mtb actively proliferating extracellularly; since cavitary lesions in pul-
monary tuberculosis open into airways and enable aerosol generation, they facilitate
disease transmission (Kaplan et al. 2003). These lesions are thought to be manifes-
tations of secondary (post-primary) tuberculosis, marked by elevated levels of regu-
latory T cells (Tregs) and DEC-205+ DCs (Welsh et al. 2011). Histologically,
cavitary granulomas are characterized by severe tissue inflammation, suboptimal
activation of innate and adaptive immune cells, and accumulation of B cells in the
granuloma (Subbian et al. 2011). The cellular and immunological responses in cavi-
tary lesions are also significantly different from non-necrotic and fibro-capsular
lung lesions (Ulrichs et al. 2005). It has been suggested that differential regulation
of local immune response at the site of infection determines the evolution of granu-
lomas. Therefore, in patients with active pulmonary TB and in nonhuman primates
and rabbit models of TB, remarkable heterogeneity in granulomas can be seen
within the same lung that correlates with diseas progression or control of infec-
tion (Subbian et al. 2011; Ulrichs et al. 2005; Cadena et al. 2017).

Role of Cytokines in Granuloma Formation

The interaction of Mtb with PRRs of innate immune cells induces production of
both pro- and anti-inflammatory cytokines and chemokines. While a pro-
inflammatory response further activates the innate and adaptive immune cells and
mediates granuloma formation, an anti-inflammatory response dampens inflamma-
tion and counteracts the effects of pro-inflammatory responses to avoid tissue dam-
age. Although the former response is thought to be protective against Mtb infection,
a delicate balance between pro- and anti-inflammatory responses is crucial for
effective control of Mtb infection and tissue destruction (Domingo-Gonzalez et al.
2016). TNF-a is a key pro-inflammatory cytokine, produced by the cells of innate
and adaptive immunity following Mtb infection, and plays key roles during granu-
loma formation and maintenance. It induces the production of chemokines such as
CCL5 (RANTES), CXCL9 (MIG), and CXCL10 (IP-10) from various types of
immune cells (Akira et al. 2006). These chemokines bind to respective receptors
expressed on the surface of activated T cells, B cells, macrophages, and neutrophils
and mediate extravasation of leukocytes to the primary site of infection to form the
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granuloma. TNF-o also maintains granuloma integrity that prevents reactivation
and dissemination of Mtb (Chakravarty et al. 2008). In LTBI individuals, neutraliza-
tion of TNF-a resulted in reactivation of symptomatic, active TB (Keane et al.
2001). This observation has also been confirmed in mouse and rabbit models of Mtb
infection, in which treatment with anti-TNF-a antibodies suppressed host immu-
nity, exacerbated disease severity, and bacillary load (Koo et al. 2011; Tsenova et al.
2014). These studies underline the protective role of TNF-a and the importance
of granuloma integrity in TB.

Mycobacterial components are presented through infected macrophages and DC
to the cells of the adaptive immunity, such as CD4+ and CD8+ T cells, Treg, and
natural killer (NK) cells. DCs with engulfed Mtb can migrate from the lungs to
regional lymph nodes to prime naive CD4+ and CD8+ T cells that ultimately
become effector and memory subsets and play distinct roles in TB pathogenesis
(O’Garra et al. 2013). In the granuloma, CD4+ T cells at the periphery of infected
macrophages predominantly secrete interferon-y (IFN-y), a key pro-inflammatory
cytokine, which activates the antimicrobial activities of phagocytes and facilitates
antigen-specific T cell response (Cooper 2009). In addition, IFN-y regulates sys-
temic and local (lung) inflammation by inhibiting IL-17 production and neutrophil
infiltration at the site of infection (Nandi and Behar 2011). In contrast, type I IFNs,
such as IFN-a and IFN-f, are thought to inhibit the IFN-y-mediated antimicrobial
processes as well as the recruitment of CD4+ and CD8+ cells to the granuloma
while promoting neutrophils infiltration to the site of infection (Ordway et al. 2007;
Berry et al. 2010).

