Mycobacterial diseases : Host genetics and
Immunotherapeutics
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Epochs of Our Civilization

6" Century B. C. : Democracy and Philosophy
180 Century . Industrial Revolution

20 Century : Foundations of Genomics

The 235t Century will be the 4 great century,
perhaps the greatest of all, thanks to the

“Human Genome” and the“Book of Genes”




M. leprae Infection

: Clinical disease L -
No Disease Developing through Persists indefinitely
‘Complete Resistance’
. Drug or
Indeterminate Leprosy Cure  gpontaneous

Tuberculoid Borderline Lepromatous
Leprosy Leprosy Leprosy

Bacillary invasion
Nerves,skin,muscle,bone,eye,testis,mucosae

Immune complex
(type 2 lepra reaction) nerves, skin, eye,
testis, kidney

Immunosuppresion

Why is the Immune response to
mycobacteria in Humans so Variable?

Only 10 % immune competent individuals infected
with myco bacteria develop active disease

Among those who develop, there is a wide range
of severity and progression of clinical
manifestation.

The diversity in response to the pathogen is
determined by host factors as well as bacterial
factors

NKM/ AlIMS




Leprosy “a multigenic disease”

BT/TT : Thl like cytokine profile
BL/ LL : Th2 like cytokine profile

A. Genes controlling Immune response
MHC Class Il region  HLA -DR2

Class Il region TNF a, C4B
Cytokine genes

. Genes controlling susceptibility: per se

Candidate genes Genome wide scan

NRAMP1

Col 3A and CTLA 4
VDR

TLR2
PARK2 PACRG KIR (C19)

Raet 1 family (C6g24.2 - g25.3)

Chromosome 10p ( p<2x10-°)
Chromosome 20p (p=0.0 0003 )

How HLA diversity determines

susceptibility to diseases
Hypothesis

“Susceptibility to a disease is determined by the
overall binding capability _ of an HLA molecule with peptides”

Number of epitopes bound and avidity of binding

‘efficient ' versus ‘inefficient ' presenters

Autoimmune diseases Infectious diseases
Greater overall self antigen derived Lower overall antigen peptide
peptide binding/ presenting binding/ presenting capability of
capability of HLA HLA

greater susceptibility greater susceptibility




Allelic polymorphism is concentrated in
the peptide (antigen) binding site

Class |

KRS
Class Il
(HLA-DR)

Polymorphism in the MHC affects peptide binding

HLA-DR2 Association in leprosy and pulmonary tubeculosis

. Leprosy PTB

No Tested 90 29 61 153
No Positive 62 16 46 78

97 56
40 38

Total TT LL Total D.Resp. D.Fall




Sequence Determination
of HLA Alleles

Assoclated with

Mycobacterial Infections

Pockets in floor of peptide binding
groove




MHC Class I

£ anne

“ Peptide presenting MHC Motif "~

AIIMS / NKM

Arginine rich motif in TT Leprosy

9101112 1316323747576067 707174
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J Exp Med 183: 829, 1996 NKM/ AlIMS




Polymorphic amino acid residues in the peptide

binding pockets of DRB1 alleles

Amino acid residues in the DRb chains

Pocket 6
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Leprosy

Tuberculosis

DRB1*1501

55.24

Valine
1.27X10-10

43.127 p=

c%=

€2 =6.633 p=0.01

DRB1*1502

DRB1*1601 /02

Severity of Disease

Pulmonary severity




DRB1 peptide binding motif in leprosy

Pocket 4 Pocket 1
DRB1lalleles

b13 b70 b7l b74

*1501,*1506 R13,Q70,ATL A4
*1502 R13,Q70,A71,A74
Leprogenic motifs | *1602 R13,D70,R7L,AT4
*1001 F13 R7O R71 A74
Non Leprogenic *0701 Y13,D70,R7,AT4

motifs *1201 *1202 S13 D7O R71 A74

Pocket 1 Pocket 4
85 86 89 90

*1501 Vv V. F T

*1502 Vv G F T

*1601 / 02 vV G F T




Distribution of HLA - DR restricted supertypes amo ng clinical
forms of leprosy and healthy controls

