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Abstract

Urgently needed specispecific ELISAs for detection of antibodies agaif@tlamydia(C.) spp.
have been elusive due tigh crossreactivity of chlamydial antigenslo identify Chlamydiaspecies
specific Bcell epitopes, we ranked fmtial epitopes ofimmunodominant chlamydial proteins that are
polymorphic among alChlamydiaspecies. kgh-scoring peptides were synthesized withexminal biotin
followed by a seringlycine-serineglycine spacer, immobilized onto streptavidioatedmicrotiter plates,
and tested with monspecific mouse hyperimmune sera against edilamydia species in
chemiluminescent ELISAs. For each of nibklamydiaspecies, @ dominant polymorphic Bell epitope
regions were identified on OmpA, CT618, PmpD,AncCT529, CT442, IncG, Omp2, TarP, and IncE
proteins. Sixteed0 amino acidong peptides of these epitopes reacted highly and with absolute specificity
only with homologous,Chlamydia mono-speciesspecific sera. The probability of cressactivity of
closely related peptide antigens correlated with percent sequence identity, and declined to zero at less than
50% sequence identity.

In the course of this investigation, a failure to accurately predia#|Bepitopes was observed for
such prediction algorithm Using our database of confirmed chlamydiaie epitopes and neepitopes,
we sought to understand the reasons for this failure. In our investigation, stitat peptides of Bell
epitopes bound antibodies poorly, thus epitope mapping with shptidpeantigens would have falsely
classified many of these epitopes as -epitopes. We also show in published datasets of confirmed
epitopes and neapitopes a direct correlation between length of peptide antigens and antibody binding.
Elimination of shor , 011 aa -epipppe tsaxjyercesniroproved public datasets for evaluation of
silico B-cell epitope predictionf-ollowing evaluation of a comprehensive set of algorithms for prediction
of protein properties, we show that protein disorder tendensy describes Bell epitopes. For Bell
epitope identification from @rotein with 86% accuracy, we recommend using the 25aa moving average

plot of the IUPreel disorderscore, and selecting 4®)aa peptides of peak regions for laboratory testing



In corclusion, we have developed an accurate approach -fmllBepitope prediction and have
applied it to identification of highly specific peptide antigens for molecular seroloGhlamydiaspp.The

combined approach also lends itself to identification tefvant epitops of other microbial pathogens.
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CHAPTER 1 LITERATURE REVIEW

1.1  BIOLOGY OF CHLAMYDIAE

Chlamydiae are0.2-1.5 pum in diametercoccoid, nonmotile,Gram-negative,
obligate intracellular bacteria that multiply in eukaryotic ceNgith a peculiar
developmental life cycle withia membrane bound vacuofaclusion) residingwithin
the cytoplasmof host cells 1,2). Cell walls contain lipopolysaccharide, functional
peptidoglycan, and hexagonally arranged projections with type Ill secretion dilgtem
structures, analogous in structure and composition to walls of-Gegative bacterialf
6).

Chlamydiae replicate by binary fission with tyeincipal alternativecell forms in
their life cycles- (i) elementary bodie§EBs) that are infectious bugssentiallyinert in
physiological metabolisnand (ii) reticulate bodiegRBs) that are metabolically #ue
but noninfectious (,7,89. When the development cycle is not synchronized, three
chlamydial formg (i) reticulate,(ii) intermediate, andii) elementarypodies are present
(1,9-11). The alternative forms of the life cycle possess distinctive pltogical changes
in the outer membrane and nucleoid structltementary bodiearesmaller in size (02
0.4 um in diameter) with electreslense DNA condensed with proteins and few
ribosomes surrounded by rigid cell wallsat are resistant to sonic lys(4,9,10.
Reticulate bodies are variable in size, typically larger in diameterl(6.6im), have less
dense structure of nuclear material with more ribosomes surrounasdl yalls that are
sensitive tasonic lysis 12).

The development cycleof chlamydiae is completed in three phases (i)

attachment and entry of elementary bodies into host cells and their reorganization into



reticulate bodies, (iijnultiplication of reticulate bodies, and (iii) conversion of a large
fraction of the reticulate body polation into a new generation of elementbhodies(1).
The nitial interactiors of chlamydiae and host cells are probably by electrodiatoes
(13). Theuptake of chlamydiae is further secured@ijamydiaspecific proteinssuch as
heat shock protei0 (hsp70), outer membrane cysteiied protein B (OmcB), major
outer membrane protein/outer membrane protein A (MOMP/OmpA), or polymorphic
outer membrane proteins (Pm(4-19). Reduction of disulfide bondbetweenouter
membrane proteins of elementarydies, by hostoleculessuch as glutathione, render
the outer membrane permeable to host ASEbsequentlythe intrinsic ATPase activity
of elementary bodiegenerate energy for chlamydial metabolism immediately after
entry into the host cells2Q). ChHamydiae facilitate their survival in the inclusion by
preventing fusion to lysosome¥/hile thedetailk are not yet known, they achieve this
evidently by remodelinghe inclusion membrane with Inc proteiggclusion membrane
proteins) poduced by reticaite bodies X,21,23. The matureelementary bodies in
inclusion do nodivide; rather they are released from the cell to infect new cells of the
same host or to infect new hosgit¢ransnission is successf(8,2324). Cellular exit may
occur by two indepedent mode$ (i) extrusion of the inclusion from the infected cell
and (ii) lysis of the intracellular inclusion followed by lysis of the .c&he yield of
infectious chlamydiae per host cell varies from11@00 depending on chlamydial strain,
the hostell, and growth condition4,25.

Chlamydiaecannotbe cultivatel in cell-free synthetic mediunyet, but can be
propagated in laboratory animals such as rodents, the yolk sac of chicken embryos, or in

cultured cells such as Hela or McCogells supplemated with amino acid$1,26-29).



Chlamydiaecannotutilize glucosecatabolism for generating enerdyut acquire ATP,
GTP, and UTPvia nucleotide transport proteifsom the host cytoplasmand thse
exogenous nucleotide triphosphates mietir needs(30). In addition they encode
enzymesfor energy producing pathways and substtatel phosphorylation31,32).
Interestingly, chlamydiae competitively acquire biosynthetic intermediates from
metabolic pools oftheir host cells. From both hosterived and dé-synthesized
intermediates, chlamydiasynthesize protein, lipg] and glycogerto complete their

parasitic life cycle in the host cell3338).



1.2 TAXONOMY OF CHLAMYDIAE

The axonomy of chlamydiabascontinuouslychangedver many decades since
the discovery thaits members causeachoma 89). The name Chlamydozoa (meaning
cloak and animal) was originally proposed to deschite infectious elementary bogks
were cloaked within host cytoplasmicnclusiors (40), followed by the proposal of
Chlamydia in 1945 (1,41,42). Interestingly accuratehistotical reportsof the blinding
diseasdrachomaexist alreadyn the ancient wold, and reliable descripti@dateback to
between 1553 and 1550 B@3]. Trachomacausing agestwere also observed in
conjunctival cells from infants with dghalmia and in cervical cells from their mothers
as early ashe 1930s and 1940<1(Q). Outbreaks of pneumonia associated with psittacine
birds in 1930s led to the discoverytbk causative agent of psittaco$#0). Because of
biological and antigenic similarities among causatixganisms of trachoma, psittais
and the agent that causémmphogranuloma venemm (LGV), thar close biological
relationship was recognized. Sindeegte infectious agernst could be passedhtough
bacterial filtes and sharedmany properties with viruss they were for a long time
consideredviruses(1,40. In this time of taxonomic uncertainty, many terms such as
Bedsoniawere proposed for chlamydiae, whicteated confusiorather than seimg the
purpose of taxonomyn 1957,theisolation ofthetrachoma agerit n e mbr yonat ed
eggs in China led to detailed structural and morphological studies$ since 1960
chlamydiaehave beeruniversally accepted as bactetiia.1980,the GApprovedLists of
Bacterial NameB listed just two species to include aflhlamydialike bacteria, and
separated the species basecclbamical characteristics, morpholognd developmental

life cycle @4). Chlamydia trachomatisstrains were identified with theirbdity to



accumulate glycogen in inclusions and their sensitivity to sulfadiazimie Chlamydia
psittacistrains did not accumulate glycogen aveferesistant to sulfadiazine.

The development of nucleic acid bagagonomyand isolation of new strairied
to two additional specie€hlamydia pneumonia€’) and Chlamydia pecorung45). In
1997 (46), DNA sequence analysis identifiethlamydiaethat are closely related to
Chlamydia trachomatjs but isolated from swine, and yet cannot be classified as
Chlamyia trachomatissince these isolates are resistant to sulfadiazine, supporting the
idea that there is a need for molecular based classification of chlamydiae. Subsequently
Everett et al., 1999 proposed separateghe family Chlamydiaceaanto two genera
composed ofnine speciegChlamydiaand Chlamydophila 47). Based onthe Everett
classification, the genus Chlamydia included three speciesQhlamydia trachomatjs
Chlamydia suisand Chlamydia muridarum and the second genu&£hlamydophila
included the remaning 6 speciesGhlamydophila psittagiChlamydophil pneumoniae
Chlamydophila pecorum Chlamydophila abortys Chlamydophila cavige and
Chlamydophila felis This nine specieslassificationof Chlamydiaceaédasbeen widely
acceptedin contrastthe sepeation of thefamily Chlamydiaeaeinto two generaias not
been accepted by most scientists.

The phylogeny based oh6S rRNAand23S rRNAgenes, shown in Fid..1A and
1.1B with three new proposed speci€hlamydia avium Chlamydia gallinaceaand
Chlamyda ibidis), shows that Chlamydiaceaeare weltseparated fromthe related
families Parachlamydiaceae (Parachlamydia acanthamoebae Protochlamydia
amoebophil® Simkaniaceae (Simkania negevengisand Waddliaceae (Waddlia

chondrophilg. The 16S rRNAor 23S rRM phylogenies appear to support the Everett



split of Chlamydiaceae into the Chlamydia and Chlamydophila genera, but
comprehensive analysigsing the major outer membrangrotein or concatenated
housekeepingroteinsEnoA, GidA, GatA, HflXindicatesthat al currently recognized
species inChlamydiaceaeare indeed very closely relatg@fig. 1.1C and Figl.2).
Therefore, recently Sachse et al., 2015 proposed a single Gatamydiain the family
Chlamydiaceado include all currently recognized speci@s8). Including the recently
identified specie€. ibidis thesingle genu€hlamydiacomprisesiow 12 species (Table
1.1) based on broadenedriteria that encompass biological as well as molecular
properties From now if not mentiored otherwise we will use the chlamydial taxonomy
proposed by Sachse et al.,, 20IThese 12 species of the gerdklamydiaare (i) C.
abortus(Cab), (ii)C. psittaci(Cps), (iii) C. caviag(Cca), (iv)C. felis(Cfe), (v)C. avium
(vi) C. gallinacea (vii) C. ibidis, (viii) C. pecoum (Cpe), (ix)C. pneumonia€Cpn), (X)
C. muridarum(Cmu), (xi)C. suis(Csu), and (xii)C. trachomatigCtr).

Fig. 1.2showsthatthe species of th€. psittaciclade comprised ofC. psittacj C.
abortus,C. caviae andC. felis areclosely related antlavemore thar®0% amino acid
(AA) sequence identity. This clade contains strains from bdggittac), ruminants C.
abortug, guinea pigs €. caviag, and cats €. felig (Table 1.1). In Fig. 1.2Athe C.
trachomatisclade consists of three closeBlatedspeciesC. trachomatisn humansC.
muridarumin rodentgmurine biovar causing mouse pneumonitis, Mof8);andC. suis
in swine(49), andthe specie®f this clade also havmore than90% sequence identity.

The dvergent clade o€. pneumoniaémainly reported
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C. abortus 826/3
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C ompA C. aborius S26/3
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(Putative) I C. muridarum Nigg
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Fig. 1.1. Evolutionary relationships ofChlamydiaspp. based orthe nucleotide sequence of chlamydial
(A) 16S rRNA (B) 23S rRNAand (C) ompA genes. Bar 0.05 indicates substitution per nucleotide site.
Alternati ng colors for major clades of Chlamydiaspp. are used for aidin visualization. The putative
common ancestorof Chlamydiaspp., shownasred oval shape,is calculatedbased on16Sand 23S
rRNA relationship of Chlamydiaspp. with external members,Chlamydiales

The evolutionary history was inferred using the NeighbofJoining method (50). The tree with the
optimal sum of branch lengths is shown. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer thehylogenetic tree. The evolutionary
distances were computed using the Maximum Composite Likelihood methodX). All ambiguous
positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGA6
(52).



A Phylogeny of Chiamydia spp.
Multi-Protein Sequence Analysis of enoA, gidA, gatA & hflX encoded concatenated
protein sequences

100 C. abortus S26/3
83 C. psittaci 02DC15
100 C. caviae GPIC
96 C. felis Fe/C-56
97 { C. avium 10DC88
100 C. gallinacea 08-1274/3

C. ibidis 10-1398/6

C. pecorum E58
100 C. pneumoniae CWL029

9_3|:c muridarum Nigg
C. suis MD56
100 L2b/UCH-1/proctitis
— 4‘100 [ A/363
002 99 L DIUW-3/CX

B Average Sequence Identity (%) in enoA, gidA, gatA & hfIX encoded concatenated proteins
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C. abortus S26/3
C. psiitaci 02DC15 97
C. caviae GPIC 92 92
C. felis Fe/C-56 91 92 92
C. avium 10DC88 81 81 82 82
C. gallinacea 08-1274/3 82 82 81 82 89
C. ibidis 10-1398/6 81 82 83 82 78 77
C. pecorum E58 74 74 74 74 70 71 72
C. pneumoniae CWL029 74 74 74 74 70 70 72 72
C. muridarum Nigg 73 74 74 73 71 70 73 67 66
C. suis MD56 73 74 73 73 70 69 73 68 66 93
C. trachomatis A/363 73 74 74 73 71 70 73 68 67 92 91
C. trachomatis D/UW-3/CX 73 74 74 73 71 70 73 68 67 92 91 100
C. trachomatis L2b/UCH-1/proctiis 73 74 74 73 71 70 73 68 67 983 91 100 99

Fig. 1.2. Evoluionary relationships of Chlamydiaspp. based on concatenatetousekeepingprotein
sequences. (APhylogeny of Chlamydia spp. Bar 0.02 indicatesamino acid substitutions per site
Alternati ng colors are usedfor aid in visualization. (B) Protein sequence iéntity. Numerical values
indicate protein sequence identityPai rs shown in red have O 90
blue have O 99 %Hmsskpepmg wraein seduemesiencgded byoA (enolasg,
gidA (tRNA uridine 5-carboxy-methyl-amino-methyl modification protein  GidA), gatA
(aspartyl/glutamyl-tRNA amidotransferase subunit A and hflX (GTPase HflX) were aligned,
followed by linking together of thesefour protein sequences for each strain o€hlamydiainto a long

sequence (concatenated protein sequence).

The evolutionary history was inferred using the NeighborJoining method (50). The tree with the
optimal sum of branch lengths is shown. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branch&?).(The
evolutionary distances were computed using the JTT matribased method $4). Evolutionary

analyses were conducted in MEGA§52).
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Table 1.1: Current major members of Chlamydides.

Family Genus Species Natural Other Host Site of Infection Reviewed
Host from
(i) C. abortus Sheep, goa| Cattle, swing Genital, respiratory 48
(i) C. psittaci Birds Mammals Respiratory 48
(i) C. caviae Guinea pig Horse Ocular,genital 48
(iv) C. felis Cat Ocular, respiratory 48
. Pigeon, .
(v) C. avium parrots Regpiratory 48
(vi) C. gallinacea Chicken |Other poultry Respiratory 48
African

Chlamydiaceae Chlamydia (vii) C. ibidis Isolated from cloacal swabs| 55

ibises

Sheep, goatl Gastreintestinal, respiratory,

- : 48
swine urogenltal

(viii) C. pecorum | Cattle, koalg

Human, |Amphibians,

(i) C. pneumoniae horse, koalg reptiles

Respiratory, cardiovascular 48

(x) C. muridarum Rodents Gastraintestinal 48

(xi) C. suis Swine Ruminants Gastraintestinal, genital 48

Ocular (Trachomj urogenital

(xii) C. trachomatis| Human (STD), lymph node (LGV) 48
Parachlamydiaceae|Parachlamydia [P. acanthamoebae | Amoeba Human Respiratory in humans 56,57
Simkaniaceae Simkania S. negevers Amoeba Human Respiratory in humans 56
Waddliaceae Waddlia W. chondrophila Amoeba | Ruminants Urogenital (abortive) in 56,58

ruminants

in humans & marsupials;) andC. pecorum(isolated from ruminants, swine, and koala;
45) is well separated from th€. psittaci and C. trachomatisclades. The recently
accepted new specigs. avium (pigeons parrots;48,59 and C. gallinacea(poultry;
48,59 as well as the candidate spedizsbidis (African ibises55) are well separated in
the phylogenic tree from the previously descrili&ilamydiaspp. This suggests that
many more species likely exist he familyChlamydiaceaén as of yet unexplored host

populations.