Cytokines that belong to the IL-1 family, such as IL-1a, IL-1p, and IL-18, can
also initiate a pro-inflammatory response during Mtb infection. IL-1a has been
shown to induce the production of IL-6 in human lung fibroblast, which activates
host-protective effects on Mtb-infected macrophages; whereas IL-1f restricts intra-
cellular Mtb growth in macrophages by enhancing phagosome maturation, autoph-
agy, and production of antimicrobial peptides such as B-defensin 4 (Suwara et al.
2014; Master et al. 2008; Liu et al. 2009; Verway et al. 2013). IL-18 is known to
induce pro-inflammatory IFN-y production from T cells and thus plays a protective
role against Mtb infection (Kinjo et al. 2002). Similarly, IL-6 produced by phago-
cytes upon Mtb infection plays a critical role in the onset of early inflammatory
response (Law et al. 1996; Hoheisel et al. 1998). This cytokine regulates neutrophil
infiltration (Fielding et al. 2008) and mediates differentiation and maintenance of
Th17 cells, which contribute to establishment of an acute inflammatory response
during Mtb infection (Jones and Vignali 2011). IL-12 is an important host-protective
cytokine against Mtb infection and has vital roles in both innate and adaptive
immune responses. IL-12 (IL-12p70) is composed of two subunits, IL-12p35 and
IL-12/23p40, and is mainly secreted by Mtb-activated DCs. This cytokine is also a
potent inducer of IFN-y producing T cells, which are important to control Mtb
infection (Cooper et al. 2011). It has been shown that infection of DCs by Mtb can
trigger IL-12p40 secretion through TLR2 or TLR9 signaling pathways (Bafica et al.
2005). In addition, IL-12p40 regulates adaptive immune response and is required
for DC migration and T cell priming in the lymph nodes during Mtb infection
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(Khader et al. 2006). The importance of IL-12 receptors is highlighted in recent
studies, which show that mutations in the IL-12 receptor f1 (IL-12Rf1) abrogate
cellular immune response to IL-12 and compromise protective immunity to Mtb
infection. Similarly, autosomal recessive IL-12Rp1 deficiency in adults and chil-
dren has been shown to result in severe disseminated forms of TB (Boisson-Dupuis
et al. 2011; Tabarsi et al. 2011).

During Mtb infection, a subset of T cells, namely the Th17 cells, mainly pro-
duces pro-inflammatory cytokine IL-17, which promotes granuloma formation and
plays a significant role in restricting Mtb growth (Okamoto Yoshida et al. 2010).
IL-17 has been shown to induce IFN-y and IL-12 secretion by macrophages and
DCs that enhance host-protective Th1 immune responses (Lin et al. 2009). In addi-
tion, IL-17 induces the expression of chemokine CXCL13 and promotes the accu-
mulation of CXCR5+ T cells at the site of infection (Gopal et al. 2013). These T
cells are long-living and contribute to improved protection offered by BCG vaccina-
tion against Mtb infection (Desel et al. 2011; Lindenstrom et al. 2012). However,
studies have also shown that IL-17 mediates excessive neutrophil recruitment,
which contributes to elevated tissue inflammation and disease pathology during Mtb
infection (Cruz et al. 2010). Therefore, it appears that fine-tuning of Th17 cell acti-
vation and IL-17 production is important for optimal host protection to Mtb infec-
tion. Another cytokine that plays key roles in the differentiation and maintenance of
Th17 cells and development of B cell follicles during Mtb infection is IL-23 (Khader
et al. 2011). This cytokine also induces the development of IFN-y producing Th1
cells and proliferation of memory T cells in response to Mtb infection (Wozniak
et al. 2006). Following Mtb infection, CD4+ cells, NK cells, and other lymphoid
cells also express IL-22, a cytokine that stimulates production of antimicrobial pep-
tides, such as B-defensin and lipocalin (McAleer and Kolls 2014). A higher level of
IL-22 is reported in pulmonary TB granulomas (Matthews et al. 2011), where it
activates macrophages and restricts intracellular Mtb growth by promoting pha-
golysosome fusion (Dhiman et al. 2014). In addition, IL-22 has been shown to
mediate antigen-specific T cell responses, while suppressing the expansion of
infection-induced Tregs, thus contributing positively to vaccine-mediated protective
immunity to TB (Dhiman et al. 2009).