Pocket 4 # Pocket 1 $

Group Positive P05|t|ye/ Negative  Neutral Valine Glycine
Negative

Healthy
Control 19.98 36.24 4.29 20.66 36.50  41.32

Leprosy 22.01 21.46 3.54 40.119 | 47.00@ 37.41

BT/TT
leprosy

BLLL ) 7)) 20.36 2.59 43.029  49.75@  3571%

leprosy

22.60 23.60 4.76 34.799 41599 41.59

Co-existence of pocke®d’ and ‘1’ motif
and disease outcome iheprosy

Pocket 4 ; :
Susceptible / Disease

Resistance outcome

Q"°, K/IR™:, AT4 Positive M. leprae
Q70, ATL, AT4 NEITTET infection (PB)

70, KIR™L, AT4 Positi M. leprae
Q N03|tt|v|e infection (MB)
Q70, A7L, AT4 el

D70, E71, A74 Negative




MHC peptide binding Motif
Mycobacterial Infections

® “ ‘Pocket 1’
f.

Severity of disease s ; ‘; U

Valine Severe form iy — gt War 3
¥ PP
Glycine Mild form e Sl -

P pea ~ T pao

’r( -‘ -"-"'_ ‘Pocket 4, e 2 ,;’ » 9""-._‘
- Q hm //‘ / -

G 8 E ey 2 / .....u-{ “:’{-,L
P —

Pos/Neu Leprosy vy “% E? % o ".3,_

e

Neg/Neu P.TB - ‘ “%m

Tre pav FL-EHT““

Disease Susceptibility / gt ™

Multiple genes in leprosy

location

VDR 12912-14 Suppression of inflammation

TLR? 4932 Role in pathogen recognition and activation of
innate immunity

PARK2 PACRG E3 polyubiquitin ligase




TLR 2

TLR 3
TLR 4

TLR 5
TLR 6
TLR 7
TLR 8
TLR 9

TLR Gene Location & their Ligands

TLR 1 4pl4 Soluble bacterial factors Wyllie et al 2000 -

4031-32
(M.th)

4035

Bacterial: LP, PGN, LTA, LAM

9032-33

1041-42
4p14
Xp22

G-negative bacteria, M.th, LPS,
Fibrinogen, Endogenous:
HSP 70, HSP 90

Flagellin
Peptidoglycan, G-positive bacteria
Viral: ssRNA (Influenza, HIV)

Xp22
3p21

Lehner et al 2001

Alexopoulou et al 2001
Means et al 2001

Hayashi 2001
Takeuchi 2001

Lepromatous Leprosy, M.avium
in Asian Population,
Staphylococcal Infection, M.tb
Type-| Diabetes

Candida infection, response

to LPS, IBD, Septic shock,
Atherosclerosis,
Meningococcal Sepsis

Lung/Gut Mucosal Immunity
Antiviral Defense

viral Defense

Murine

? Humans

TLR Polymorphism & Mycobacterial Infections

SNP
Position

2" Exon

(Intracellular TIR
domain)

4t Exon
(Extracellular
domain)

Promoter
Region
(Transcription of
Gene)

C 2180 T (Arg 677 Trp)

G 2408 A (Arg 753 GIn)

A 896G (Asp 299 Gly)

C 1196 T (Thr 399 lle)

(T -1237 C)

(T -1486 C)

M.tb Infection

+ve Association
(Caucasians)
Absent *

(North Indian)*

M.Leprae
Infection

+ve Association
(Koreanl, Tunisian2)

+ve association (North

Indian) *
No Association

(Gambian3, Mexican4)
+ve Association (North

Indian) *

-ve Association (North

Indian) *

No Association (North

Indian) *

*AlIMS Data, (1 Gue Tae Chae et al), (2 Meriem Ben-Ali et al), (3 Newport etal,) (4 Adrian
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Genotypic Frequencies of TLR4 Gene Polymorphism

O Healthy (n=250) O Healthy (n=250)
O0T.B (n=104) O0T.B (n=104)

*p < 0.001

*X2=6.3
*[OR (95% Cl) : = 0.1(0.02-1.04)]

*X2=14.8
*[OR (95%Cl) : = ()]

Correlation of TLR4 A 896 G (Asp 299 Gly) & C 1196 T (Thr 399 lle):
Radiographical Severity

Homozygous and heterozygous mutant alleles for botiutations i.e. (GG, TT and AG, CT) were
found significantly higher in patients with severelung infection

i.e Far advanced
Wild Type allele (AA and CC) has been found higherni least severe lung infection cases i.e

minimal

12
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Genome screening linkage analysis
(Identification of PARK2 and PACRG)

First step Genome wide screening of 86 Viethamese
multiplex families.