1.3. |IMPORTANCE OF CHLAMYDIA SPP.

The aitcome ofChlamydiaspp.infectionsis determined byfi) infectious dosge
(i) host genetic susceptibilitygnd (iii) host immune statug60-63). Chlamydia spp.
normally infectmucosal epithelium, the single cablumnar layer of the epithelium,
where they undergotheir biphasic developmental cycle 64). Chlamydial
lipopolysaccharideplays an essential role ideterminingdisease conditionsuch as
chronic granulomatous lesions of mononuclear eggregates and fibrosisCD4"
lymphocytes argrotectivefor the host by restricing chlanmydial replication via a Thl
immune response6®,63,69. In contrast, TNFU, -1IUL a n6darelirvolved in
pathology associated witBhlamydiaspp. infection §6). In epithelial cellsChlamydia
spp. infection initiates production of various pnflammatory mediators, dwever,
despite initiating local inflamnten, most infected animals remain asymptomatic.

The human pathoge€. trachomatiscauses oculamfection often leading to
blindness(67), and genitourinary tract infectioassociated with chronic salpingitis and
tubal infertility or extrauterine pregnacy, and pelvic inflammatory disea¢g, 68, as
well as lymphogranuloma venereunC. pneumoniaenfection results inrespiratory
diseasamanifestations such as pharyngitis, bronchitis, and pneumonia in huMag@s (
pneumoniaavas alsdinked tohumanatherosclerosis and coronary heart dise&Sg. (n
sheep, goat and cattleC. abortuscauses abortion, seminal vesiculitis, and mastitis,
C. pecorum causes vaginitis, endometritis, polyarthritis, pneumonia, enteritis,
encephalomyelitis and several atHatent infections {0,7]). C. pecorumalso causes
similar infections in swine and koala%).(C. psittaci primarily infects birds widely

known as psittacosisausng severesystemicinfections orlatent respiratory and enteric
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infectiors. C. psittacican be transmitted tbumansand causenild to severeinterstitial
pneumonia(1,72. C. suiscauses conjunctivitis, pneumonia, enteritis and pdiydis,
mostly reportedn swine ). Chlamydia feliscauses conjunctivitis in catwhich isoften
accompared by rhinitis.In mice, C. muridaruminfection causes pneumonitis and less
frequently interstitial keratitisGuinea pigs are infected witG. caviaewhich causes
follicular conjunctivitis and interstitial keratitid),

Trachoma i s t heasewfopreVedtable blihdeessdaffectipg tens of
millions of people in developing countri€¢s3,74. Lymphogranuloma venereum is also
common in developing countries leading to severe lymphoadenopathy, genital ulceration,
procitis, strictures and formation f ofistulae (73-75). Urogenital C. trachomatis
infections associatedwith urethritis, epididymitis, cervicitis, salpingitiand pelvic
inflammatory diseasare considered the most common baatesexually transmitted
diseaseworldwide (73,74). Also in humas, C. pneumoniadave beerassociatedvith
atherosclerosis and coronary heart diseases lung cancer, cerebral
infarction'cerebrovascular diseased thetotal human health impadtom these diseases
has yet to be fully determined76-80). In animals, inéctions with typical clinical
symptoms have been reported widely @rpecorum, C. suiandC. abortus(1). Due to
themost common asymptomatmimalinfectionsby ubiquitousChlamydiaspp, thefull
scqoe oftheeconomic loss is highly underestimaté&tiis loss may be as high as-18%
reduction in gross income&n order of magnitudénigher thanthe reported loss from

typical diseasewith clear clinical manifestatio(81,82).
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1.4. GENETIC-, BIO- AND SERO-VARIANTS OF CHLAMYDIA SPP.

Compared to modtee living prokaryotesChlamydiaspp.possess &ery small
genomeof 1.03x1(P bp for C. trachomatigo 1.23x16 bp for C. pneumoniae which are
less than half ofhe Parachlamydiaceagenomeof 2.4-3.0x1¢ bp (7). This comparison
suggests thaChlamyda spp. lost significant pastof their genome during evolution.
Chlamydiaspp. are thought to be separated from each other by over a 100 yelics
of evolutionin the presumptive molecular clackor comparson, lineages ofHomo
sapiensare thought tde separated by no more than 1 million years. Despite very early
separation ofhe chlamydial species frorane another during evolution, they have 90%
gene content identity compared ttee prototype strainC. trachomatisD/UW-3/CX. In
addition, they have very high conservation of genome synteny (order of genes in
genomey which indicates that the genoms of Chlamydia spp. are highly stable
compared to most prokaryotic genomd3. However, recentgenome bioinformatics
analysessuggest that recombinatidretween strainand species does oc¢@and genetic
crosses between varia@t trachomatisstrains can easily be made experimentally by co
infecting host cells 40). Most Chlamydia spp. have a conserved 7500 bp plasmid
(83,89. However, this plasmid is noequired for growthin vitro (85), drugresistance
encodedy the plasmidhasnot beenreported and clinical isolates of. trachomatisnay
lack this plasmid and yethowpersistencén vivo (85,89. Stable drugesistant mutast
of C. pneumonia@and C. trachomatishave not been isolated, bGt suisin American
pigs became resistant to tetracycline by acquiring a tet(R) transpksogenetic

element from another bacteriu®i7j.
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Chlamydiaspp. shav remarkably high serovariatipmespite the fact thahey
have small genomes with very high synteny, high genome content identity, high
nucleotide and amino acid sequence identitgnd relatively stable genoms due to
minimum influenceof plasmids, mobile elementsr phages. Major antigenic variations
of this bacterial groupre due to a porin protein knownmagjor ouer membrane protein
(MOMP) that is the mostimmunodominant ptein in Chlamydia spp. The allelic
differences inthe ompA gene which encode MOMP, are particularly high inC. suis
followed by C. pecorum C. trachomatisandC. psittaci The strains ofC. trachomatis
the best studied species of this genus, are clustered2ndéerotypes A to Lor 17 sub
serotypewith subtypes B and Bd, and Ja, | and Iand L1, L2, and L388,89). Human
infections byC. trachomatisfollow three typical patterns, (i) ocular blinding disease
(trachoma) caused by-& serotypes, (ii) urogenital sexually transmitted diseases caused
by D-K serotypes, and (iii) lymphogranuloma venereum (LGV9edses caused by L
saotypes.Polyclonal mouse antibodies against MOMP (OmpA) have been introduced
for serotyping ofChlamydiaspecies in 1960and subsequently specific monoclonal
antibodiesvere successfully used for serotypingoftrachomatig90).

The hylogenetic treebased orthe OmpA sequenceof 92 strainsrepresenting
theA-L C. trachomatiserovarsshowsthatthesestrains are clustered intbstinctclades
for the three biovars of. trachomatis(Fig. 1.3)that are genetically and serologically
separated from ehcother and from the remaining Chlamydia species These three
biovars are distinguishable by their tisgugpism, pathogenesis in humans and
laboratory animals, and biological properti@scell cultures ). Serotypes for other

species are not wetharaterized or not characterized at all, but isolaéesl PCR
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productshave been directly genotyped by sequenthmompA gene 01-93) and it is
apparent thaC. suisand C. pecorumhave highly divergent, numerous seroty(@3).

For C. pneumoniagthree bioars (i) human, (ii)koala, and (iii)equine are reported with

each one having OmpA sequence differences. Six sero#ped-, of C. psittaciisolates

of avian isolatesiave been characterizéa4,95. Analysis ofompA sequences frorthe

NCBI databaset®ws thatC. abortus C. caviae C felis andC. muridarumare mone
serotype chlamydial specie$)(C. avium C. gallinaceaand C. ibidis have recently
reported, and subsequent studies are required to determine how many serovars these
species may have biit is already apparent thampA is highly polymorphic inC.

gallinacea
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MOMP (Outer Membrane protein A, OmpA) Phylogeny Ericreabe
L2brAmsd
L2b/C519/08

A. Chlamydia trachomatis strain variants s
mss

(iY LGV strains (Lymphogranuloma Venereum) [2b/C5784/08
L2b/UCH-1/proctitis

(ii) Ocular strains (Trachoma) [2b/Canadal
L2b/Ams2

(iii) Urogenital strains (STD}) 2b/Ams]

. . L2b/CV204
B. Closest relatives of C. trachomatis Labruck2
; ms
C. Other Chlamydia spp. L2/434/Bulf)
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DAUW-3/CX
D-EC

D/CSE37/11
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D-LC
DrsatenDs
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D/13-96
Dis)2923
E/Bour
Ef12-94
E/C599
E/SotonE4
E/150

Ugs8
EfSotonEs
EACS1025/11
ugz4

AST249
Af363
A/5291
A2497(2)
A2497

L3/404/LN

JTW-3
K/SotonK1
la/Satonlal
la/Sotonla3
la20-97
1a/C5190/96
Ji31-08

RC-1/966
6276
62765
RC-/943
16276 et
RC-1/953
RC-Jis)f122

G/9768
G301
G/11074
G/SotonGl
G/11222

F1-93
F/8-94
F/11-96
705

70
F/SWFPminus
F/SotonF3
RC-F(s]/852

F/SW4
F/SWS
RC-F/a9

F/2-93
() RC-F(s)/342
F/CS847/08

C. suis R22

C muridarum Nigg

C. pecorum E58
| C avium 10DC83

r
L C gollinacen 08-1274/3
C.ibidis 10-1398/6
C. pheumoniae CWLO29
I €. caviae GPIC
C felis Fe/C-56

I—| C.abortus $26/3
C. psittaci 02DC15

Fig. 1.3. Evolutionary relationships of 90 strains ofC. trachomatiswith the remaining 11 Chlamydia
spp. based on OmpAamino acid sequences. Bar 0.05 indicasesubstitution/site. Alternating colors
are usedasvisualization aid. The optimal tree with the sum of branch length = 1 is shown and
reconstruction method is same as in FidlL.2.
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1.5. NEED FOR SPECIFIC SEROLOGICAL ASSAYS

Chlamydiae are ubiquitous bagte and they have been detected in, and isolated
from, a wide range of hosts including humans, ruminants, mammals, reptiles, birds,
fishes, and amoebae. In spite of such broad-$msttrum forChlamydiaspp., a high
degree of host specificity and tisstiepism exists for human chlamydial strains/types.
Most of the current data accumulated on serovariation for chlamydiae is bagsad on
trachomatisstrains. However, the less studied animal chlamydiae have a broader host
spectrum, and in herd infections repent a high burden on animal hosts, resulting in
asymptomatic infections as well as occasional typical clinical manifestation. In addition,
animal chlamydiae represent the epidemiological reservoir from which human strains and
species originated, and diing their evolution and epidemiological behavior will
increase our understanding of optimal prophylactic and therapeutic strategies.

Detection and specigt/pespecific differentiation of chlamydial agents
(antigens/nucleic acid) or of anthlamydial atibodies are both equally important. With
the advent of PCR and automated nucleotide sequencing technology, sequences of the
ompA allele (genotype) are now routinely used for typi@g trachomatisstrains.
Multiplex reakttime PCR, other nucleic acid anfpiation tests, and microarray
differentiation of multiple genes have also been introduced for specific detection of
Chlamydia spp. of human or veterinary intere@6-98). Such nucleic acid based
techniques are easily reproducible or commencially availaébed on specific need.

The principal drawback of direct detection of chlamydial agents is the stochastic
hit/miss nature of this approach, which renders single tests less valuable than serial

testing. In contrast, serological assays indicate the histioexposure to an infectious
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agent, and paired serum samples indicate the host response to the infections. Thus, for
epidemiological or retrospective analyses, serological assays are vastly preferable over
antigen detection that is by necessity a prospechethodology. In addition, sampling

for antigen detection may be difficult for various reasons, for example because of
inaccessible anatomical infections associated with atherosclerosis, coronary heart
diseases, lung cancer, or cerebral infarction. Tabsence of specimens or difficulties in
obtaining species leaves serology as an alternative or only oftimainingserumor

plasma is in contrast a routine procedure for any animal species including humans.

The need forChlamydia speciedtype-specifc detection of amChlamydia
antibodies is widely known, particularly for animal chlamydial infections (99). Such
specific detection of antChlamydiaantibodies is perceived as essential for many reasons
such as (i) to determine presence or absenc€htidmydiainduced diseases, (i) to
estimate the prevalence of the infections, (ii) to confirm clinical diseases, (iv) to
determine serovars of importance for vaccination, and (v) to determine immune status
after vaccination. In human infections causedyrachomatisor by C. pneumoniae
speciesspecific serological assays are essential for bp#tient care and basic
understanding of chlamydial diseases. Moreover, several epidemiological and
pathogenetic questions require accurate determination of semeaetivity of antC.
trachomatisantibodies such as (i) establishment of transmission patterns, (ii) association
with clinical manifestations and pathogenicity, (iii) determination of tissue tropism or
organ affinity, (iv) discrimination of persistenmbfn acute infections, and surveillance for

specificC. trachomatiserotypes (73).
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1.6. PROBLEMS WITH CURRENT SEROLOGICAL ASSAYS

With the successful isolation and propagation of chlamydiae from clinical
samples, various techniques have been introdumedplecies/typspecific detection of
chlamydiae. In the 1960s, Wang and Graystexeloped the mouse toxicity prevention
test anctlassified80 strains ofC. trachomatisnto six immunological groups by an effort
of 7 years (100,101). Subsequently, theyaloped a microimmunofluorescent (MIF) test
based on elementary bpdEB) antigens grown in the yolk sac of developing chicken
embryos, and on antisera produced in mice against these antigens. Usirtgstingof
the antiserum reactivities against BB antigens, they reported 13 differebhlamydia
serovars A, ba, B, C, D, E, F, G, H, |, L1, L2 and(1388,89,102). Later, 4 additional
types (la, J, Ja and K) were identifigdsulting in 17C. trachomatisserovars Due to
crossreactivity in microimnunofluorescent test, subsequent effonere made tase
morespecific monoclonal antibodig®r serovar determinatio(iL01,103). Monoclonal
antibodies were further refined to increase the sensitivity and specificity in the assay
(104). However, all effors at immunological approaches towards typing of chlamydial
isolates have become moot with the ease and accuracy of genetic methods for typing of
isolates or amplification products Ghlamydiaspp.

In contract, for speciesor typespecific detection of dibodies against
Chlamydiaspp., the microimmunofluorescent test has remained the gold standard since
its introduction in the 1960s. The reason for this is the high spe@ss reactivity of all
suitable purified chlamydial antigens. Table 1.2 shows théble chlamydial
immunodominant proteins, the main targets of -ahtamydial antibodies, have high

sequence homology amonghlamydia species and serovars. All immunodominant
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proteins, including the serovdetermining MOMP, are highly conserved, thushiyg
crossreactive in serological assays, and therefore cannot be used for chlamydial species
specific serology. Lipopolysaccharide (LPS) Ghlamydia also cannot be used for
speciesspecific serology, because chlamydial LPS is gemexific such that, g., C.
pneumoniad.PS crosgeacts with antC. trachomatisantibodies (105), and even LPS of

the familyPiscichlamydiaceaerossreacts withChlamydiacea&PS.