In contrast to the Thl type cells, the Th2 and Tregs cells express key immune-
regulatory cytokines, such as IL-4, IL-5, IL-10, IL-13, and TGF-f. These cytokines
inhibit Thl responses and regulate inflammatory response during Mtb infection.
IL-4 downregulates the expression of inducible nitric oxide synthase (iNOS) and
TLR2, thus contributing to dampening of macrophage activation and disease pro-
gression (Gordon 2003; Krutzik et al. 2003). However, increased expression of IL-4
also promotes necrosis of immune cells in the granuloma that facilitate extracellular
bacterial replication, disease progression, and lung cavitation (Mazzarella et al.
2003; Bezuidenhout et al. 2009). IL-10 is another important immune-regulatory
cytokine induced during Mtb infection. This cytokine exerts anti-inflammatory
effect via STAT3-dependent pathway that inhibits macrophage activation (Cassatella
et al. 1999; Moore et al. 2001; O’Leary et al. 2011). IL-10 also suppresses T cell
proliferation and inhibits pro-inflammatory Th1l and Th17 responses during Mtb
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infection (Kumar et al. 2013). Similarly, IL-13 promotes Mtb survival by
downregulating IFN-y-induced autophagy in infected phagocytes (Harris et al.
2007). Increased expression of IL-13 reduces the frequency of IFN-y and IL-17-
expressing CD4+ T cells and augments necrotic cell death in TB granulomas
(Heitmann et al. 2014). Mycobacterial membrane components, such as lipoarabino-
mannan (LAM), can induce the production of TGF-f by monocytes and DCs at the
sites of infection (Toossi et al. 1995; Condos et al. 1998). This anti-inflammatory
cytokine can suppress Th1 immune response by dampening IFN-y production, anti-
gen presentation, and pro-inflammatory cytokine production in Mtb-infected mac-
rophages (Toossi and Ellner 1998). It has been shown that the combined induction
of IL-10, TGF-f, TGF-p receptor 1 (RI) and RII expression can down-modulate the
host immune response to Mtb infection and favors subsequent disease progression
and bacterial growth (Bonecini-Almeida et al. 2004).

Role of Chemokines in Granuloma Formation

Several chemokines have been reported to mediate the early migration of immune
cells to facilitate granuloma formation at the site of Mtb infection (Flynn and Chan
2005). These chemokines are classified as CXC or alpha, CC or beta, C or gamma,
and CX3C or delta, based on the location of cysteine residues. Chemokines exert
their function through interaction with respective receptors, which are members of
the G1 protein coupled receptors (GPCR). The CC-type chemokines, such as mono-
cyte chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory
protein-lo (MIP-1a/CCL3) and MIP-1f (CCL4) regulated upon activation, normal
T cell expressed and secreted (RANTES/CCLS), as well as CXC-type chemokines,
such as IL-8, monokine induced by gamma interferon (MIG/CXCL9), interferon
gamma inducible protein-10 (IP-10/CXCL10), and stromal cell derived factor-1
(SDF-1/CXCL12), have been demonstrated to play key roles during Mtb infection
and granuloma formation (Domingo-Gonzalez et al. 2016).