Genotyped 388 MLS (10cm), model free linkage
analysis.

11 chromosome regions (MLB score>1)

Stringent linkage criteria 6g25-27 linked to lepros  y
per se (MLB score>4.31)

Leprosy susceptibility locus 6925 -26 : 31 genes
64 SNP one SNP located close or within each gene

Association scan of linkage peak among 197 Viethame  se
simplex families

Six markers associated : clustered in promoter reg ion of
PARK2& PACRG genes.

14



PARK2/PACRG Study: North Indian

North Indian Cohort: 364 Leprosy patients
571 North Indian Controls

Panel of 12 SNPs upstream region of PARK2
PACRG

rs 2803073 & rs 1333955 associated Leprosy per
se

Possession of as few as 2 risk alleles highly
predictive of leprosy

Association between leprosy and DNA polymorphisms o f the
PARK2/PACRG region

Healthy

Leprozy Controls (%GF)

Markers Patients(%GF) Reverse Primer

r$2276201 AAAACACCGAAAAACCTTCAT
rs10945859 TGATACATAGCGGGATCAACG
e AGCATGAGGTTGCAATTAAGA

rs19312233 CTGTGAATGAGGCTGGAGA

rs19267369 CTGTTTCCCAGTGGAGCC

rs28030736

*

s 9558
*

rs15143435
rs9347684
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rs9356058
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Panel of 12 SNPs upstream region of PARK2 &

rs19

rse9T

rs935605

8
rs

rs109458
59

target40k
b_8 F706
rs10400

75133395

IS 620
034768

4

rsZ28030

..ANNAN~ AON

D) /\
Chromos

ome Forward primer
location

Reverse Primer

163169497 | TGTTTTGGCCCGTAAGTATG AAAACACCGAAAAACCTTCAT
163182200 | TGATTTTCCCTCTGCACAAA TGATACATAGCGGGATCAACG
TTTATCTTTAGCAGTATAGACTTCTCA AGCATGAGGTTGCAATTAAGA

GC

163183494 | ATTCAATTGGCCATGCAC

CTGTGAATGAGGCTGGAGA

TTCTCTCCCCTCCATGCC CTGTTTCCCAGTGGAGCC

163113013

CTGTTTGACAAATATTAATTGAACCA  ACATGTAAAATAAATTTCTAGGAAGAA

163185177

GTC

163184438 | CTCGTGCCAGGAGGAAAAT GGACTAAAGGGCATGGTGAG
163183865 | TTGGATTTTCAGGATTTTATAGC TGGCCAGCCAGGTTTCTG

163119908 | CTCGCTCTGAATCAGGGG TTTTGGCAAAGACCACCC

163122235
162933239

17021711

Candidate Genes

Genes
PARK2 PACRG

TLR

LTA 80
(Lymphotoxin a)

Function

Polyubiquitin ligase

Innate Immunity
Proinflammatory cytokine

16



Leprosy susceptibility locus 6925 -26 : 31 genes
64 SNP one SNP located close or within each gene

Association scan of linkage peak among 197 Viethame  se
simplex families

Six markers associated : clustered in promoter reg ion of

PARK2& PACRG genes.
Schurr et al,Vol427,Feb 2004

PARK2/PACRG Study: North Indian

North Indian Cohort: 364 Leprosy patients
371 North Indian Controls

Panel of 12 SNPs upstream region of PARK2
PACRG

rs 2803073 & rs 1333955 associated Leprosy per se

Possession of as few as 2 risk alleles highly
predictive of leprosy

17



Association between leprosy and DNA polymorphisms o f the
PARK2/PACRG region

’ ; Healthy Controls (%GF)
] Leprosy Patients(%GF)

eiooasess [0 o 100 o o |
s o 0w Joo fors Joa |
0
"

*

-
.

.55

Leprosy susceptibility locus 6925 -26 : 31 genes
64 SNP one SNP located close or within each gene

Association scan of linkage peak among 197 Viethame  se
simplex families

Six markers associated : clustered in promoter reg ion of

PARK2& PACRG genes.
Schurr et al,Vol427,Feb 2004
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Questions for Future

Exact role of CD8+ T cells in protection against
tuberculosis ?