However, the MIF has poor sensitivity, poor reproducibility, cresstivity,
interlaboratoryvariation, poor correlation with nucleic acid amplification teats many
technical difficulties (106115). MIF is traditionally performed as an indirect fluorescent
antibody technique that enables observation of the antibody captured onto fixed
chlamydal antigens (88,89,116,117)he bound antibodies are detected by fluorescein
conjucted secondary antibodies. The antigens used in the test are usually whole
Chlamydiaelementary bodies that are grown in cell culture, purified, and treated with
formalin. The antigen is mixed with normal yolk sac suspension to firmly attach the
elementary bodies to the microscope slide as small spots for each serovar, esseatially as
macroarray. To measure an antibody titer, two fold serially diluted serum samples were
loaded onto spotted slides. The slides are incubated and are washed several times, before
adding the fluorescent antibody conjugate, followed by another round of incubation and
washes. The prepared slides require painstaking expert microscopic examination for
specific fluorescence of elementary bodies. Compared to a microplate ELISA, this
technique is inherently tedious and subjective. Additionaly, the MIF for chlamydial

serology is complicated due to the very nature of chlamydial antigen preparation. The
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Table 1.2. Highly conserved chlamydial immunodominant proteirfs

3 £ 2 o 2
£ & =) T x B~ T
Protein Compared Chlamydial species| é s, 2 € o S § g g ¥| 5 3
specific proteins Sw| E| 8 3N| @eo| S 52| 69| G
o3| aQ| @ ca| 38| 2 82| 82| ©<
c 9 [=Na oo a3z n R EZQ| 55| 53| 5T
0| ¢8| vu| oo| os| 6z| 6a| Y| U<
C. abortusS26/3 100 | 85 72 76 67 67 66 65 66
38%‘3’ C. pneumonia€WL029 76 71 71 | 100 | 65 66 65 64 65
C. trachomatisD/UW-3/CX 66 65 65 65 86 83 | 100 | 95 86
C. abortusS26/3 100 | 97 77 78 75 76 76 75 75
grSpPE/ C. pneumonia€WL029 77 77 72 | 100 | 71 70 71 70 71
C. trachomatisD/UW-3/CX 76 75 72 71 96 93 | 100 | 99 98
C. abortusS26/3 100 | 98 79 84 72 71 71 70 71
g’;‘]‘;BB/ C. pneumonia€WL029 84 85 80 | 100 | 72 73 72 71 72
C. trachomatisD/UW-3/CX 71 71 71 72 93 92 | 100 | 98 99
C. abortusS26/3 100 | 98 63 68 65 65 63 63 63
OP”(;?Q’ C. pneumonia€WL029 68 69 67 | 100 | 61 61 59 60 59
C. trachomatisD/UW-3/CX 63 64 60 59 89 90 | 100 | 98 | 100
a Protein identities (amino acid sequence identity in percentageyere calcdated using blast

search in NCBI database.

few reference laboratories can offer this test due to its requirement of expert staff and
demanding facilities for cultivation a€hlamydia and standardization of antigens and
microscopic observation. Given tli@ct thatChlamydiahas now 12 identified species

and some of the species have numerous serovars (Fig. 1.4), cultivation of chlamydiae and
standardization of antigens are a cumbersome and daunting task for most laboratories.
Additionally, this test has adscrossreactivity due toChlamydiagenus wide conserved

LPS, conserved immunodominant surface exposed antigens such as OmpA/MOMP
(which also contains serovdeterminant peptide sequence Ghlamydig, Outer
membrane protein B, and heat shock proteindlélra.2). Disagreements between MIF
results from different refence laboratories have also reported (113). Therefore, despite
being an essential tool in Chlamydiology, a simple and specific serological assay for
antibodies is still lacking, and developmeritsuch methodology is essential for future

progress in understanding infections@iylamydiaspp.
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Fig. 1.4. Evolutionary relationships of 11Chlamydiaspp. and their subtypes based on OmpA amino

acid sequences. Bar 0.05 indicaseamino acid substitution/site. For visual aid, alternating colors are
used. Thestrain name is indicated at the tip of branches. OmpA sequences, nearly fidingth
available in NCBI database, were aligned using muscle algorithnfer tree reconstruction in Mega 6

(52).
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1.7. RESEARCH RATIONALE AND OBJECTIVE S

CurrentChlamydiaspecies/typespecificserologicalassaygerform poorly or are
not available at all. The impediments afg time-consuming and cumbersome
propagation of the obligately intracellul@hlamydiaspp. cell culture, particularly for the
required large antigen amounts, (ii) tioensuming purification and standardization of
chlamydial antigens(iii) requirement for antigen production of numerous species and
serovars of antigepnsand (iv) chlamydial antigens that, despite all these efforts for
production, are unsatisfactory because of their eresstivity.

We hypothesized that if (Chlamydiaspeciesspecific immunodominant Bell
epitopes could be identified, the specific peptide antigean (ii) be used in a simple
ELISA format for specific and sensitive serological assays that avoid@astvity.
Therefore, the overall purpose of this study was to develop a simple method for-species
specific detection of antChlamydiaantibodiesusing peptide epitope antigens.

The specific goals of this investigation were:
1. Prepare an exhaustive list of immunodominant proteit@htdmydiaspp.

2. Predict Bcell epitopesn silico from polymorphic regions of immunodominant
proteins of Chlamydiapp. for species/serovapecific peptide antigens, and from
conserved regions for gengpecific peptide antigens.

3. Raise higktiteredChlamydiamono-speciesspecific mouse antisera by multiple
inoculations of viable chlamydial type strains.

4. Evaluae currenin silico methods for Becell epitope prediction, and improve them
if needed by iterative comparison of predicted with actual antigen seroreactivity.

5. Predict potential for cros®activity from relative phylogenetic positions of peptide
antigensequences, and recommend gensggecies and serovaspecific antigens.

6. ValidateChlamydiaspp. peptide serology with confirmé&thlamydiareactive and
nonreactive natural host sera.
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CHAPTER 2

2.1 INTRODUCTION

Chlamydiae are obligate intracellular bacteria that replicate in eukaryotic cells
within membrane bound vacuoles).(Infectious, but nowreplicating elementary bodies
(EBs) andnortinfectious, but metabolically active reticulate bodi@8s)are two unique
physiological forms for chlamydiae }IChlamydia(C.) spp. cause a variety of diseases
in humans, other mammals, and bird9. (Until very recently, nine species were
recognizd including C. abortus C. psittacj C. caviag C. felis C. pecorum C.
pneumoniaeC. muridarum C. suisandC. trachomatig1). In 2014, the new specieG,
aviumandC. gallinaceawere published (2) which ameot part of the present study
1999, Ewerett et al. proposed to subdivi@lamydiaceaento two generaChlamydia
(consisting ofC. muridarum C. suisandC. trachomati¥ and Chlamydophila(consisting
of the remaining six species) (3Jhis subdivison has now been formally reversed to a

singleChlamydiagenus consisting of 1&hlamydiaspp. (4).

Numerous serovars @. suis(5), C. pecorum6-7), C. trachomatig8-9) andC.
psittaci (10-12) have been reportedifferent serovars of a species cause multiple
diseases in a single host, e.g. serew C. trachomatiscause trachoma, infections of
reproductive organs, or lymphogranuloma venereum in humanrSifigle hosts can also
be infected by multipl€hlamydiaspp., e.g. humans may be infected by both respiratory
transmitted C. pneumoniaeand ®xually transmittedC. trachomatis(1), or by C.
trachomatisand C. psittaciin the case of trachoma patients )(18ntibodies produced

against one species strongly crosact with other species, making interpretation of

37



serological assays difficult (14)-or instance, arC. pneumoniaeantibodies may
interfere with the diagnosis of sexually transmitted diseases causediaghomatisiue

to crossreactivity of chlamydial antigens in serologieassays (14.38).

Acute, chronic, or asymptomatic infectionsith C. trachomatis and C.
pneumoniaehave a significant impact on human health (1Bi)fections with all
Chlamydia spp. may occur with epidemic to endemic prevalence, with sporadic,
subclinical and occasional clinical manifestations in a wide range iaiabrhosts,
resulting in significant economic impact on animal production-A20 Occasional
transmission ofChlamydiaspp. from animals to humans has been reportedS(iecific
serological assays to detect aBtilamydia antibodies are important to pide
differential diagnosis of chlamydial infections for patient care, and to understand
chlamydial diseases and epidemiology.

The microimmunofluorescence (MIF) test is the standard serological assay for
speciesspecific detection of antibodies against cmaliae (22. Detection of specific
antichlamydial antibodies for nine species and their serovars using the MIF test requires
cumbersome production of antigens by growing tl@semydiaspp. and their numerous
strains in cell culture or developing chickembryos.Standardization of the MIF test
also requires technical expertise in microscopy and antigen preparation that is available
only in reference laboratoriedlevertheless, poor sensitivity and crosactivity of the
MIF test have been reported (183, 2324). Simple and highhroughput methods are
typically unsuitable for specie®r serovaispecific antichlamydial antibody detection

because of high crossactivity of standard chlamydial antigens in serological assays,
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such as whol€hlamydiaelenentary bodies (EB), lysed EBs, immunodominant proteins,
or lipopolysaccharide (235).

Chlamydiagenus, species subspecies and serotypapecific B-cell epitopes
have been mapped before to the four variable domains (VD) of the outer membrane
protein A (OmpA) by use of monoclonal antibodies {2B), recombinant protein
fragments (281), and synthetic peptides ¢3B). Based on these epitope mapping
studies, synthetic OmpA peptides were testeddblamydiaspeciesspecific serology
(23-25, 3738). Howeer, these studies used peptides as shortldfs &nino acids and
did not use spacers between solid support and peptide to minimize steric hindrance of
antibody binding (3236). Recent computational studies of antigariibody complex 3D
structures showedhat 1525 amino acid (AA) residues of an epitope are structurally
involved in antibody binding (382). Short 610 AA peptides tend to capture only
antibodies binding to linear epitopes composed of adjacent functional residues that
comprise less than 10%f @ll epitopes (42 In contrast, longer peptides capture
antibodies binding to conformational epitopes with functionally binding residues spaced
apart over 180 AA sequences that comprise-8@% of all epitopes (39 he presence
of all functional residas of an epitope also contributes to kadfinity antibody binding
(42). Thus, the probability of higlaffinity binding is proportional to the length of a
peptide antigenThese recent data suggest that previous studies failed to achieve high
sensitivity (23-25, 4344) most likely due to weak antibody binding to the short peptides
used (3236) and due to steric hindrance of antibody binding to these peptides (45).

The long term objectives in the present study have been to identify uBigelk

epitopes amng the complete proteomes of ni@hlamydiaspecies, and to use these
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peptides in specific and sensiti@hlamydiaspeciesspecific ELISAs.This goal is now
facilitated by the availability of completgenome sequences of all chlamydial species
and of manyserovars of some species {8B), by proteomewide mapping of
immunodominant proteins in several chlamydial species6@8 and by advanced
computational tools foB-cell epitope discovery (322). Using a murine respiratory
infection model, we report he peptide based molecular serology for n@ldamydia

spp. in a robust and highroughput ELISA format by identifying immunodominast

cell epitopes and determining their specific reactivities with mouse hyperimmune sera
against these nin€hlamydiaspedes. With sera from cattle naturally infected wi
pecorum we also confirmed the suitability of these assays for chlamydial- sero

epidemiology.
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2.2. MATERIALS AND METHODS

Chlamydia strains. Of the nineChlamydiaspp. (1), strainsC. abortusB577
(ATCC: VR 656, DSMZ: DSM 27654)C. pecorumE58 (ATCC: VR 628), C.
pneumoniaeCDC/CWL-029 (ATCC: VR-1310), andC. trachomatisD UW-3/CX
(ATCC VR 885, DSMZ: DSM19411)were grown on Buffalo Green Monkey Kidney
(BGMK) cells, and elementary bodies (EBs) were pedifand stored at30 °C (67.
Strains of the remaining fiv€hlamydiaspp., i.e.C. psittaci02DC15 (DSMZ: DSM
27008), C. caviae GPIC (ATCC: VR 813, DSMZ: DSM 19441)C. felis 02DC26
(collection FLI Jena, Germanyy;. muridarumMoPn/Nigg (ATCC: VR 123, DBIZ:

DSM 28544), andC. suis 99DC3 (collection FLI), were propagated in developing
chicken embryos, and infected yolk sacs were homogenized in sucrose phosphate
glutamate (SPG) buffer with disposable tissue grinders and store80dC (68).
Chlamydial genme copy numbers in stocks were quantified Ghylamydiaspp. 23S

rRNA PCR (6970).

Chlamydia spp. monaspecific mouse hypeiimmune sera. A/J and BALB/c
mice were used to generate sera againdt edche 9 chlamydial specieblice were
inoculated intranasiyl under light isoflurane anesthesia with 20 pl chlamydial stocks
(71). High doses of SP@iluted chlamydiae (o 1¢ genomes/mouse) were inoculated
three times in <4%-week intervals to produce highered, highaffinity 19G
(immunoglobulin G antibodes against chlamydial antigens encountered during natural
Chlamydiainfection. To minimize losses of mice, particularly for highly virulent strains,
doses at the low end of the used spectrum were chosen for the first inoculation’(1.0x10

4.9x10, 1.3x16, 1.4x1C, 3.6x16, 1.3x16, 9.7x1G, 2.6x1d, 5.0x<10' genomes ofC.
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abortus C. psittacj C. caviae C. felis C. pecorumC. pneumoniaeC. muridarum C.
suisandC. trachomatisrespectively).To maximize antigenic stimulus, these doses were
increased by-10-fold in the 29 (2.0x10, 4.9x106, 1.3x16, 5.6x10, 3.6x16, 5.0x16,
3.9x16, 1.3x1G, and 1.0x1¢° genomes, respectivglyand 3 inoculations (4.0x10
4.9x1C, 1.3x16, 2.8x16, 3.6x16, 5.0x16, 9.7x10, 6.5x10 and 2.0x10° genomes,
respectively. Mice were exsanguinated 3 weeks after the last inoculation bgrgxaut

down under anesthesideparin plasma samples were collected in microtainer tubes with
a gel band (Becton, Dickinson & Company, Franklin Lakes, NJ) by centrifugation at
3,000 rpmand stored at80°C. Although plasma and serum cannot be interchangeably
used in mostinstances we termed this heparinized plasma aeum here forth for
simplicity. In the final speciespecific serum pools, a total of 47. abortus 12 C.
psittaci 9 C. caviae 48C. felis 50C. pecorum39C. pneumoniae28 C. muridarum 28

C. suisand 47C. trachomatisspecific sera were combine®@f these, 18 sera fcC.
abortus 8 for C. psittacj 48 forC. felis 10 forC. muridarumand 30 forC. trachomatis
were from Balb/c mice, and the raming sera were from A/J mic&ll animal
experimental protocols were approved by the Institutional Animal Care and Use
Committees at Auburn University and Friedricbeffler-Institute.

Bovine ant-C. pecorum sera. Sera werecollected from cows that had
experienced multiple episodes of natural infection with multipl@ecorunstrains (72),
while calves were sampled between-1BL weeks of age, after serum colostrum
antibodies had disappeared and calves had experienced episede ofC. pecorum
infection (2Q. The C. pecoruminfection of all calves and cows had been confirmed by

detection of chlamydial DNA byeattime PCR for theChlamydiaspp. 23S rRNA gene, and
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by genotyping of infectingC. pecorumstrains by Chlamydia spp. ompA PCR and DNA
sequencing20, 72).

Chlamydial peptide sequences for epitope discoveriatching type strains and
genome sequences were available and used for raising-ihypeine sera for five
chlamydial speciesC. trachomatis(strain D/UW-3/CX) (46), C. pneumoniagstrain
CWL029) @7),C. muridarum(strain Nigg) (48)C. pecorun(strain E58) 49), C. caviae
(strain GPIC) (50),and peptides were designearfr the type strain proteomeshe
genome of the noetype C. psittacistrain 02DC151sed in tis investigation was available
and virtually identical to type strain 6BG153), and peptides were designed from the
02DC15 proteomeror C. abortustype strain B577 an@. felisnontype strain 02DC26
used for raising antisera, the genoseguences wemot availablelnstead the genomes
of C. abortusstrain S26/3 (54) and of. felisstrain Fe/G56 (55) were usd to design
peptide antigensCompared to these strains with known genome, the strains used to raise
antisera had an identical OmpA sequencg 6f3an OmpA with a single polymorphism
(C. felis Fe/G56; GenBank accession number KP165540), and these species are also
known to show minimal strain diversity based on available genomes and multilocus
sequenceyping (NCBI GenBank databasels the lastone of the nine chlamydial
species, the first complete genomef suisnontype strain MD56 has only recently
become available (56Initial sequences used in the alignment were deduced from the
incomplete genome of type strain S45 (personal commumic&ioMyers. For raising
hyperimmune seraC. suisstrain 99DC3 was use@ecause of the high diversity Gf.
suis strains (5), peptides of antibodgactive regions ofC. suisstrain 99DC3 wex

confirmed by DNA sequencind.he sequences of the gene fragns ofompA omp2
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pmpD, incA, incG, and ofC. suis99DC3 homologs to CT529 and CT618 are available at
GenBank (accession numbers KP16538R165539, KP165542).

Bioinformatic analyses of chlamydial genomes, immunodominant proteins,
and B-cell epitopes.To identify speciespecificB-cell epitopes, we first identified and
ranked 72 immunodominant proteins among all chlamydial proteomes/j4®ased on
published data (586, 7482). These protein sequences of all nine chlamydial species,
and of serovars anmg species, were first aligned in the freeware Jalview (83) by use of
the MUSCLE algorithm and weights for amino acid substitutions based on the Blosum62
AA substitution matrix (8385). Alignments were optimized by varying alignment
parameters, in partitar increasing gap opening and extension penalties, or by manual
editing. Polymorphic regions suitable for identification of spedpscific epitope
candidates were further subjectednasilico B-cell epitope analyse©ptimal predictive
algorithms bas#on recent knowledge &-cell epitope structure and length (39) were
used to define peptides for testinbhese algorithms determined protein intrinsically
unstructured/disordered tendency (86), relative solvent accessibility/surface exposed
tendency(87), and hydrophilicity (88)A linear combination of these scores was used to
rank and select peptides from polymorphic regions for spspiesific reactivity, as well
as from selected conserved regions for gapeific reactivity.