The CC-chemokine MCP-1 is one of the most potent chemoattractants of
immune cells and activator of monocytes and plays an important role in regulat-
ing the host-pathogen interactions during Mtb infection. This chemokine is pri-
marily secreted by monocytes, macrophages, and DCs, and it attracts both Thl
and Th2 cells to the site of infection (Siveke and Hamann 1998). However, it has
been reported that MCP-1 enhances polarization of naive T cells to Th2 cells,
which can lead to an inefficient control of Mtb infection by the immune cells
(Hussain et al. 2011). MIP-1a and MIP-1§ are potent chemoattractants/activators
of pro-inflammatory cells in the granuloma (Collins and Kaufmann 2001; Algood
et al. 2003). These chemokines can also activate granulocytes, such as neutro-
phils and eosinophils, which lead to acute inflammation (Hsieh et al. 2008).
While MIP-1a can induce the production of cytokines such as TNF-a, IL-1f, and
IL-6, MIP-1p has been shown to modulate CCL3-induced TNF-a production in
macrophages (Fahey et al. 1992). It has been shown that Mtb-infected human
alveolar macrophages induce the production of RANTES, which helps to reduce
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intracellular Mtb growth (Saukkonen et al. 2002). This chemokine can attract
immune cells to the site of infection and promote granuloma formation. CCLS5 is
another host-protective chemokine, which mediates recruitment of IFN-y-
producing, antigen-specific T cells expressing CCRS, a receptor for CCLS5.
Thus, CCLS5 limits the intracellular survival of Mtb and contributes to host pro-
tection (Vesosky et al. 2010). In addition, coordinated expression/function of
CCLS, perforin, and granulysin in CD8+ T cells facilitates killing of Mtb within
infected macrophages (Stegelmann et al. 2005).

The CXC-chemokine, IL-8, is produced by epithelial cells, monocytes, macro-
phages, and fibroblasts during Mtb infection. This chemokine is an important neu-
trophil chemoattractant and reported to have a significant role in the inflammatory
response and control of Mtb infection (O’Kane et al. 2007). Elevated serum levels
of IL-8 were noted in patients with active pulmonary TB, which decreased to basal
levels following successful anti-TB chemotherapy treatment (Almeida Cde et al.
2009). Thus, IL-8 has been suggested as a potent biomarker of TB to measure dis-
ease severity and treatment efficacy. The IFN-y inducible chemokines, MIG and
IP-10 (CXCL10), are chemotactic for NK cells and activated T lymphocytes. It has
been shown that the expression of MIG enhances the recruitment of IFN-y produc-
ing CD4+ T cells to the granulomas, which helps to restrict bacterial growth (Khader
et al. 2007). During Mtb infection, IP-10 acts as an immune-inflammatory mediator
and plays an important role in the granuloma formation by recruiting activated
CXCR3+ T cells to the infection site (Agostini et al. 1998; Zhang et al. 2004). In
addition, most of the peripheral CXCR3+ T cells express CD45RO (memory T
cells), which is implicated in binding of lymphocytes to endothelial cells. Elevated
levels of IP-10 has been detected in the plasma/sera of patients with active TB as
well as subclinical and LTBI cases; although this chemokine has been suggested as
a promising diagnostic marker for active TB (Strzelak et al. 2012). The stromal cell
derived factor-1 (SDF-1) is a homeostatic CXC-type chemokine that is involved in
myelopoiesis, B-lymphopoiesis, and localization and retention of progenitor cells in
bone marrow as well as in organ development (Moser and Loetscher 2001).
Increased levels of SDF-1 have been reported in the plasma of patients with active
pulmonary TB (Shalekoff and Tiemessen 2003). A recent study has also shown that
during Mtb infection, SDF-1 attracts circulating CXCR4+ B cells to the pleural
space, thus playing an important role in B cell trafficking to the site of infection
(Feng et al. 2011). Moreover, SDF-1 has been suggested as a diagnostic marker for
differentiating TB pleurisy from other forms of TB (Kohmo et al. 2012). Thus,
chemokine-mediated recruitment of immune cells to the site infection plays central
role in the granuloma formation and disease pathogenesis in TB.