Multiple MHC restricted immunogenic epitopes of
M.Tb ?

MHC Class Il Tetramers ? - Different approaches to
tetramer design and use

Class Il Tetramers have the potential to serve as
markers of immune monitoring and thereby assist in
patient management, therapy selection and may be
improved outcome

ERA OF “ OMICS”
FUNCTIONAL GENOMICS

how genes,transcripts and /or proteins interact.

TRANSCRIPTOMICS

Identify and quantify all transcripts based on stag e or tissue
specific expression.

PROTEOMICS

Identify production and turnover of proteins.
Identify alterations e.g. glycosylation, phosphoryl ation etc.

IMMUNOMICS

Identify genes involved in immune regulation.

PHARMACOGENOMICS

Interaction of drugs with various biochemical pathw ays.

19



Genome organization Of M.leprae &
M.tuberculosis

Genome Size [3.268 Mb 4.411 Mb
G+C % 57.79 65.61

Protein 1604 3959
coding genes

Translational Research in Medicine

In Genetic Medicine:
Connecting Basic research to patient care
Understanding the genetic basis of disease
Developing specific genetic tests
Identify people at risk
Devise preventive and therapeutic treatments
Personalized Molecular Medicine

HLA Region: An Excellent Minigenome Model
<

-




MHC Diversity : Biological and clinical implications

Novel Alleles
- racial admixture

Unique HLA
haplotypes
- disease associated

Founder effect
- Selective environmental
Extreme & microbial pressure

MHC

Unique Diversity
repertoire of .

peptide Indi _
presenting naia Oriental

molecules influence

Diversity of HLA -A2

Hungarian Gypsies
North Indians

Tissue Antigen$7, 502-507, 2001.



Extreme HLA Diversity

Known Alleles Relevant Alleles

HLA-DRB1

DR*15/16 Subtyping and pulmonary severity

m *1602
= *1601
m *1502

N

Control

20% 40% 60% 80% 100%

Pocket 1 Pocket 4

85 86 89 90 70 71 74 78
*1501 V V F T Q A A Y
*1502 V G F T Q A A Y

*1601/02 V G F T D R A Y
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Co-existence of pocke®d’ and ‘1’ motif
and disease outcome imuberculosis

Pocket 4 : :
- Susceptible Disease
S.No  Pocket 1 Total

Residues b70, b7%, b 74 / Resistance outcome
charge

Q70, K/IR™L, A74 Positive Protective No Disease

Q70, K/IR™L, A74 Positive Protective No Disease

D/R7°, R7L, A/L/IE/Q74 Dicharged
D/R™, R7, AIL/E/Q74  Dicharged

D70, E™L, A74 Negative i M.Tb Infection
Q70, AT1, AT4 Neutral

D70, E™, AT4 Negative Susceptible Severe Disease
Neutral

Q70’ A7l’ A74

NKM/ AlIMS

Clinical spectrum of leprosy

Bacillary invasion
Nerves,skin,muscle,bone,eye,testis,mucosae

Immune complex

(type 2 lepra reaction) nerves, skin, eye,
testis, kidney

Immunosuppresion




200,000 ~
175,000 ~
150,000 ~
125,000 ~
100,000 ~
75,000
50,000 -
25,000
0 -

Leprosy situation by WHO region
(beginning of 2007 )

O Registered Prevalence, Jan-07,
total=224,717

® New cases detected, 06, total
=259,017

Oindia O Brazil
B Indonesia O Others

9,805
6,124

)

3,261

Americas
South-East
Mediterranean

Western
Pacific

WHO region

Source: http://www.who.int/wer

Genome organization Oft M.leprae

Bacillus non cultivable in axenic cultures.

Most of genes controlling metabolic pathways non
functional.

Natural host: man,wild armadillo.
About 1/2 of the genome has pseudogenes (~1130).
Lowest level of Genetic Diversity

Comparative sequencing using SNP analysis reveals a single
clone with worldwide dissemination.

Disease may have originated in East Africa or near  East
(Stewart Cole, Science 308:1140,2005).

24



Research in Immunology & Genetics:
challenges and opportunities

Some Facts...