For display of aliged peptide sequences, phylogenetic trees were constructed by
the UPGMA method (Unweighted Pair Group Method with Arithmetic mea8B).
Within-tree sequence distances were calculated by percentage identity (PID) of amino

acids of antibody reactive regio(&3).
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Determination of peptide antigen seroreactivity by chemiluminescent ELISA
Peptides were chemically synthesized with atefinal biotin followed by a serine
glycine-serineglycine (SGSG) spacer (8®), the specific sequence, and a carboxyl C
terminus (AAPPTec, Louisville, KY, USA; Proimmune, Oxford, UK; and GenScript,
Piscataway, NJ, USA)White flatbottom microtiter plates coated with covalently linked
streptavidin were used for binding of biotinylated peptides (Nunc; Fisher Scientific,
Pittsburdn, PA, USA). Peptides were initially dissolved at 2.5 pM/mL in DMSO
(dimethyl sulfoxide SigmaAldrich, St. Louis, MO, USA)For coating microtiter plates,
each peptide was diluted first to 25 nM/mL in DMSO, then to 0.25 nM/mL in assay
diluent (0.15 M NaGl20 mM TrisHCI, pH 7.5 containing 2% rabbit serum, 0.2% bovine
serum albumin, 0.2% casein, 0.2% polyethylene glycol, 0.05% T2@eer.004%
benzalkonium chloride, Sigmaldrich, St. Louis, MO, USA).

Plates were incubated for 15 min at room temperatuth W00 pl wash
buffer/well (0.25 M NaCl, 20 mM Tri#iCl, pH 7.5, containing 0.1% Twe&®, 0.001%
benzalkonium chloride), then rinsed twice with 300 pl wash buSebsequently, 100 ul
of peptide solutions in assay diluent (0.25 nM/mL) were added per(2&lbicoMoles
peptide), and incubated at room temperature for 30 min with agit&eptide solutions
were aspirated and the plates were washed 5 times with 300 pl wash buffer, followed by
30 min incubation with 300 ul blocking buffer per well (0.15 MQa20 mM TrisHCI,
pH 7.5 containing 10% rabbit serum, 1% bovine serum albumin, 1% casein, 1%
polyethylene glycol, 0.004% benzalkonium chloridg).capture lowaffinity antibodies,
lower concentrations of NaCl were used in wash buffer (0.15 M), asssntdil0.1 M)

and blocking buffer (0.1 M)Sera were diluted 1:50 or 1:100 in assay diluent, 100 pl of
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diluted sera was added per well, and incubated for 1 hour with agitation at room
temperatureAfter 5 washes with wash buffer, 100 pl secondary antiboldyed! 1:1,000
in assay diluent was added (horseradish peroxidase conjugated geabasdi IgG
F(ab» fragment; Bethyl Laboratories, Inc., Montgomery, TX, USA), and microtiter
plates were incubated for 30 miAfter 5 washes, 100 pl of freshly preparetRP
(horseradish peroxidasehemiluminescent substrate (Roche Diagnostics Corporation,
Indianapolis, IN, USA), and luminescence was determined after 2 min on a Spectrafluor
Plus reader at 500 ms integration time at 100% gain and maximum dynamicThaeage.
signals were indicated as relative light units per second (rlu/sec), and for ease of display
divided by 1,000 (rlu/secx1d).

For bovine sera, modified assay conditions were uBed.assay diluent was 0.2
M NaCl, 20 mM TrisHCI, pH 7.5, containing 10% atken serum, 0.5% polyethylene
glycol, 0.1% TweerR0, 0.004% benzalkonium chlorid8locking buffer was 0.2 M
NaCl, 20 mM TrisHCI, pH 7.5, 10% chicken serum, 1% polyethylene glycol, 0.004%
benzalkonium chloride, and wash buffer was 0.3 M NaCl, 20 mM-H@kE pH 7.5,
containing 0.1% TweeR0, and 0.001% benzalkonium chloridgoat antibovine IgG
heavy and light chain HRP conjugate (Bethyl Laboratories, Inc., Montgomery, TX, USA)
was diluted 1:500.

All sera were analyzed in wells coated with specific pigstiand in a nenoated
well, and for the final backgrouncbrrected results 150% of the background signal
(mean + 2 SD) in the nerpated well of each serum was subtracted from its specific
peptide signald-or all peptides, we stringently defined speapscific reactivity as any

reactivity above this background with the homologous mouse serum pool, but no signal
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above the background with any of the 8 heterologous serum poglpeptide reactive
with a heterologous mouse serum pool was considered-rgastsve.To avoid false
positive results in quantitative evaluation of the reactivity of any peptide with individual
mouse sera, and with bovine sera from naturally infected cattle, we used a more stringent
cut-off of 10,000 rlu/sec.

Statistical analyses All statistical analyses were performed by the software
package Statistica 7.1 software package (Statsoft, Tulsa, Oklahoma, USA)yanes
O 0.05 wer e c o mDiferahees betdees megns of paptmea reactivities and
background were anagd by paired ontailed Student t teshe probability of cross
reactivity among peptides of a clade was estimated by logistic regression against percent
sequence identitySignal strength of cros®active peptides in dependence of sequence

identity wascalculated in linear regression analysisr analysis of categorical data, ene

or two-tailed Fisher Exact test was used as described in appropriate sections.
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2.3 RESULTS

Identification of antibody-reactive regions of chlamydial proteinsTo identify
protein regions containing strong-cell epitopes, a total of 72 chlamydial proteins,
described in the literature as immunodominant, were catalogued and ranked based on
seroreactivity in the published literature, the number of studies describing theitrgactiv
and the evolutionary polymorphism among homologs of the Gimeamydiaspp. All
available sequences of each immunodominant protein were aligned, and polymorphic
peptide regions in each protein alignment were ranked bas&icell epitope scores
(polymorphism, disorder and surface exposed tendendis)served peptide regions
were ranked based predicted scores for disorder and serfposed tendencies, and
hydrophilicity.

High scoring peptides were synthesized from sequencé€s tfachomatis(42
proteins), C. pneumoniag(24 proteins),C. abortus (15 proteins),C. pecorum(12
proteins), andC. muridarum(11 proteins)Peptides were synthesized chemically with N
terminal biotin, followed by serinrglycine-serineglycine (SGSG) as spacer/linker and
the chlamydial sequence, and attached to streptacidated white microtiter plates.
Peptides were tested with homologous or heterologBhamydia monospecific
hyperimmune sera pooled from58 mice for IgG antibodies in a chemiluminescent
ELISA format. For the remainingChlamydia spp., additional peptides that were

homologous to the reactive peptides were tested.
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TABLE 2.1. Chlamydiaspp. proteins with antibody-reactive regions suitable for molecular serology

. Sequence Peptices ARRs
Protein Locus tag identity’ evaluated identified! Reference’s

OmpA/MOMP 44,58, 6062,
Outer membrane protein A CT_681 6586 126 6 64, 66, 7477
PmpD 58, 60, 62, 66,
Polymorphic outer membrane protein D CT_812 3387 129 5 77,79
CT618
Inclusion membrane protein CT618 CT_618 2372 41 3 5961
IncA

. . CT_119 12-80 182 1 5965, 81
Inclusion membrane protein A -
CT529
Inclusion membrane protein CT529 CT_529 31-88 33 1 5362, 64
CrpA
Cysteine rich outer membrane protein A CT_442 2088 16 2 5964
IncG . CT 118 41-45 17 1 5960
Inclusion membrane protein G
OmcB/Omp2 44, 58, 6662,
Outer membrane cysteine rich protein B CT_443 71-99 24 2 64, 7778
TarP
Translocated actirecruiting CT_456 24-92 20 1 60, 6263, 66, 82
phosphoprotein
IncE . CT 116 5350 5 1 5962, 64
Inclusion membrane protein E

@ Gene locus tag in the genome @. trachomatisstrain D/UW-3/CX.
b Range of pairwise sequence identities among the ni@hlamydiaspp.

¢ Peptides tested with mouse hypeimmune sera.Peptides from the following proteins did not
react with mouse sera: CtrCpaf, CtrFtsH, CtrincB, CtrincC, CtrincD, CtrLcrE, CtrincF,
CtrPmpB, CtrPmpC, CtrPkn5, CtrCT058, CtrCT089, CtrCT143, CtrCT147, CtrCT223,
CtrCT226, CtrCT228, CtrCT228, CtrCT241, CtrCT381, CtrCT484, CtrCT541, CtrCT561,
CtrCT579, CtrCT603, CtrCT619, CtrCT694, CtrCT741, CtrCT795, CtrCT813, CtrCT823,
CtrCT875, Cpn0808, CpnPmp2, CpnPmp6, CpnPmpl0, CpnPdhC, CpnPorB, CpnRecA,
CpnRpsA, CpnRpsB, CpnYscC, CpnYscL, CpnYwbM, CpnCT858, Cpn0525, Cab063,
CabCT058, CabCT541, CabincAf, CabPmp15G, CpeCT143, C@RF663 and CmuCT228.

4 Antibody-reactive regions identified with mouse sera.
¢ Key references are cited.
Homolog not found inC. felis

9 Homologs to theC. trachomatisprotein found only in C. muridarumand C. suis
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A Antibody reactive region 190 of CT618 (CT618_ARR190)

160 . 170 . 180 . 190 . 200 : 210 : 220 . 230

Cab S26/3 |167-236| C ~ITTSLSAT| GAADDIVSIVS—-—-- TLRFTDFE---PSAEN-LIQRRA

Cps 02DC15 1168-237| -ISTGLSAI GAVDDVISIVS--—-- TLRSTDFD---PSYED-LVQRR

Cca GPIC 1196-265| T ~VASCLSA" CAADDAVDIVS-----LVRS--PT-GDLSTEE-LSE

Cfe Fe/C-56 1169-240| —-VSTSLSAT| GAADDVLSIID—-—-- NVRSGNNE-GETSCEA-IEERR

Cpe E5B 1172-249| KIGTGRAI GFSLVENGLGVYSYSFGKDSKVVDQE-EGRNGEA-RRA

Cpn CWL029 1162-240]| IGCKVTSCLNLVATGCSLTESSISLYRILSTRPETISDPE -NRNKPSAEFAA

Cmu Nigg |154-226| L-SSLAFG WVAENTREVCA--—~-— TLTTKDKC-CDSTQGNSFME|

Csu 99DC3 1154-226| L-AATAFG' VAENTRDIFE--—-— TAKQAPSTQEGTSKETSFSE

Ctr D/UW-3/CX |153-225| TGIGL-SASAFG VAENSREVLG-———-| NLKQNKPT -EGTSKENGFMA

B CT618_ARR190 peptide reactivities

Anti-chlamydial sero-reactivity

Peptide Sequence Cab Cps Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_526/3_CT618_201-216 LRFTDFEPSAENLIQR 1 0 - - 0 R R ,
Cab_526/3_CT618_187-226 ACGAADDIVSIVSTLRFTDFEPSAENLIQRRATLREKFFS 35 27 0 0 0 0 9] 0 0
Cps_02DC15_CT618_189-228 CGAVDDVISIVSTLRSTDFDPSYEDLVQRRVTLREKFFSL | 1 610 0 0 0 0 0 0 0
Cca_GPIC_CT618_230-245 VRSPTGDLSTEELSER . 1 155 0 . R R R _
Cca_GPIC_CT618_220-249 ADDAVDIVSLVRSPTGDLSTEELSERRQTL 0 o] 486 0 0 0 0 0 0
Cfe_Fe/C_CT618_193-222 ADDVLSIIDNVRSGNNEGETSCEAIEERRQ 0 0 0 2 - R R B ,
Cpe_E58_CT618_211-226 DSKVVDQEEGRNGEAR 0 0 0 - 51 0 0 0 0
Cpe_ES58 CT618_194-233 FSLVENGLGVY SYSFGKDSKVVDQEEGRNGEARRARFIGL o] o] 0 0 115 0 0 0 0
Cpn_CWL029_CT618_201-216 PETISDPENRNKPSAE 0 0 0 0 0 167 O 0 0
Cpn CWL029 CT618 186-225 |LTESSISLYRILSTRPETISDPENRNKPSAEFAARSKAIR 0 0 0 0 0 1 0 0 0
Cmu_Nigg_CT618_190-205 TKDKCCDSTQGNSFME 0 0 0 0 0 0 267 0 0
Csu_99DC3_CT618_183-212 DIFETAKQAPSTQEGTSKETSFSERLTKAR - - - - - 7 0 6
Ctr_D/UW-3_CT618_186-201 NLRONKPTEGTSKENG - - 0 0 0
Ctr_D/UW-3_CT618_192-207 PTEGTSKENGFMARLK - o 0 1
Ctr_D/UW-3_CT618_181-210 |REVLGNLKONKPTEGTSKENGFMARLKRAR - - - - - - 2 4 a
Background subtracted Heterologous peptides or no peptide 4 12 11 4 4 4 4 4 4

Fig. 2.1. CT618 antibody-reactive region 190, CT618_ARR190.

(A) Complete ARR190 alignment of the putative inclusion membrane protein CT618 (CT618; locus tag
CT_618 of C. trachomatis strain D/UVB/CX) with the homologs of the remaining eight Chlamydia
species.The alignment includes the antibodyreactive polymorphic region bracketed by regions
conserved among the nine chlamydial specieBlumbers in vertical lines correspond to amino acid
residue numbers of each specie®Numbers on top of the alignment indicate approximate residue
numbers of the Ctr_CT618 protein. The designation antibodyreactive region 190 (ARR190) is
derived from the approximate central residue of the speciespecific antibody determining region of

the Ctr_CT618.

(B) Antibody reactivity of CT618_ ARR190 peptidesith Chlamydia monespeciesspecific antisera
pooled from 950 mice.Peptides are named foiChlamydiaspeciesspecificity (Cab, Cps, etc.) followed
by strain and protein designation, and amino acid positions of the peptide in the respective proteins.
Average reactivity of 3 repeats of each peptide at high stringency ELISA (inteassay coefficient of
variation (CV) = 11.2%, intra-assay CV = 8.5%).Bold-lettered peptide signals indicate the specific
reactivity with homologous sera. All signals of positive seum pools are significantly above
background (p < 10% onet ai | e d Stest). BadAeiteresl peptides show strong speciespecific
reactivity with homologous sera.Crossreactivity with Cps-specific sera is evident for the strongly

reactive Cab peptde Cab_S26/3_CT618 18226.
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In total, 812 peptides were tested, and 23 antiyedgtive regions (ARRS) in 10
proteins were identifiedThese proteins, in order of ARR dominance and numbers, are
OmpA/MOMP, PmpD, CT618, IncA, CT529, CT442, IncG, OmcB/OmparP, and
IncE (Table2.1). A total of 593 peptides were synthesized from the 23 ARRs of these 10
proteins for all nineChlamydiaspp. The remaining 219 peptides were synthesized for
initial screening of all ranked proteins and did not show reactivith \wibuse sera
(Footnotec in Table2.1). Collectively, we defined the reactivity of 134 genuspecies
and serovaspecific peptides oB-cell epitopes of these proteins from nine chlamydial
species.

Figure2.1 is an example of an ARR, showing the aligmmof the sequences of
nine chlamydial species of a polymorphic region of chlamydial protein CT618 (Fig.
2.1A) and the reactivity of peptides from this region with a battery of corresponding nine
speciesspecific antichlamydial sera (Fig2.1B). Crossreactivity with heterologous sera
was only found forC. abortusand C. psittacipeptides.All remaining peptides reacted
significantly @ < 10% only with homologous sera, thus provided spesjgific
reactivity (Fig.1.1B). Of the total of 23 ARRs iderfiied are shown in FigureaS1-S21.

The remaining fourteen ARRs can be obtained from authors upon request.

Sequence divergence and crossactivity. To derive the relationship between
sequence divergence and crosactivity, 93 peptides that had strongbacted with their
respective cognate antiserum wetentified. Species/strain variant peptides of these 93
peptides were tested with sera raised by immunization with different chlamydial species
(heterologous sera), resulting in 700 tests of peptidésIveterologous sera (Fig.2A).

We defined peptide croseactivity as the ability of a peptide to bind antibodies elicited
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by a different chlamydial species or strain with at least one AA variation in the peptide
sequence (42).

Only peptides with 5®6% AA sequence identity to the respective heterologous
chlamydial peptide showed cressactivity while those with less than 50% identity did
not. As expected, the frequency of crassctivity strongly increased with sequence
identity, with 11% of peptides ithh 50-60% identity, but 70% of peptides with -98%
sequencadentity. Logistic regression analysis showed that probability of ereastivity
at 50%, 65% and 85% sequence identity was 4%, 20% and 80%, respectiveh2@)ig.

In linear regression anaig, the signal strength of these crosactive peptides relative

to the signal of their homologous peptides did not correlate with percent sequence
identity (Fig.2.2B) and crosseactive variant peptides produced on average 50%, and
always less than 109, of the signal generated by the homologous peptides.results

show that increasing sequence identity of heterologous peptides increases the probability,
but not intensity, of croseeactivity.