B Cell Response in Tuberculosis

Adaptive immune response in TB, elicited by lymphocytes upon Mtb infection of
the host, can be broadly divided into T cell-mediated cellular immunity and B
cell-mediated humoral immunity. Although T cell-mediated cellular immune
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response is crucial in controlling Mtb infection and regulating granuloma forma-
tion/maturation, several studies have shown that B cells and their antibody-medi-
ated humoral immune response can also impact the host responses against Mtb
infection (Jacobs et al. 2016). A recent study reported that B cell responses are
dysregulated in patients with active and latent TB, and this impairment was not
observed in individuals after anti-TB treatment (Joosten et al. 2016). This study
also shows that B cells augment the effector functions of cellular immune
response mediated by T cells. The B cells present in TB granulomas mediate
several immune processes such as antigen presentation to T cells, Mtb-specific
antibody production, and promoting the development of Thl response by induc-
ing IL-12 and IFN-y production (Kozakiewicz et al. 2013; Chan et al. 2014; Bao
etal. 2014). Antibodies to Mtb, secreted by the B cells, are thought to be involved
in the neutralization of toxin, opsonization, and modulation of complement-
mediated lysis. Moreover, IgG antibody specific to mycobacterial antigen has
been found in the plasma of TB patients (Daniel et al. 1981). The antibody-
mediated immune response is more prominent in the granulomas during disease
progression, where bacteria replicate extracellularly in the necrotic material. It is
proposed that anti-Mtb antibodies can prevent the establishment or dissemina-
tion of Mtb infection by hampering the bacterial adhesion to phagocytes
(Schlesinger et al. 1994). For example, in macrophages, the FcR-mediated
phagocytosis of Mtb was shown to enhance phagolysosomal fusion and myco-
peptide presentation to T cells, thus augmenting the Thl response (Maglione
et al. 2008; Guilliams et al. 2014). In addition, the pre-coating of bacilli with
anti-LAM antibodies has been shown to enhance phagolysosomal fusion and to
increase the abundance of IFN-y-expressing CD4+ and CD8+ T cells (de Valliere
et al. 2005; Kumar et al. 2015). In addition, higher levels of anti-Mtb isotype
IgG3 antibodies have been shown to be associated with preventio of LTBI reac-
tivation in high-risk individuals (Encinales et al. 2010). Similarly, passive admin-
istration of Mtb-specific monoclonal antibodies as well as human gamma
globulin has been shown to provide a protective effect against Mtb infection
(Hamasur et al. 2004; Olivares et al. 2009; Balu et al. 2011). Furthermore, B cells
can help to regulate inflammation in the infected tissue by secreting anti-inflam-
matory cytokines, such as TGF-b, IL-4, and IL-33, and by regulating Th1 and
Th17 response (Chan et al. 2014). Moreover, B cells regulate neutrophil infiltra-
tion at the site of infection by modulating IL-17 response and thus help to pre-
vent exacerbated inflammatory response during Mtb infection (Kozakiewicz
et al. 2013).

Metabolic Shift in Granulomas

Infections by pathogens and/or environmental stresses, such as limited nutrient
availability, hypoxia, and low pH, are capable of modulating the central metabo-
lism of immune cells that can alter the protective host response and contribute to



Granulomatous Response to Mycobacterium tuberculosis Infection 55

disease progression. A metabolic shift toward enhanced glycolysis with dimin-
ished oxygen consumption is a key feature of immune cells in TB granulomas
(Shi et al. 2016). Mtb infection has been shown to modulate the host metabolome
by increasing glucose oxidation and lipid peroxidation that ultimately lead to
accumulation of several metabolites such as gluconic acid, lactone, glutaric acid,
butanal, and ethane. Importantly, presence of these metabolic intermediates has
been confirmed in the sputum samples of patients with active pulmonary TB (du
Preez and Loots 2013). Upon Mtb infection, the metabolic reprogramming is
mainly found in classically activated, pro-inflammatory M1 macrophages, immu-
nogenic DCs, and activated T cells but not in anti-inflammatory M2 macrophages
and tolerogenic DCs. The metabolic shift in TB granuloma has similar character-
istics of the Warburg effect reported in cancer cells, which contributes to the
increased production of nitric oxide and pro-inflammatory cytokines (Shi et al.
2016; Kiran et al. 2016). During Mtb infection, several genes associated with the
Warburg effect (e.g., H+-ATPase, glucose transporters, and glycolytic enzymes
such as hexokinase, phosphofructokinase, phosphoglycerate kinase, enolase,
ADP-dependent glucose kinase, and lactate dehydrogenase) were shown to be
upregulated (Shi et al. 2016). In addition, induction of Warburg effect in the host
immune cells is also associated with corresponding increase in the expression of
hypoxia-inducible factor-1 alpha (HIF-1 o), which plays a key regulatory role
during infection and inflammation (Semenza 2010). In addition, HIF-1a regu-
lates the expression of pro-inflammatory cytokines and differentiation of Th17
cells (Dang et al. 2011). In TB granulomas, HIF-1a-induced Warburg effect is
associated with activation of pyruvate kinase M2 (PKM2), a key regulator of
glycolysis. Translocation of PKM2 to the nucleus and its interaction with HIF-1a
activates expression of pro-inflammatory cytokines, such as IL-1f and the glyco-
lytic enzymes (Palsson-McDermott et al. 2015).