Many of world’s major diseases  — infection, cancer, autoimmunity and allergy
— critically involve the immune system

Impressive development of diagnostics, vaccines and therapeutics

Genetic control of immune response demonstrates bot h complexity and
flexibility

Of the 20,000 -25,000 genes estimated to comprise the human genome , > 4000
are broadly associated with the immune system funct ion

‘Immune tolerance’ holds the key to controlling unw anted immunol ogical
attacks on self and transplanted tissues/ organs

Protecting mucosal tissues from infection and infla mmation is on e of the
most important challenges of immunology research to day

Candidate Genes In
Leprosy

25



Multipoint MLS

Candidate Genes for Leprosy

388 Mst markers : 22 autosomes , X chromosome

103 affected sibpairs ( TT /BT mainly)

One region on chromosome 10p ( D10S548 ) -
MLS > 3.0 8 markers

Maximum MLS (4.09) for D10S1661, P <0.000007

Positional candidate genes on C10p : signal

transduction ( STAM-1, GATA 3), receptor for LAM
( MRC-1)

AlIMS / NKM

MLS map of chromosome 10 in Leprosy

26



Function of PARK2 & PACRG genes

PARK2 codes for E3 ubiquitin protein ligase ( delivery of
polyubiquinated proteins to the proteosome complex)

PACRG? Linked to ubiquitin proteosome complex

Both genes expressed in schwann and macrophages
(primary hosts for M.leprae)

Ubiquitin.  mediated proteolysis plays a role in leprosy
pathogenesis

E3 ubiquitin ligase interacts with proteins of the immune
response (TLR, T cell anergy induction)

Fine linkage disequilibrium mapping of a 90 kb
interval in the HLA class Il region

Alcais ..Singh ..Mehra. .Schurr et al ; Nature Gene tics,
April 39(4) 517-522 ,2007.
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Peptide Based Vaccination

Limitations

Since different MHC alleles recognize different str  uctural
motifs, MHC polymorphism presents a formidable obstacle
to the development universal vaccines

Sequence analysis of all alleles is necessary to determine
the structural features of main binding pockets and the
optional peptide motifs (or supermotif ) for ligand binding

Peptide sequences that identify CTL epitopes and
trigger a protective response may differ depe  nding on
the HLA type of the individual

Toll Like Receptor (TLR) 4 Mutations

Influence Susceptibility and Severity of Pulmonary

Tuberculosis in North Indian Population




Peptide on a MHC |l Molecule

Alphal

Association with Infectious Diseases

Disease HLA Alleles Populations

Leprosy DRB1*1501/02 , Surinam, Ethiopia
Malaria B53 , DRB1* 1302 Gambia

Tuberculosis DRB1*1501/02 , Russia, Indonesia
HIV Progression B35 Px A1-B8-DR3 , B27 , USA, Europe
Hepatitis B Persistence DRB1* 1302 Gambia, Germany
Hepatitis C Persistence DR5 Italy, UK

29



Immuno-informatics : Guide to vaccine

Pathogen sequence Host IR genes (MHC)

\4 ¥

Protein subset selection Delineation of peptide
* presenting MHC mol.

\

Epitope analysis

l Supertype analysis

\4

Promiscuous epitope —— Supermotif selection

'

Theoretical Binding assays

V

Ex vivo Assays [/ Transgenic expe.

¥

Candidate vaccine

The MHC : Gene Organization

Long arm cen. short arm
9 6p 21.3
HLA region
Class Il Class Il Class |
DR~DMB \DMA LMR 210 f Hgp70 MICA XEJ HGF Hfe
(i)l I\" I"ﬁii; “i! i'i H t!!’“g’ tt I
DNA TAP C4B,A C2 TNFab
1Mb 1Mb 2 Mb

Most polymorphic

Immunologically relevant as antigen presenting molec ules
Polymorphism restricted to functionally crucial reg ions in the PBR
Crucial in organ and Stem Cell transplantation

Many diseases associated with genes encoding HLAmo  lecules

30



Optimizing vaccine design

Infected Cell

MHC -

Processing Binding
L]
L]

Activated T cell
MHC binding capacity
Processing of class | and class Il restricted epitopes

Genetic Diversity of HLA
High and ethnically balanced population coverage

TCR recognition of epitope — MHC

AlIMS / NKM
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