Phylogenetic reconstruction of reactive peptides predictsantigenic
specificity. Figure 2.3 is an example of an ARR suégion alignment of reactive
peptides, and their strain var@tis within species (serovard)he phylogram of these
CT618_ARR190 peptides enables calculation of the probability of peptide- cross
reactivity using the logistic regression between phylogenetic distances and cross
reactivity as sbwn in Figure2.2A. The 80% sequence identity betwegnabortusand
C. psittacipeptides in Figur®.3, resulting in ~60% probability of creseactivity (Hg.
2.2A), translates into actual cressectivity as shown in Figur@.1B. In contrast, none of

the wellseparated peptides shown in Figli&in crossreactive (Fig2.1B).
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Identification of mono-species and multispeciesspecific reactive peptide
antigens To determine specificity of reactive peptides identified in the screening phase,
they were tested with the nine mowspeciesspecific serunpools. Initial phylogenetic
trees were constructed for each reactive peptide from its alignment with the goo®lo
sequences from remaining 8 strains of @lamydiaspecies used to raise the sera,
followed by subtrees constructed from all serovars of all 9 species @Figand2.3;
Figures 2.51-S8). The probability of crosseactivity among peptides of a clases
estimated by logistic regression against percent sequence identity2 @g. Highly
reactive peptides were grouped inBhlamydiasingle species(Table 2.2) or multi
speciesspecific peptides (Tabl2.3) based on empirical and probabilistic crosactivity
with heterologous serdll peptide antigens in Tabl2.2 react strongly with homologous
sera, but not with the remaining eight heterologous sEn@se peptides are also
evolutionarily well separated from the remaini@glamydiaspp.

In addition to polymorphisms at th€hlamydiagenus level, certain ARRs show
polymorphism at theChlamydiaspecies levelFor instance, all ARRs of th€. suis
OmpA protein are highly divergent, followed 8. pecorum C. trachomatisand C.
psittaci The C. suisOmpA peptide of AAs 166181 (Csu_99DC3 OmpA_16831)
shows 25 sequence variants among just 55 available sequences, including 22 major
variants with more than 2 AA difference (Tald®). In contrast, 22 sequence variants of

this peptide are present among 7€l trachomatissequences, including 10 major
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Fig. 2.2. Crossreactivity of peptides with heterologous sera.

(A) The probability of reactivity of a peptide with heterologous sera raised against the other
chlamydial species/strains is sbwn in dependence of percent sequence identity of the peptide to the
respective heterologous chlamydial peptideReptides that produced with the heterologous sera more
than 5% of the signal of homologous sera were designated as croeactive. Probability of cross
reactivity analyzed by logistic regression (N = 70( < 10°) is shown on the left ordinate, the number
of peptides analyzed for each 10% bracket, visualized by bars, is shown on the right ordinatross

reactive peptides are found exclusivelyteb0% or higher sequence identity.

(B) Signal strength of crossreactive peptides relative to the signal of the homologous peptides in
dependence of sequence identityn linear regression analysis, the signal strength is independent of

the degree of sequece identity (n=49, P=0.01,p=0.5).
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Predicted cross-reactivity of CT618_ARR190 peptides

Probability of cross-reactivity

5% 18% 67% |Cpn CWL029 19]

: : 'cpn LECOLN [4]
Cpe E58 [3] B
Cpe PV3056/3 [3]
Cpe P787 [3]

. Cpe W73 [8]

Cmu Nigg 15] TLTTKDKC-CDSTQGNSEMERFKRARAGH
Csu 99DC3 [1] TARQAPSTOEGTSKETSESERLTK

firiaalay

Csu MD56 [1]
— Ctr E/11023 [49]
L ctr p/uw-3/cx  [138)

: Cab LLG [2]
_|§ ECab $26/3 [3]
Cps M56 (3]

H H Cps Matll6 [12]
B L Cps 02DC15 [26]

Cea GPIC [3]

- = = Cfe Fe/C-56 [31
40 50 60 70 80 90 100
1

k4

E-EI | & .:llft-i.@-ﬂ‘-'?‘l 1D 60 O |

Percent sequence identity

Fig. 2.3. Evolutionary relationship and predicted crossreactivity among CT618_ARR190 sequences.
Numbers on top of the sukregion alignment indicate approximate residue numbers of the
Ctr_CT618 protein in the alignment of the overall region (Fig.2.1). Corresponding residues in
mismatched sequences are not always identical to the overall ARR alignment because of additional
sequences, different sequence lengths, gap insertions, and higher gap insertion ftgniaa the sub-
region alignments. Numbers in brackets indicate the frequency of the strairspecific sequence
available in the NCBI protein database For clarity, deep clades (sequences of typically less than 50%
amino acid identity) are indicated in altermating color, with the sequences separated into boxes.
Vertical dashed lines indicate the calculated probabilities of antibody croseactivity among peptides
with a single common ancestor at these threshold$his ARR shows high evolutionary divergence,
allowing for robust differentiation of a chlamydial species (Cpn or Cpe) or a group of closelselated
chlamydial species (clade Cmu, Csu & Ctr and clade Cab, Cps, Cca & Cfelps species/strain
specific peptides are evolutionary closest to Cab followed byc@ and Cfe species/strainTherefore,
Cps peptides have the highest probability of crosgeactivity with Cab. Cpn or Cpe peptide sequences
are evolutionary wellseparated and these peptides have a very low probability of serological cress
reactivity with t he remaining eight chlamydial species.
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TABLE 2.2. Highly reactive Chlamydiaspeciesspecific peptides.

Sequence

Peptides /

Peptide Sequence (ﬁt'lfﬁcsxi%";‘)'a Variants / Species Ar\seit?\;ﬁ;g
Accession®| Detectiorf
Cab_S26/3_OmpA_15876 NEVELIGVKGSSIAADQLPAVG - 565 2/39 1 |
Cab_S26/3_PmpD_1061089 | or SV YSAHESVRQPER g5 217 1 I
Cab_S26/3_IncA_32853 EEASVSTPEST/AD'PRDPNRDPRGG 109 215 1
Cps_02DC15_OmpA_15881 |/ oo SMASSISTOLETQLEN g6 30/288 g M
Cps_05DCH_OmpA 256265 | ASSNFPLPITAGTTEA 78 17/204 e v
Cps_02DC15_OmpA_33348 | STTALPNNSGKDVLSD 299 201209 5 M
Cps_02DC15_IncA_32860 gwglggg@%(ﬁgg's's?&?m 328 7177 4 v
Cps_02DC15_CT618 10834 | \o DSATGSFKIVIKNIQIPRG 54 3141 2
Cps_02DC15_CT618_18208 ng\\/’ggg\'ﬁt’sgkﬁﬁg FOPS 343 3/41 2
Cca_GPIC_OmpA_15968 VTGTDLQGQY 117 1/5 1
Cca_GPIC_IncA 31855 /';'g;/ g/lg/EQ,\IIDSSADEEg;/EggSQD 321 1/4 1
Cca_GPIC_CT618_13163 AN FVLQTKTVQLEDG - 563 13 1
Cca_GPIC_CT618_22p49 QEQQ\Q/?:_V SLVRSPTGDLSTEE 144 13 1
Cfe_Fe/C_OmpA 16475 IGLAGTDFANQRPNVE 46 1/10 1
Cfe_Fe/C_PmpD_1055084 PNV KoV EKIESPSAKSYYSNYE 52 1/6 1
Cfe_Fe/C_CT618_10837 DoASUIFKIGVISVINENGET! - 55g 13 1
Cpe_E58 OmpA_0905 TSPNNAADSSTTAERA 48 241203 g
Cpe_E58 OmpA_16176 ISGSSLEGKYPNANIS 63 271209 10°
Cpe_E58 OmpA_32338 LGQATTVDGTNKFADS 108 271215 119
Cpe_E58_IncA_28B00 AAPAAPAAPAAPAAPA 110 14/126 o
Cpe_E58 IncA_31B26 PAPENNDNNNDDNBA 513 8/89 5
Cpe E58 CT529 20948 Egg@igé%gf\kfﬁés'\‘%fvec 154 2015 1
Cpe_E58 CT442 15190 2332'%%%%’:’2%’@%‘?\?5% 94 3/19 3
Cpn_CWL029_PmpD_0140187 | o5 I FENRIDLETEDPSKK 80 1/16 1
Cpn_CWL020PmpD_11311170 | a5 STEVSACHQINMSSPTPNE =9 116 1
Cpn_CWL029_IncA_33B70 Sﬁ;&&gggg’SRQDERETgSgRET' 340 213 2
Cpn_CWLO029_CT618 20216  PETISDPENRNKPSAE 215 113 1
Cmu_Nigg_PmpD_72439 KVETADINSDKQEAEE 20 1/6 1
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Cmu_Nigg_PmpD_1038053 | EIGDLEDSVNSEKTPS 50 1/6 1
Cmu_Nigg_CT618 19205 TKDKCCDSTQGNSFME 41 15 1
Csu_99DC3_OmpA_16681 FGLTTTSVAAQDLPNV 6 25/55 2
Csu_99DC3_OmpA_31332 TISGKGQDAQTLQDTM 20 20/40 1
Csu_99DC3_IncA_25293 #’,L\\A';”P'EEF',L\F';%PTSPF;PPLPKNGFPF 76 11 1
Csu_99DC3_CT529_20736 ESF;\C/QS'F'{CGQADEVLG'NNT“ 13 202 2
Ctr_DIUW-3_OmpA_0g2105 | QVGAKPTIDTGNSAAPSTLT 444 28/601 12
Ctr_DIUW-3_OmpA_159174  |FGDNENQKTVKAESVP 20 22741 10°
Ctr_DIUW-3_OmpA 313328  |IFDTTTLNPTIAGAGD 535 11/738 3 vi
Ctr_D/UW-3_OmpA 324339 | AGAGDVKTGAEGQLGD 73 18/725 &
Ctr_D/UW-3_OmpA_306345 \Q/ETKGSAAEQ'QFE;ETT,&AN(;UQGAG[ 587 18/725 8 Vi
Clr_DIUW-3_PmpD_53665 | acvag | O OKKES 3 3/201 1
Ctr_D/UW:3_PmpD_1036065 | SO VIQCHAIPEABIESSSE 6 5/202 3
Ctr_D/UW-3_CT529_20@39 | SATRADCEARCARIAREESLLE 27 41182 2
Ctr_D/UW-3_IncG_108147 $§§$§G(iléziE§é|SGE§§ASPQ 40 41183 2

a  Background corrected average signals of 6 repeats with homologoasd heterologous sera at

high stringency are shown.The signal for all peptides was highly significantly above background

(p<10%o0net ai | ed

Stest). dhee metliod hag an interassay CV of 11.2%, and an intra

assay CV of 8.5%.All peptides were non-reactive above background with norhomologous

mouse sera against the 8 remaining chlamydial species.

b Sequence variants among all GenBank sequence accessions for the resped@itamydia spp.

peptide sequences.

¢ Number of variant peptides within the respectiveChlamydiaspp. required to provide Chlamydia

speciess peci fi c

mismatch tolerance.

antibody bi

ndi

4 Peptides from this ARR show serovaispecific reactivity.

ng

to

O 95%

of

al

¢ Potential for crossreactivity of the antibody reactive peptide region (ARR) with otherChlamydia
species/strains, ) Cps strains VS225 & GR9; Il) Cps GR9 & possibly other Cps strains; Ill) Cab
strains with Cps strains VS225& GR9; IV) Cab strains with Cps strain VS225; V) ARR abent in

Cps strain VS225, no reactivity; VI) Central residues shared among all chlamydial species;

homologs from other species show unpredictable patterns of cressactivity.
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variants.Compared to OmpA ARRs, PmpD, CT442, CT529, CT648G or IncA ARRs
showed low divergence within a species, yet high genus divergéhas, nonOmpA
ARRs require only single or few peptides to safely allow -sktection of all strains of
eachChlamydiaspecies (Tabl&.2, footnotec).

Multi-species patides shown in Tabl2.3 were crosseactive with heterologous
sera, or have extensive shared AA so that emeastivity in original hosts is likely, even
if they did not react with the heterologous mouse serum pdas.instance, the
Ctr_D/UW-3_OmpA_1@-119 peptide reacted strongly with homolog@ugrachomatis
specific sera as well as heterolog@ipneumoniaspecific sera (Tabl2.3). In addition,
Ctr_D/UW-3_OmpA_ 245260 reacted only with homologous sera, yet this peptide
cannot be used fo€. tradhomatisspecific seroassays because this region extensively
shares AA withC. suis( O 88 % s e q u eTiherefore,iraliable tdetectipr) of
antibodies, e.g. again§&l. trachomatis with single or few peptide variants (Talfe3,
footnotec) will be a promising application of such peptides, even at the risk of some loss
of speciesspeificity.

Stochastic antibody responses of individual mouse serdJnlike MHC-
restricted T cell immunity, the presence or absenceBstall response to a given epitope
is stochastic due to immunoglobulin gene recombination that determines
complementarityof the epitope binding regions (919nce an immunoglobulin has
evolved that binds a specifiB-cell epitope, affinity maturation under antigenic- re
exposure drives dominance of this antibody account for this stochasticity of
individual seroreactivitywith single peptide epitopes, we used serum pools fresf 9

mice to identify highly reactive peptide antigens in the screening protessvaluate
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antibody reactivity of individual animals, we selecte@.GpecorumES8 peptides of low
to high reactivity with the homologou€. pecorunserum pool, and tested them with the
poolconstituent individual mouse sera.

Results in Figur@.4A attest to the stochastic reactivity to these 6 peptibiesy
also show that the percentage of animals producing antibodsea Ba23fold greater
influence on the averaged reactivity of all mice tested (pool reactivity) than the antibody
level of the individual reactive sera (FRJ4A).

Results in Figur 4B show that the first 5 peptides (excluding immunodominant
peptide In&_311-326 that reacted strongly with 100% of the sera) reacted with only
30%, 53%, 60%, 20% and 53% of the individual sera, respectivelycontrast,
combining results of 2, 3, 4 or all 5 of the less immunodominant peptides renders 83, 87,
93, and 97% othe individual sera positivep(O 0 . O-Bailed Fishee Exact test).
Therefore, use of multiple, even weakBactive, peptides reduces stochastic variation of
antibody responses to peptide epitopes and allows detection of pgmeiciéc antibodies
with higher sensitivity.

Validity of chlamydial B -cell epitope identification in the heterologous murine host
confirmed in the homologous bovine hostin the previous experiments;d&ll epitopes
had been identified by use of sera raised in the heterologatisenhost by 3x higllose
intranasal inoculation of viable chlamydide evaluate the antigenic potential of these
same epitopes in the natural host, we analyzed seroreactivity taCthee@orunpeptide
antigens tested in Figur24A with sera of catd naturally exposed to high levels of
endemicC. pecoruminfection. All peptides identified in the murine assays exhibited

immunodominant reactivity with these bovine sera, albeit in different patterns (Figure
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25A). Cows that had been exposed to multipfesodes of natural infection showed a
higher percentage of positive sera against the 6 peptides than calves that had experienced
only a single episode (59.8% vs. 34.2f= 0.0002; twetailed Fisher Exact test).
Interestingly, peptide epitope IncA28D0dominated in calves over IncCA3BP6, while

the order was reversed in cows, suggesting that IncA826loutcompetes IncA28300

during affinity maturationSimilar to mouse sera, combinations e8 2trongly reactive
peptides produce 100% sensitivity, acmimbination of less immunodominant peptides

also increase the robustness of detection ofdcimydial antibodies in bovine sera

(Figure2.5B).
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Fig. 2.4. Reactivity of C. pecorumspecific individual mouse sera withC. pecorumpeptides.

(A) Heat map of reactivity of 30 mouse sera with 6 peptides designed from 5 proteins (OmpA, CT529,
CT442, CT618, and IncA) ofC. pecorumstrain E58. Shading intensity is proportional to peptide
reactivity with each serum (mean of 2 experiments, interasy CV 8.5%), with a cutoff of 10,000
rlu/sec. P indicates the pool of all mouse seralhe mean of all 15 ratios of the 6 peptide ELISA
reactivities of all 30 sera (positive & negative) versus that of only positive sera is 3.57 versus 1% (
0.046; t-test), indicating that the percentage of positive sera has a 2:28ld higher influence on the
level of reactivity of the pool of all 30 sera than the amplitude of reactivity of individual positive sera.
In other words, the number of positive sera among akera of the pool has a 2.23 fold higher influence
on the signal amplitude of the serum pool than the signal amplitude of the individual positive sera of

the pool.

(B) Combined percent seropositivity of these single and multipl€. pecorumE58 peptides.Shaded

areas indicate peptides not included in the combined reactivity of the evaluated peptides.
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Fig. 2.5. Reactivity of C. pecorumspecific individual cow and calf sera withC. pecorumpeptides.