In addition to the shift in glucose metabolism, altered lipid metabolism has also
been reported in the immune cells of TB granulomas. Mtb upregulates expression of
several host genes involved in lipid sequestration and metabolism such as adipo-
philin (ADFP), acyl Co-A synthase long-chain family member 1 (ACSL1), and pro-
saposin (PSAP) in caseous granulomas (Kim et al. 2010). Similarly, an increased
production of cholesterol (CHO), cholesterol ester (CE), triacylglycerol (TAG), and
lactosylceramide (LacCer) has been reported in TB granulomas (Chatterjee et al.
1997; Garner et al. 2002). This Mtb-induced lipid sequestration can lead to the
accumulation of lipid droplets in the cytoplasm and other organelles of macro-
phages and subsequent foamy macrophage formation (Daniel et al. 2011). Mtb can
persist and replicate in foamy macrophages and their presence is an indication of
degenerative granuloma and caseous necrosis (Tan and Russell 2015). Furthermore,
Mitb can utilize host-derived lipid intermediates, such as TAG as its carbon source
for growth and replication (Pandey and Sassetti 2008). Thus, altered immune cell
metabolism during Mtb infection can augment bacterial outgrowth and necrosis of
granuloma and a delicate balance in host immunometabolism is crucial for an effec-
tive host-protective response.
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Targeting Granulomas as a Therapeutic Approach for TB

Although granuloma plays a significant role in the prevention of initial stage of
Mtb infection towards progressive disease, presence of multiple types of granulo-
mas, ranging from cavitary to necrotic and non-necrotic lesions, within the lungs of
active TB patients questions its protective role. Moreover, granulomas, by virtue of
their tight-knit cellular structure with fibrotic rims, can be refractory to antibiotics
penetration into their necrotic center with caseum, where Mtb thrives; this contrib-
utes to prolonged duration of anti-TB treatment (at least 6 months for drug-sensitive
pulmonary TB). This also suggests that additional host-directed therapeutic strategy
that can modulate the structure (e.g., integrity, vascularization) and function (inflam-
mation, metabolism) of granulomas can be used to enhance the efficacy of existing
anti-TB drugs (Kolloli and Subbian 2017). Previous findings show promising trend
in this approach. For example, TNF-a plays a significant role in the formation of
granuloma and maintenance of its integrity; neutralization of TNF-a with antibody
(e.g., Enbrel) treatment leads to disruption of granuloma integrity and enhances
antibiotic penetration that augments bacterial clearance and reduces lung pathology
(Chakravarty et al. 2008; Bourigault et al. 2013). Similarly, blocking of TNF-«
using etanercept during initial stages of TB treatment was shown to accelerate spu-
tum culture conversion and elevate the number of CD4+ T cells by 25% in patients
with HIV-associated TB (Wallis et al. 2004). These findings suggest that granuloma
integrity is a critical factor for bacterial survival and proliferation, and therapeutic
agents that can perturb granuloma structure have the potential to be used as adjunct
drug with standard antibiotics to promote efficient bacterial clearance, improve
treatment efficacy, and shorten the duration of therapy.

Recently, pharmacological agents that either promote or inhibit angiogenesis
have been reported to augment TB treatment. In this strategy, the host vascular
endothelial growth factor (VEGF) and angiopoietins (Ang) were targeted. These
molecules are potent angiogenic factors and are essential for the growth and prolif-
eration of endothelial cells. Moreover, VEGF and Ang are abundantly expressed in
pulmonary TB granulomas (Datta et al. 2015) and elevated levels of these molecules
have been reported in patients with active pulmonary TB, compared to healthy con-
trols (Kumar et al. 2016). The increased expression of VEGF and Ang also promotes
abnormal, leaky, and dysfunctional blood vessel formation around the granuloma-
tous area. This creates a hypoxic microenvironment in the granuloma that impairs
normal immune response and favors Mtb persistence (Osherov and Ben-Ami 2016).
Recently, the ability of an anti-VEGF antibody (Bevacizumab) or treatment with
SU5416 (tyrosine kinase receptor), and pazopanib (VEGFR inhibitor) in normalizing
the vascular structure of granulomas was investigated (Oehlers et al. 2015; Datta
et al. 2015). Results from these studies show successful neutralization of VEGR
function that reduced hypoxia and facilitated anti-TB drug penetration and killing
of Mtb in the granuloma (Oehlers et al. 2015; Datta et al. 2015).

In addition to controlling angiogenesis, recent research also focused on an alter-
native strategy, which promotes normal angiogenesis in the granulomas to augment
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anti-TB treatment with antibiotics. Since granulomas are limited in their blood sup-
ply and circulation, restoring normal angiogenesis might improve the immune
response and delivery of anti-TB drugs. The lack of VEGF in the sera of patients
with active, cavitary pulmonary TB supports this approach (Abe et al. 2001).
Therefore, any therapeutic approach that promotes expression of angiogenic growth
factors such as VEGF, epidermal growth factors, transforming growth factor,
platelet-derived growth factor, fibroblast growth factor, and hypoxia-inducible fac-
tor can be used to improve the clinical outcome of current anti-TB treatment. Since
hormones involved in glucose homeostasis promote angiogenesis, targeting these
hormones can be another promising approach to improve TB treatment (Cun et al.
2015). For example, exenatide, an agonist of the glucagon-like peptide-1 receptor
that enhances angiogenesis in endothelial cells, has been reported to promote angio-
genesis in TB granuloma (Aronis et al. 2013). Although clinical intervention to
restore and normalize vascular structure might enhance the efficacy of anti-TB che-
motherapy, more preclinical studies are required to assess the beneficial role of tar-
geting granuloma integrity and restoring tissue angiogenesis for better delivery of
anti-TB drugs.

Summary and Conclusion

To summarize, following successful entry into the lungs, pathogenic Mtb interacts
with host cell receptors present on phagocytic cells in the lungs. This leads to
engulfment of the pathogen and secretion of several pro-inflammatory molecules,
which aid in the extravasation of various immune cells from the circulation to the
site of infection and initiate granuloma formation. With time, the granuloma is
packed with various leukocytes and confined to a defined area in the lungs. These
host cells produce a plethora of cytokines/chemokines that shapes the quality of
immune response prevailing in the granuloma. In general, a pro-inflammatory Th1
response is considered as host protective while an anti-inflammatory Th2 response
is considered as counter-protective against Mtb infection; although a delicate bal-
ance between Thl and Th2 response is crucial for optimal control of infection.
Within the granuloma, the bacteria are either contained or proliferate and dissemi-
nate, depending on the nature of the bacteria and the immune environment prevail-
ing in the granuloma. In general, during early stages of infection, granulomas wall
off replication/dissemination of bacteria/disease and play a host-protective role.
During progression of infection to active disease, the lung granulomas undergo
structural changes and deteriorate to develop central caseous necrosis. At this stage,
Mtb actively multiplies extracellularly within the granuloma that can undergo struc-
tural changes leading to lung cavitation. In addition, immune cells present in the
granuloma can adopt a metabolic shift with enhanced glycolysis and altered lipid
metabolism. Considering the limitations associated with current antibiotic-based
therapy, adjunct host-directed therapeutic modalities, such as those that target gran-
uloma, is a novel and new treatment approach for TB. In this approach, the structure
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and/or immune cell function of granulomas can be modulated to increase better
anti-TB drug delivery and/or accessibility for efficient bacteriall killing and control
of infection. This strategy can improve the efficacy of existing anti-TB drugs, help
to reduce the duration therapy, and elevate the quality of clinical outcome following
treatment of patients with TB.
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