(A) Heat map of reactivity of 1€¢ow and 19 calf sera with 6 C. pecorum E58 peptiddsese bovine sera

were obtained from animals in 2 herds with endemicC. pecorum infections. The cows had
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experienced multiple episodes of natural infection with multipleC. pecorumstrains (72), while cdves
were sampled between :15 weeks of age, after serum colostrum antibodies had disappeared and
calves had experienced a first episode &. pecoruminfection (20). Shading intensity is proportional

to peptide reactivity with each serum (mean of 2 exp@ments, interassay CV 7.5%), with a cuoff of
10,000 rlu/sec.

(B) Combined percent seropositivity of these single and multiple C. pecorum E58 peidaded areas
indicate peptides not included in the combined reactivity of the evaluated peptides.
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2.4 DISCUSSION

For each of the nin€hlamydiaspecies, we identified-8 immunodominanB-
cell epitopes in 23 regions of 10 immunodominant proteffeptides corresponding to
these epitopes provided highly reactive and specific antigens in robust ELISAs for
chlamydial serology, thus achieving the original objective of this study.
Immunodominance of the protein was a requirement for identifying stixoegll
epitopes, directing our search to highly polymorphic regions of the immunodominant
proteins that weretherwise conserved throughout all chlamydial spedigs. need for
polymorphism within highly conserved proteins, to obtain spespesificity, reduced
the number of candidates very substantially to approximately 72 known
immunodominant chlamydial proted, information that had been accessible from
classical (7482), as well as several recent proteemide comprehensive studies (68).

We tested peptides from a total of 64 proteins, mainly at polymorphic regions for species
or strainspecificity, but ado at conserved regions for mespecies or genusspecificity
(Table2.1).

Inadvertently, the search for polymorphic regions directed the investigation to
sequences that are enriched Bacell epitopes (41)As positive results emerged, these
data in conbination with negative data allowed iterative improvementR-oéll epitope
predictive algorithms as well as peptide design for maximum reactiVigyhly reactive
peptides strongly accumulated in regions with highest sequence polymorphism, which
typicaly also had high predicted scores for protein disorder tendency, surface exposed

tendency, and hydrophilicity (data not shown, manuscript in preparation).
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Improvement of peptide reactivity was achieved by use of long4018A
peptides rather than shortl®@ AA peptides (Fig2.1B, panels C of Figures S321),
consistent with the results of several recent computational studieselh é&pitopes (39
42).In our hands, 16 AAong peptides produced on average &d0 higher signal than
8-11 AA-long peptids, and 2040 AA-long peptides produced another averagel@®
increase over 16 AA peptides (manuscript in preparation).

An important component in maximizing reactivity of the peptide antigens was
their accessibility to cognate antibodie$his was maximizé by (i) capturing
biotinylated peptides on streptavidin that was covalently attached to the solid surface
rather than by hydrophobic binding of unmodified peptides or peptide carrier proteins;
and by (ii) using the highly flexible hydrophilic SGSG amirmdadinker/spacer (890)
as Nterminal portion of the peptide followed by the specific chlamydial AA sequence.
Other commonly used linkers such as the hydrophobic aminohexanoic acid (45) provided
inconsistent results, for some peptides with reactivityabtiuSGSG, but lower or absent
reactivity in others (data not showiQverall, the methodology used in this investigation
resulted in a robust ELISA platform with an intessay coefficient of variation of 11.2 %
and an intreassay CV of 8.5 %.

The largedata set that was created by testing many species/strain variant peptides
with 8 heterologous sera (n = 700) allowed a probabilistic estimation of peptide antigen
crossreactivity (Fig.2.2). This allows a rational choice of peptide antigens depending on
assay objectives (genus, species or sergpacificity) in chlamydial serology.
Comprehensive phylograms d-cell epitope regions among alChlamydia spp.

including the strairvariants provide the critical information on probability of cross
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reactivity (Rg. 2.3, panels C of Figure2.S1-S8). In addition, the more than 1,600
currently available OmpA sequences @hlamydiaspp. allow construction of serovar
phylograms, thus pinpointing epitopes for seresecific molecular serology of
Chlamydiaspp (Figues2.S3B, S4B, S8B).

Peptidebased chlamydial serology has been approached befor25(23~38).
However, the reactivity of these peptides had not been tested with a comprehensive
battery of monespecific antisera against alChlamydia species. We report here
chlamydial proteomavide and genusvide discovery of dominanB-cell epitopes by
comprehensive testing with improved methodoldgsevious studies focused mainly on
OmpA peptides, and to avoid cressactivity typically used very short peptides and
coated those directly to solid surfaces-@f. Our data show that both short peptides and
suboptimal linkers profoundly reduce peptide reactivity in ELISAsaddition, the high
OmpA polymorphism necessitates large numbers of peptide antigens for speuds
detection of antchlamydial antibodieOur investigation has identified dominascell
epitopes from other proteins that are highly conserved within chlamydial species, yet well
separated among species (PmpD, IncA, CT618, CT529, and CT44g)fattilitating
Chlamydiaspeciesspecific assays by use of few, but highly reactive peptide antilyens.
contrast, OmpA as the main serovar determina@thtdmydia provides optimal epitopes
for determination of serovapecific antibodies, as we demoastr for one species§;.
pecorum(Figures2.S3,2.54 and2.S8).

The strength of the mulpeptide approach for serological determination of the
chlamydial exposure status is also that the probability of false positive results is vastly

reduced if reactivityhot with a single, but with multiple specispecific peptides is used
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as stringent requirement for establishing exposure status to a chlamydial species.
Importantly, simultaneous use of multiple peptides of each chlamydial species in
serological assayds® reduces stochastic variation of antibody levels against individual
peptides, and thereby increases sensitivity of the assays, as shown in EBrasd

2.5B.

Antibody responses against many chlamydial proteins such as inclusion
membrane proteins (9are produced only in the context of replication of chlamydiae
during infection. Therefore, infectious, rather than inactivated and adjuvanted,
chlamydiae were used to reproduce immune responses after natural infétise.
inoculations were repeated ib@ to create highitered, affinitymatured antibody
responsesThus, these hyperimmune antisera represent the natural antibody response to
chlamydial infections as closely as experimentally achievable, with the notable, and
possibly consequential, excapt that the murine host does not represent the natural host
for most chlamydial specieslowever, in contrast to laboratory mice, for most natural
host species it is very difficult to obtain animals that have never been exposed to
chlamydial infectionThus, the murine host offers the certainty of {®xposure which is
essential for creation of morgpecific antichlamydial sera.

Antibody production against many chlamydial proteins is detectable only in the
original host, but not in heterologous hosts sashlaboratory rodents (60)his host
dependency may be the result of differential protein expression and immune accessibility
in the original versus the heterologous hdsawever, immunodominance of some
chlamydial proteins is independent of the hoswimch the antichlamydial antibodies

were raised (60)n this investigation, the vast majority of the identified spes@scific
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epitopes is located on hasidependent proteins such as OmpA, PmpD, IncA, Omp2,
CT442, CT529 and CT618 (Table 1, footne}eThis indicates that epitopes identified in

our murine heterologous model approach (Tables 2 and 3) will also be immunodominant
in natural infections of the homologous ho%te have confirmed this homologous
immunodominance, i.e., the hastlependent rtare of these reactive peptides, with
bovine sera for €. pecorunpeptides from 5 proteins (Figurggl, 2.5), and for peptides
shown in Table®.2 and2.3 of C. abortus C. pneumoniaeandC. suis(data not shown,
manuscript in preparation).

On 54 chlamglial proteins that have been reported as immunodominant we could
not identify B-cell epitopes (footnote of Table2.1). While this may be explained by the
fact that we tested only few peptides, it may also have to do with poor immunogenicity in
the hetertbgous hostThis suggests that additional hapendenB-cell epitopes may
be identified by screening with homologous sera after the chlamydial exposure status has
been ascertained by use of the current set of spgpexsfic peptidesin fact, a
preliminary screen of nereactive peptides with bovine sera has demonstrated high and
specific reactivity of a number of these peptides (data not shown, manuscript in
preparation).

In summary, the peptide antigens found in this investigation produce high and
absolutely speciespecific signals in a robust ELISA formath addition toChlamydia
speciesspecific peptides, typspecific peptides for strains &. suis C. pecorum C.
trachomatis andC. psittacj and genuspecific peptides were identifieBecaug of the
simplicity and robustness of these peptide ELISAs, molecular serology of chlamydial

infections may now become accessible for-spacialist laboratoriesSuch serological
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assays would also have the added advantage of retrospectively capturmstdahe of
chlamydial infection, rather than stochastically sample a single point in time as PCR
detection doesThese peptide antigens may also be used in multiplexed assays such as
microarrays (890) or fluorescent bead assays-@). We anticipate thiathese peptide
ELISAs have the potential to vastly improve chlamydial serology, in particular
Chlamydiaspeciesspecific serological diagnosiBy allowing serological dissection of
multi-species chlamydial infections, they will further the understandinghlamydial
diseases in retrospective epidemiological investigations of human and animal chlamydial
infections. In a wider context, the present methodological approach of epitope
identification has a great potential of being useful in both immunologisalarch and

laboratory diagnosis of other microbial infections.
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SUPPLEMENTARY DATA

A CT618_ARR110

Cab S26/3 1082-158]
Cps 02DC15 1082-159]

Cca GPIC 1110-187 S
Cfe Fe/C-56 1082-159| ASGINS

Cpe ES8 |086-163]| A JGCAAL

Cpn CWL029 |080-153 | ADGVNTAVAGAMLWGQLLNES!

Cmu Nigg |1078-143| VHEGANDAIQTGCGL

Csu 99DC3 1053-118 | TCDTSNAVQAGCGLAQLLTY A

Ctr D/UW-3/CX |077-142] mASNA,gQAGCG LLT P SEQLDPVSQQ-———————-—

B Chlamydia spp. Peptides

Probability of cross-reactivity

2 15% 9Lk — Cpn CWL029 191
: : L Cpn LPCOLN 14]
Cmu Nigg [5]1
Csu 990C3 [1]
Csu MD56 [1]

Ctr UW31 [1]
Ctr L2b/UCH-1  [58]
Ctr D/UW-3/CX [121]
Ctr E/SotonE4 [5]

Cpe ES58 [3]
Cpe P787 [5]
Cpe PV3056/3 [31
Cpe W73 [6]

> Cab $26/3 [51
: E g Cps 02DC15 [34]
: E g Cps 06-1683 [4]
E : Cps M56 131
: £ Cfe Fe/C-56 131
z = - [3]

2 Cca GPIC
©, P, 0 P, ®, P, W
Percent sequence identity
C Peptide Reactivities
. Anti-chlamydial sero-reactivity
Peptide Sequanice! Cab Cps Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_S26/3_CT618_116-131 AAKSIRKPDGSTEIVA 0 0 2 & % 0 3 ] e
Cab_S26/3_CT618_100-139 TGAMFYEVDSK-GSFKIAAKSIRKPDGSTEIVASRVLRSPL 0 2 0 0 0 0 0 0 0
Cps_02DC15_CT618_105-134 YEVDSATGSFKIVTKNIQKPNGEVEIVSSR 0 539 0 0 0 0 0 0 0
Cca_GPIC_CT618_145-160 QTKTVQLEDGTQRVVE . 0 238 0 - B B -
Cca_GPIC_CT618_134-163 EVDAQTGNFVLQTKTVQLEDGTQRVVPSRV 0 0 695 0 0 0 0 0 0
Cfe_Fe/C_CT618_108-137 DSA 'KIGVK: VLVPCRILK 0 0 0 750 0 0 0 0 0
Cpe_E58_CT618_120-135 TROAC GL 0 0 0 0o 23 o0 0 0 0
Cpe_ES8_CT618_106-145 SLFYETAPDGSFILTRQAQKGI )GLLAMOMRSPLT 0 0 0 0 12 0 0 0 0
Cpn_CWL029_CT618_100-139 SMIFETDEETGELRRCNEADAEGCMTQKLQORRSALTITGK | 0 0 0 0 0 382 0 0 o |
Cmu_Nigg_CT618_111-126 VDTSSNKRVLFSPLSV = = = " R 1 1 0
Csu_99DC3_CT618_099-128 LFFKTNADGSFQVDPQTQOKIRFSPLSMLS 1 1 4
Ctr_D/UW-3_CT618_101-116 KTNPDGSFQLDPVSQQ 0 0 1
Ctr_D/UW-3_CT618_111-126 DPVSQQRTLLSPLSLL 0 0 0

Fig. 2.51. CT618 antibody-reactive region 110, CT618_ARR110.

(A) Complete ARR110 alignment of the putative inclusion membrane protein QJT6688; lows tag
CT_618 ofC. trachomatistrain D/UW-3/CX).

(B) Evolutionary relationships among CT618_ARR110 sequefites. ARR shows high evolutionary
divergence, allowing for robust differentiation of a chlamydial species (Cpn) or a group of cklastyl

chlamydial species (clade Cab & Cps).

(C) Antibody reactivity of CT618 ARR110 peptidesptide sequences of Cpn, Cfe, Cca spp. and clade
Cab & Cps are evolutionary separated (B) and these peptides show speciasgletdfie reactivity.
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A CT618_ARR65

1
Cab $26/3 |34-102| ATFHN:
Cps 02DC15 |34-102| TKEHNSIS
Cca GPIC | 62-130 | MKLHD!
Ccfe Fe/C-56 134-102 | KGFHS
Cpe ES58 |30-106| LSSCNVSNLI
Cpn CWL029 |33-100 | MSLHNNVLF.
Cmu Nigg3 129-098 | AALRSKLGYI
Csu 99DC3 129-098 | TALRSKLSS
Ctr D/UW-3/CX |28-097| TSLRSKLNSVDDFFDLISSSCT

B Chlamydia spp

. Peptides

Probability of cross-reactivity

5%

18%

[_|

67%

I cab 116
Cps M56

' Cca GPIC

— Cpe PV3056/3

Cpe E58
Cpe P787

Nigg
GM

40 50

L 1 n

60 70 80 90

1 1 L L L 1 1

Percent sequence identity

C Peptide Reactivities

| Cab $26/3

l Cps 02DC15
[ Cfe Fe/C-56

L
E Ctr L2b/UCH-1
Ctr 434/Bu
E Ctr D/UW-3/CX
Ctr E/11023

99DC3
LPCoLN
CWL029

(> > H H
Q Q) 20 X |

L 0 (20 |2 = H

0 C @ Q]

Anti-chlamydial reactivity

Fig. 2.52. CT618 antibody-reactive region 65, CT618_ ARRG65.

(A) Complete ARRG65 alignment of the putative inclusion membrane protein CTC&628; locus tag

CT_618 ofC. trachomatisstrain D/UW-3/CX).

(B) Evolutionary relationships among CT618_ ARRG65 setpgeMhis ARR shows high evolutionary

divergence, allowing for robust differentiation of a chlamydial species (Cpe & Cpn) or a group of-closely

related chlamydial species (clade Cab & Cps and clade Cmu & Csu).

(C) Antibody reactivity of CT618 ARR65 pepsid€Epe and Ctr sera do not react with peptides from
heterologous species, but show low reactivity with homologous peptides. Cpe and Ctr peptide sequences

are evolutionary separated (B); and therefore, these peptides can be used fosppeifiegeactiity.
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Reptide Sequence Cab Cp Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_S26/3_CT618_061-090 LHPGKQDTLTRLTTLEHACGIASGLNNCVD 1 0 2 0 0 0 0 0 0
Cps_02DC15_CT618_059-098 | ASLNPENTNTLMRLTSLENACGIAVGLNSCVDTVTLVSQL| 1 0 0 0 0 0 0 0 0
Cfe_Fe/C_CT618_057-086 AKLSVGPENSSTLQKLSSLESACGTASGIN 1 1 0 2 - - - & -
Cpe_E58_CT618_059-074 LVDSSVSSVNVNAPHQ 0 0 0 s 7 0 0 0 0
Cpe_E58_CT618_062-091 SSVSSVNVNAPHQSLERLENVCSVAQGVNN 0 0 0 0 25 7 0 0 0
Csu_99DC3_CT618_055-084 APGASWSNADQQQFLSIEKTLGITCDTSNA - 5 < = - = 1 0 0
Cmu_Nigg3_CT618_049-063 |FALARLAPGASWSTAD = 3 = “ = s 1 6 0
Ctr_D/UW-3_CT618_048-063 |CTLARVAPGTTVSETQ = = = 2 = m 0 0 1
Ctr_D/UW-3_CT618_058-073 TVSETQQQQLSTIETT 0 0 0 0 0 0 0 0 29




A IncA_ARR340

. .0, 310 30 330 30 350 30 370 380
cab $26/3 |288-380 | ESASIEQLRSSTSNLOAVESRIVSAVNEDTRRASLASTAVTEHADI - - - PRDENRDPRGGRGGQS -~ - ~SPSVPLSATRSTSERRRI INYDDQGFPIYDQ
Cps 02DC15 | 288-382| ESASIEQLRSSTSNLOAVESRIVSAVSEDTRRVSLTSTTETADQGD---LRDPSGDRY GGWGAQS SYRLSPSVTMS --RLEQRGRRIIGTDDQGFPIYEQ
Cca GPIC |295-355 | LQESTTLLKDS TTNLHAVESRLIGVMVODGAESSTVEEASQDDSAQ- - ~PQDENQSDAGEHRDS — — = = == == === === == == —— - —m—— oo
Cfe Fe/C-56 1284-347| LTASIASLRTSTENLKNVEGRITNSIAND- RGASPSSTTVSAETDL- ——- - DVSGDLEDNSDQOE. DESQL-----
Cpe E58 |250-326| IACLGAATQQARAPAAPARPAAPAAPARPAA — - PAAPRAPARPAAPARD -—————————————-— APENNDNNNDDNAAS - - ———
Cpn CWL029 |295-390] HETSLOORIDAMLAQEQNLAEQVTALERMKQEAQKAESEF TAC - -~ VRDRTF PPTTPVVEGDESQEEL PVSQPSSPVDRATGDEQ -
Cou Nigg |238-276| ESOASKTLSEQIASQIEENERLYANT TRALSQSY SDSSA~——— === === == = m — — o e e
Csu MD56 1237-336| 1SCSFREQIATQOKAESEQLLANIKEALSKEAPSKPSRPPLPKNGE PCPPIQTPPPCEPRTTC ALLPPSDSLPHPEQPSRRTPAL

Ctr D/UW-3/CX |230-273|

B1 cab, Cps, Cca, Cfe, Cpn & Cpe Peptides

Prokability of cross-reactivity
5% 18% 67%
= - Cab 526/3 [ 3/ 5]

Cps 02DC15 [41/77]
Cca GRIC [ 4/ 4]
£ Cfe Fe/c-56 [ 3/ 31
= Cpn CWLO29 [ 9/13]

= Cpe E58 [ 9/87] LIAGLGARIQO!

40 50 60 70 80 9 100

SQLSKTLTSQIALORRESSDLCSQIRETL-- S8 PREKSAS PSS TR S S~ —— === == = === e e e e

I

Percent sequence identity

B2 Csu, Cmu & Ctr Peptides

Probability of cross-reactivity

5% 18% 67% 20 3w a0
: : Cmu Nigg [ 6/ 6] kaNETRAY-———- SQSYSDSSA-————————————————]
—— Csu 99DC3 [ 1/ 2] Al|-----IKPSRPPLPKNGFPRTMPPCPPRQTPH

L csu MD56 [ 2/ 3] ALSKEAPSKPSRPPLPRNGFPRTMPPCPPSQTPE
— Ctr D/UW-3/CX [207/207] E PSTKSS

L ctr 12b/Ams2 [ 50/ 53] ETH-- - - ~SSPRKSALPSTKSS-—-———--————|
100

a

60
L

0
=}

Percent sequence identity

B3 Cab &Cps Strain Variant Peptides

Probability of cross-reactivity _ 330 . 340 \ 350 . 360 )
5% 18% 7 vs225 [ 3/ 3] TSTTE ]
: H : GRY [11/11] !
H B 02pc15 [41/41) [SE
: : M56 [3/3] !
H = ce3 [14/14] !
z Wil [ 2/ 2] @ET
: 5 Cps Matll6 [ 3/ 3] i
- H — Cab 526/3 [ 3/ 3] A
' B B L cab e [ 2/ 2] !
40 50 60 7IG 80 90 1(1:0

I
Percent sequence identity

B4 .1 CpeStrain Variant Peptides (ARR340a) B4 .2 Cpe Strain Variant Peptides (ARR340b)
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5% I{i% 67%

= o
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1 L

L cpe 66P130 [2]
Cpe IPTalLE [2] B
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Fig. 2.53.IncA antibody-reactive region 340, IncA_ARR340.
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B5 (Cca, Cfe & Cpn Peptides

Probability of cross-reactivity

40 50 60
!

70 80 S0 100
I )

Percent sequence identity

C Peptide Reactivities

18% 7% . 30 320 330 Mo 30 30

= = Cea GPIC 4]t ODGAESSTVEEASQODDSAQPODENQSDAGEHKDS — = === === == — ——m
| Cfe Pe/C-56 [3] NLENVEGRITNS IANDRGASPSSTTVSAETDLDVSGDLEDNSDQOEDESQL -~ ~~=~----—---

: S (—— Cpn CHI029 [9]

) T L —— cpn zecowr [4]

. Anti-chlamydial sero-reactivity
Peptide Sequence Cab Cps Cca Cfe Cpe Cpn Cmu Csu  Ctr

Cab_S526/3_IncA_325-335 TAVTEHADIPR 17 o} 0 0 0 0 0 0 [¢]
Cab_526/3 IncA_337-348 PNRDPRGGRGGQ 89 0 0 0 0 0 0 0 0
Cab_526/3_IncA_351-362 PSVPLSAIRSTS 0 - - - 0 0 _ _ 0
Cab_526/3_IncA_324-353 STAVTEHADIPRDPNRDPRGGRGGQSSPSV 266 o 0 0 0 0 0 0 0
Cps_02DC15_IncA_325-335 TTETADQGDLR 0 13 0 0 0 0 0 0 0
Cps_02DC15_IncA_337-348 PSGDRYGGWGAQ 0 203 0 0 0 0 0 0 0
Cps_02DC15_IncA_351-366 YRLSPSVIMSRLEQRG | 0 0 0 0 0 0 0 0 0
Cps_02DC15_IncA_321-360 |SLTSTTETADQGDLRDPSGDRYGGWGAQSSYRLSPSVIMS 0 572 0 0 0 0 0 0 0
Cps_Mat_IncA_322-351 LTSTTETADQGALRDPSGDRLWWMGCAKLL 0 97 0 0 0 0 0 0 0
Cps_NJ1_IncA_334-363 LRDPSGDRYGGWGAQSSYRFSPSVIMSRLE 0 354 0 0 0 0 0 0 o
Cps_CP3_IncA_325-354 TTETADQGALRDPSRDRYGGSGAQSSYRLS 0 8 0 0 - - - -

Cca_GPIC_IncA_323-336 DGAESSTVEEASQD B R 0 0 N . R N _
Cca_GPIC_IncA_331-346 EEASQDDSAQPQDENQ 0 0 225 0 0 0 0 0 0
Cca_GPIC_IncA_340-355 QPQDENQSDAGEHKDS 0 0 267 0 0 0 0 4] 0
Cca_GPIC_IncA_316-355 LIGVMVQDGAESSTVEEASQDDSAQPODENQSDAGEHKDS 0 0 670 0 0 0 0 0 0
Cfe_Fe/C_IncA_316-329 SPSSTTVSAETDLD 0 o] 8 0 0 0 3 1 0
Cfe_Fe/C_IncA_324-339 AETDLDVSGDLEDNSD 0 o) 0 24 0 0 0 0 0
Cfe_Fe/C_|ncA_332-347 GDLEDNSDQQOEDESQL 0 5 0 1] 0 0 0 0 0
Cpe_ES58_IncA_281-300 AAPAAPAAPAAPAAPA 0 o0 0 0 350 0 0 0 0
Cpe_ES58_IncA_311-326 PAPENNDNNNDDNAAS 0 0 4] 0 1175 0 0 0 0
Cpe_DC13_IncA_271-286 VIPAGAAGAAGAAGAA - - - 0 0 - B -
Cpe_IC2_IncA_271-286 EAPAPEAPAPEAPAPE - - - 0 0 - -

Cpe_C14_IncA_271-286 EVPAAPEVPAAPEVPA - - - 0 0 - -

Cpe_5184 IncA_271-286 EVPAAPEVPAAPEAPE . R . R 0 0 B .

Cpe_BES3_IncA_311-326 ENNDNNNDNNDDNAAS - - - 424 0 - -

Cpe_PV5_IncA_311-326 PENNDNNDNNDDDAAS - - - 400 0O - .

Cpe_DC13_IncA_311-326 GAAGAEGENQNEGDEG - - - - 0 0 - - -
Cpn_CWL029_IncA_331-345 |QKAESEFIACVRDRT 0 o] 0 0 0 76 0 0 0
Cpn_CWL029_IncA_336-350 EFIACVRDRTFGRRE 0 0 - - - 281 - R

Cpn_CWLO29_IncA_341-355 VRDRTFGRRETPPPT - - - - - 164 - -
Cpn_CWLO029_IncA_346-360 FGRRETPPPTTPVVE - - - - 90 - _

Cpn_CWL029_IncA_356-370 TPVVEGDESQEEDEG - - - - - 102 - . .
Cpn_CWL029_IncA_331-370 | QKAESEFIACVRDRTFGRRETPPPTTPVVEGDESQEEDEG 0 4] 0 0 0 698 0 0 0
Cmu_Nigg_IncA_243-258 KTLSEQIASQIEENEK - - - - 0 0 0
Cmu_Nigg_IncA_250-265 ASQIEENEKLYANITK - - - - - - 0 0 0
Cmu_Nigg_IncA_261-276 ANTITKALSQSYSDSSA - - - - - - 0 0 0
Csu_99DC3_IncA_259-293 |LANIKEALIKPSRPPLPRNGFPRTMPPCPPRQTPP 0 (o] [¢] 0 0 0 0 605 0
Csu_99DC3_IncA_289-318 RQTPPPCPPRTTCPPPASSTTSLLPPAESL 0 0 0
Csu_99DC3_IncA_305-334 ASSTTSLLPPAESLPHQEQPSPQPLSLFSN| - - - - - 0 0 0
Csu_99DC3_IncA_320-349 HQEQPSPQPLSLFSNWILPNLLARNKYTKL | - - - - - - 0 0 0
Csu_MD56_IncA_271-286 PSKPSRPPLPKNGFPR R - - - B B 0 75 0
Csu_MD56_IncA_259-298 LANIKEALSKEAPSKPSRPPLPKNGFPRTMPECPPSQTPP 0 0 0 0 0 0 0 165 0
Ctr_D/UW-3_IncA_243-257 LORKESSDLCSQIRE 0 0 0 B B 0
Ctr_D/UW-3_IncA_258-273 TLSSPRKSASPSTKSS 0 - - - 0 0 - - 0
Ctr_D/UW-3_IncA_234-273 |SKTLTSQIALORKESSDLCSQIRETLSSPRKSASPSTKSS 0 0 0 0 0 0 0 0 0

Fig. 2.S3. IncA antibody-reactive region 340, IncA_ARR340(Continued)

(A) Complete ARR340 alignment of the IncA protein (Inclusion memhmariein A, IncA; locus tag
CT_119 of C. trachomatis strain D/U®/CX). Because of the absence of a homologous regio8. in

trachomatis theC. abortusincA protein is used as numbering reference.

(B1) IncA_ARR340 peptide phylogeny of the-Cple cladeNumbers in brackets indicate the frequency of
the predominant straigpecific sequence shown among the total accessions for this sequence cluster
available in the NCBI protein databadée IncA Gterminal region shows high evolutionary divergence,

allowing for robust species differentiation of Cab, Cps, Cca, Cfe, Cpn and Cpe.
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(B2) IncA_ARR340 peptide phylogeny of the @suCtr clade.The IncA Gterminal region ofC. suis
shows high evolutionary divergence from closely rela@edmuridarumand C. trachomas (these two

species have a truncated ARR), allowing for robust Csu differentiation.

(B3) Contrast phylogram of strawariant peptides of C. psittaci and C. abortGs.psittaciandC. abortus

are the most closely related species in phylogram B1; howevdre most divergent region of the ARR

these two species segregate into deeply separate clades comprisgsrgssoeactive peptideddVithin C.

abortus the peptide sequences are highly conserved and the serovariant peptides have a high probability of
producing crosseactivity. Similarly, within C. psittacj the strain variant peptides are highly conserved
(with the exception of Mat116 and VS225) and the serovariant peptides have a high probability-of cross
reactivity (the truncated ARR of strain VS2@5most likely norreactive).

(B4) Phylograms of straivariant IncA_ARR340 sufegion a & b (ARR340a&b) peptides of C. pecorum.
C. pecorunis one of the most distinct species in phylogram B1; this region shows also strain variations in

subregion a (B4.1and subregion b (B4.2) peptide sequences.

(B5) Phylograms of straivariant IncA_ARR340 peptides of Cpn, Cca and Cfepneumoniadas two
sequence variants, derived from human and koala strains, and Cfe & Cca sequence variation in this ARR

has not beereported.

(C) Antibody reactivity of IncA_ARR340 peptidesactive peptides were found for all chlamydial species
exceptC. muridarumand C. trachomatighomologous ARR in these two species is truncated) and these
peptides produce very high signals wéthsolute speciespecificity. Cps strain variant peptides crosact

with sera raised by Cps strain 02DC15 because of high sequence conserva&iopsittaci, allowing
detection of all serovars df. psittaciusing only few peptides. Additionally, nora the Cps variant
peptides react with the remainit@hlamydiaspecies including the closeSt abortusspecific sera. Sero
variant peptides of Cpe_IncA_ARR340a do not react with pecorum strain E58specific sera
necessitating several peptides for detectof all serovars; in contrast, sevariant peptides of

Cpe_IncA_ARR340b react strongly allowing detection of the majority of serovars by use of few peptides.
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A PmpD_ARR1050

Cab $26/3
Cps 02DC15
Cca GPIC
Cfe Fe/C-56
Cpe E58
Cpn CWL029
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Fig. 2.54.PmpD antibody-reactive region 1050, PmpD_ARR1050.
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(A) Conplete ARR1050 alignment of the polymorphic outer membrane protefRnipD; locus tag
CT_812 ofC. trachomatisstrain D/UW-3/CX).
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PmpD_ARR1050 (ctd.)

C Peptide Reactivities

Anti-chlamydial sero-reactivity

Pepride Sequence Cabh Cps Ca Cfe €pe Cpn Cmu Csu  Cir
Cab_S26/3_PmpD_1052-1067 |DENAKPTERIESETSN 0 - R . 0 ) n N o
Cab_526/3_PmpD_1060-1075 RIESPTSNVYYSAHES o 0 o - - o
Cab_526/3_PmpD_1063-1083 VYYSAHESVKQPENKT [} - - - 0 ] - - 0
Cab_526/3_PmpD_1060-1089 RIESPTSNVYYSAHESVRKQPENKTLADINS 3| 0 a 0 0 o 0 0 0
Cab_S26/3_PmpD_1074-1113 ESVKQPENKTLADINSIGIDLASFVSSDDETEVFPQIIVP 217 342 152 256 0 0 0 o 0
Cps_02DC15_PmpD_1053-1092 |DPNAKPAERIESPTSKVYYSAYDPVKNPGKETLADINSIG 0 26 0 0 0 0 0 0 0
Cca_GPIC_PmpD_1056-1095 PNAKPEEKPESPSARSYYSAYL TLADISVIGV 1] 0 40 0 0 4] 0 o 0
Cfe_Fe/C_PmpD_1055-1084 PNVKSVERIESPSAKSYYSNYEIEKNPIERK 0 0 0 95 0 [ 0 [ 0
Cfe_Fe/C_PmpD_1083-1112 ERTLADISSIGVDLASFVTNDDGSSPLPRQ 165 247 260 442 0 [ 0 o 0
Cpe_E58_PmpD_0886-0301 EOFLKNEQRSEGREHP - - - - a 0 - - -
Cpe_ES8_PmpD_0896-0911 EGREHPETPPFVEAAY 3} a 0 3 o 0 [ 0
Cpe_E58_PmpD_0905-0920 PFVEARVLFPRASVET - 0 0 R _
Cpe_E58_PmpD_0913-0328 FPRASVETTERASSSE - 0 o - -
Cpe_E58_PmpD_0921-0836 TEARSSSESIVLSNLS - 0 0 - -
Cpe_E58_PmpD_0889-0918 LKNEQESEGREHPETPPFVEAAVLFPRKASYV - a o - -
Cpe_E58_PmpD_0916-0355 ASVET IVLSNLSIDISSFASEINSEALPPRL - a 0 - -
Cpn_CWL029_PmpD_1119-1134 |SQVDSSAPLPTENKEE 0 0 ) - 0
Cpn_CWL029_PmpD_1121-1136 | VDSSAPLPTENKEETL o 0 o _ 0
Cpn_CWL029_PmpD_1126-1141 PLPTENKEETLVSAGY 0 0 0 _ 0
Cpn_CWL029_PmpD_1138-1153 SAGVQINMSSPTPNED 0 0 0 0 0 3 0 o 0
Cpn_CWLO29_PmpD_1146-1161 SSPTPNKDKAVDTRVL 0 0 0 0 o ;0 0 0
Cpn_CWL029_PmpD_1131-1170 NKEETLVSAGVQL AVDTPVLADIISITVD 0 0 0 0 0 404 O 0 0
Cmu_Nigg_PmpD_1029-1044 | LDSEQENNAEIGDLED - - - - - 0 o 0
Cmu_Nigg_PmpD_1038-1153 EIGDLEDSVNSEKTDS 0 0 0 0 0 6 264 o0 0
Cmu_Nigg_PmpD_1044-1053 D! WIGKN - 2 4 3
Csu_990C3_PmpD_1029-1058 |KILDSETLEREGLTMGDYANPDDSRSLWIG 2 1 8
Csu_93DC3_PmpD_1077-1106 LASFSSGDQEVTVEAPQVIVPKGSYVQSGE 0 1 3
Ctr_D/UW-3_PmpD_1035-1050 |DSGTEVQOGHAISKPE 0 0 0
Ctr_D/UW-3_PmpD_1045-1060 AISKPEAEIESSSEFE 0 o 10
Ctr_D/UW-3_PmpD_1094-1109 QREGTVEAPQVIVEGG | - - - - - - 0 0 0
Ctr_D/UW-3_PmpD_1036-1065 | SGTPVQOGHAISKPEAET T 0 0 0 0 bl o ) o a1
Ctr_D/UW-3_PmpD_1044-1083 HAISKPEAEI LWIARNAQTTVPMVDIHTT 0 0 0 0 0 0 0 0 0
Ctr_D/UW-3_PmpD_1069-1108 KNAQTTVPMVDIHTISVDLASFSSSQQEGTVEAPQVIVEG | O 0 0 5 0 o [ [ [/

Fig. 2.54. PmpD antibody-reactive region 1050, PmpD_ARR105qContinued)

(B1) PmpD_ARR1050 upstream s@gion a(ARR1050a) peptide phylogeny of Chlamydia Jjhyis ARR
allows for robust differentiation of Cmu/Csu/Ctr from the remaining chlamydial spe¢i?)
PmpD_ARR1050 center sulkgion b (ARR1050b) peptide phylogeny@filamydiaspp.This ARR shows
high evoluionary divergence, allowing separation of Cpe, Cpn, Cmu, Csu & Ctr or of a group of <losely

related chlamydial species (clade Cab & Cps).

(B3) PmpD_ARR1050 downstream selgion ¢ (ARR1050c) peptide phylogeny of Chlamydia $pfs
ARR shows low evolutiorrg divergence in clade Cab, Cps, Cca & Cfe, but is-seflarated from the

remainingChlamydiaspp.

(C)  Antibody reactivity of PmpD_ARR1050 peptidesPmpD_ARR1050c  peptides
(Cab_S26/3_PmpD_1074113 and its partial homologue Cfe_Fe/C_PmpD_10BR?) crosseact with

Cab, Cps, Cca and Chpecific sera because of extensive shared amino acid reskdowsver, high
conservation within the clade, but deep separation from the Gtilamydiaspp., allows for detection of

all serovars of clade Cab, Cps, Cca &eQfising a single peptidell other reactive peptides of
PmpD_ARR1050a&b react only with homologous sera, and therefore are suitable for species

differentiation.
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A PmpD_ARR550

510 520 530 540 5500 s60 570 580
cab 526/3 |547-621 | KGO, TP PT PN
Cps 02DC15 |546-623| [KECTLPSTL PTESSK PENL
Cca GPIC |552-625| KGTILPFPKVAA---SSEGESAPEAPKESS -~ ————— PVDL
cfe Fe/C-56 1548-623| NA /DL
Cpe E58 |363-462| [RGQGLANAPT. KIDTVTASILCA ENL
Cpn CWL029 | 601-707 | CLAQKYVAPQETAPVESI NACSHGDEY
Cmu Nigg |511-577| GEERILASCNVLISKNEGEISEVEH-———-i ARAPCOAIP FCAQLTOTTS
Csu 99DC3 1511-577| JAVPTRD: SAEST.

Ctr D/UW-3/CX |511-579| BGGATIATGKVEITNNSEGISETGN----- QALPTQEEF
B Chlamydia spp. Peptides
Probability of cross-reactivity 5:% 1:8% 6:7% — cpe 58 (15)
H B L cpe Pv3056/3 131
: : | CpR CHLO29 1131
H H H | ¢pn LECOLN 131
| H H H Ctr D/UW-3/CX  [56]
H H H - Ctr 434/Bu [124]
H F Ctr Har-13 11
: E Csu 99DC3 1]
H H Cmu Nigg 161
H H GPIC 131
B 2*4 Fe/C-56 141
H H H $26/3 [5]
: H : GRY [111
H = H CcPD13 111
: : s 18 111
H = H CPlé 11
H H : Cps NJL [31
H H H Cps MS6 131
H H = Cps 02DC15 [561
- - : Cps WC 151
40 50 60 70 80 90 100
\ L i . ) . h L 1 L | . 1
Percent sequence identity
C Peptide Reactivities
. Anti-chlamydial sero-reactivit:

Peptide Sequence Cabh Cps Cea Cle " Cpe Cpn Cr:u csu ot
Cab_S26/3_PmpD_565-580 |EVTFSYNKGQILPLPL o N B ) 0 N 0
Cab_S526/3_PmpD_571-586 NRGQILPLPLSPTEAE [ - o 0 - )
Cab_526/3_PmpD_577-552 PLPLSPTPARESSTSN 0 - - B o 0 . - o
Cab_$26/3_PmpD_583-598 TPAEESSTSNAPIESS 2 0 a 0 0 0 0 0 0
Cab_S26/3_PmpD_589-604 STSNAPIESSTPVNLG [ - - - o 0 - - 0
Cab_526/3 PmpD_576-605 LPLPLS! NAPIESSTPVNLGY 15 0 7 ] 0 0 0 0 0
Cps_02DC15_PmpD_564-603 | ATTFSCNEGCIL APIESSKPE 0 [} 95 ] [ 0 0 0 i
Cca_GPIC_PmpD_571-610 ITFSYNKGTILEF PEA LGVR 2 0 335 1 2 3 0 1 3
Cfe_Fe/C_PmpD_569-598 FSYNSCKFLPL BVE 0 [ 349 o ) 0 0 0 o
Cpe_E58 PmpD_387-402 NRGQGLANAPIPSPEE - - , B [ 0 B N ,
Cpe_E58_PmpD_397-412 IPSPEESKDEERKESD 0 0 -
Cpe_E58_PmpD_407-422 ERKESDETNTENLEID 0 0
Cpe_E58 PmpD_417-432 ENLKIDTVTASILCAS - - 0 0 -
Cpe_E58_PmpD_425-440 TASILCASHGSQEGIE - - o 0 -
Cpe_E58_PmpD_433-448 HGSQEGIENLKEDVRG 0 0
Cpe_E58_PmpD_398-427 P IDTVTAS - - 0 0 - -
Cpn_CWL029_PmpD_631-646 | AQKYVAPQETAPVESD 0 0 0 N )
Cpn_CWL029_PmpD_637-652 PQETAPVESDASSTNK 0 - o 0 - 0
Cpn_CWL029_PmpD_640-655 TAPVESDASSTNEDEK 0 0 0 - o
Cpn_CWL029_PmpD_643-658 VESDASSTNRDEKSLN 0 0 0 - 0
Cpn_CWL029 PmpD_647-662 ASSTNKDEKSLNACSH 0 - o 0 - 0
Cpn_CWL029_PmpD_656-671 SLNACSHGDHYPPRIV 0 - - - o 0 . - 0
Cpn_CWL029_PmpD_662-677 HEDHYPPRTVEEEVEP 0 - - - 0 0 . o
Cpn_CWL029_PmpD_667-682 PERTVEEEVPPSLLEE 0 0 a o 0 114 0 0 0
Cpn_CWL029_PmpD_672-687 EEEVPPSLLEEHEVVS 0 0 a 0 0o 10 o 0 o
Cpn_CWL029_PmpD_677-692 ESLLEEHPVVSSTDIR [4} - - - 0 0 - - 0
Cpn_CWL029_PmpD_654-693 EKSLNACSHGDHY VVSSTDIRG| § 0 7 0 2 w5 2 1 2
Cmu_Nigg_PmpD_537-552 RBPQATPTRSSDELSF N B N N N N 0 0 )
Cmu_Nigg PmpD_545-560 RSSDELSFGAQLTOTT - - 5 0 o
Csu_99DC3_PmpD_517-546 | ASGRVST IQNSGGVSFIGNARAPQAVETRD , . . . . N ) ] °
Csu_99DC3_PmpD_535-564 NARARPQAVFTRDPEEVFSLSAESLNGCSEG 0 0 16 017 1 0 a2 1
Ctr_D/UW-3_PmpD_534-549 GNARAPQAT.PTQEEFP - - - - - - 0 0 [
Ctr_D/UW-3_PmpD_545-560 QEEFPLFSKKEGRPLS 0 0 a 0 a 0 0 0o 20
Ctr_D/UW-3_PmpD_536-565 ARMPQALPTQEEFPLFSKKEGRPLSSGYSG 0 ) a o o 0 0 1] 29

Fig. 2.55. PmpD antibody-reactive region 550, PmpD_ARR550.

(A) Complete ARBS0 alignment of the polymorphic outer membrane prote{PmpD; locus tag CT_812
of C. trachomatisstrain D/UW3/CX).

(B) Evolutionary relationships among PmpD_ARR550 sequeridés. ARR shows high evolutionary
divergence, allowing for robust differeniiat of chlamydial species (Cpe & Cpn), or of a group of clesely

related chlamydial species (clade Ctr, Csu & Cmu and clade Cca, Cfe, Cab & Cps).

(C) Antibody reactivity of PmpD_ARR550 peptid@scause of partial sharing of AA residues (B), Cab,
Cps, Cca ad Cfe peptides croggact with heterologous serall other peptides (Cpn, Csu & Ctr) react

only with homologous sera.
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A PmpD_ARR730

. 710 730 740 7% 760 770 780
Cab S26/3 1724-790| 1
Cps 02DC15 1726-791] GQT
Cea GPIC 1728-794| G
Cfe Fe/C-56 1726-792| DINTVGHH
Cpe E58 1568-631 \¢
Cpn CWL029 1811-864] c
Cmu Nigg3 1676-790 ETADINSDK LENIEQSFITATNQTFFLEEEK-LPSEAFTSAEELSKRRECA
Csu 99DC3 1678-792] s ENIEQSFITAASQTLLVEEEG-QPAVAPISSEELLKRKECA
Ctr D/UW-3/CX |680-795| BE OKI SFLGRAEQSFITAANQALFASEDGDLSPESSISSEELAKRRECA

Bl C pneumoniae Peptides

700
i

Probability of cross-reactivity 5% 18% 67% Cps GR9 91 L
E z Cab $26/3 181 T
z Cca GPIC 31 [LASAA
3 | g Cps 02DC15 [66] L
s = Cfe Fe/C-56 (41 (EGE}
g = Ctr D/UW-3/CX [201] ISCLR
= - Cmu Nigg [6] ISCLK 2
E = Csu 99DC3 1] ISCFKEDYI ST
2 H (——— Cpe E58 [15] ms T
2 = ——— Cpe W13 131 1
: H | Cpn CWL029 [13]
= : = | cpn LPCOLN [3]
40 50 60 70 80 920 100
L ! 1 1 L L L | 1 L L L )
Percent sequence identity
B2 C muridarum Peptides
Probability of cross-reactivity 5% 18% 67%
= 3 = Ceca GPIC [3]
: : Cps 02DC15 1631
= z = Cps Matllé (31
E z Cps GR9Y [14)
= = Cab LLG (21
= = cab $26/3 ]
= = cfe Fe/C-56 161
= z Cpe W73 (3]
= S Cpe E58 [16]
= = Cpn LPCOLN [3]
: : Cpn CWL029 [13]
: : Ctr E/11023 1971
= 2 Ctr Har-13 1]
Z g Ctr 434/Bu [72]
: : Ctr D/UW-3/CX [29]
: : L': Ctr TW-3 (1]
5 z Ctr TW-448 (1]
= = (——— Csu GM99DC3 (1
| H H L csuaM 1]
B = = Cmu Nigg (61
40 50 60 70 80 90 100
L 1 I L | L 1 L L L 1 )
Percent sequence identity
C Peptide Reactivities
@ Anti-chlamydial sero-reactivity
Peptide Sequence Cab Cps Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_S26/3_PmpD_737-752 ALASAAGAVSISQNLG 0 = = = 0 0 z = 0
Cpe_ES58_PmpD_607-722 GHPASENPEENLFGRY 0 - - - 0 0 - - 0
Cpn_CWL029_PmpD_824-839 GVAAPQGSVTICGNQG 0 0 0 0 0 37 0 0 0
Cpn_CWL029_PmpD_845-860 ENFVFGSENQRSGGGA 0 = = e 0 0 = = 0
Cpn_CWL029_PmpD_818-857 | TRLGGAGVAAPQGSVTICGNQGNIAFKENFVFGSENQRSG 0 0 0 0 0 0 0 0 0
Cmu_Nigg_PmpD_724-739 KVETADINSDKQEAEE 0 0 0 0 0 0 152 0 0
Cmu_Nigg_PmpD_755-770 NQTFFLEEEKLPSEAF - - . . . 5 0 0 0
Csu_99DC3_PmpD_718-747  |PYIEEY. EERSFLEN 0 0 0 0 0 0 0 0 3
Csu_99DC3_PmpD_749-778 EQSFITAASQTLLVEEEGQPAVAPISSEEL | - - - - - 0 0 0
Ctr_D/UW-3_PmpD_717-732 ATRLYVEETVEKVEEV - - 2 = . » o o0 o
Ctr_D/UW-3_PmpD_727-742 EKVEEVEPAPEQKDNN 2 z - - 0 0 0
Ctr_D/UW-3_PmpD_760-775 QALFASEDGDLSPESS - - - - - -0 o0 o0
Ctr_D/UW-3_PmpD_713-752 |KDNIATRLYVEETVEKVEEVEPAPEQKDNNELSFLGRAEQ 0 0 0 0 0 0 0 0 0

Fig. 2.56. PmpD antibody-reactive region 730, PmpD_ARR730.

(A) Complete ARR730 alignment of the polymorphiter membrane protein PmpD; locus tag CT_812
of C. trachomatisstrain D/UW-3/CX).

(B1) Evolutionary relationships among PmpD_ARR730 sequerpeshis ARR, Cpn shows high
evolutionary divergence, allowing for robust differentiation ©f pneumoniaefrom the remaining
Chlamydiaspp.
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(B2) Evolutionary relationships among PmpD_ARR730 sequeitis.ARR shows high evolutionary
divergence, allowing for robust differentiation of chlamydial species (Cpn, Cpe, Cmu, Csu, & Ctr) or of a

group of closelyrelatedchlamydial species (clade Cca, Cfe, Cab & Cps).

(C) Antibody reactivity of PmpD_ARR730 peptid®@scause of evolutionary separation of Cpn (B1) and
Cmu (B2), Cpn and Cmu peptides react with homologous sera, and all other peptides (Cab, Cpe, Csu &

Ctr) do rot crossreact with Cpn or Cmu specific sera.
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A PmpD_ARR165

L Mo e 0w a0 a0
Cab S26/3 1112-153] PQY -AVED!
Cps 02DC15 1111-152] PQY DVKDS
Cca GPIC |115-159| RKY LVDDSS!
cfe Fe/C-56 1119-154 | SELEKTPNSLSWANIH----~ DGY EVQDPQH|
Cpe E58 1051-084 | PQT
Cpn CWL029 1113-208] IDQKLVWSDLDTRNFSQPTQEPDTSNAVSEKI SSDTKENRKDLETED PSKKSGLKEVSSDLPKSPETAVAAI SEDLEI SENISARDP:
Cmu Nigg3 1100-125| 00D ouss
Csu 99DC3 1100-125] QQH QSFS
Ctr D/UW-3/CX |[100-125] QD QVSS|
B Chlamydia spp. Peptides

150 160 170 180

Probability of cross-reactivity 5%

GPIC

18%

Nigg
99DC3
Fe/C-56

W73

E58
LPCoLN

40 50 60

CWL029

70 80 0

| 1 1 1 L f 1 )

Percent sequence identity

C Peptide Reactivities

[3]1 LFEISDSLSWKSIDGELSKSSKKSATAEDAERKYLVDDQ

o $26/3 [6]
cPD13 [1]
2 CP16 [1]
: GR9 [91
H 02DC15 [53]
: Matllé [5]
= NJ1 [3]
= M56 [3] DAR
2 434/Bu [60] SVTllwvm,‘w.
: D/UW-3/CX [141]

E SV'I'ﬂPV\n.-uw' )
ILESVTTPIIVQGII
! SVTTPIEIQGI

" Anti-chlamydial reactivity

Peptide Sequence Cab Cps Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_S26/3_PmpD_0121-0136 LSWENLDTRSTNAEAE [] - - - 0 0 - - 0
Cab_S$26/3_PmpD_0129-0144 RSTNAEAEKGKTSPQY 0 = 0 0 5 5 0
Cab_S26/3_PmpD_0137-0152 KGKTSPQYAVEDLQQG [] - 0 0 - - 0
Cab_$26/3 PmpD_0122-0151 SWENLDTRSTNAEAEKGKTSPQYAVEDLQQ 0 0 0 0 0 0 0 [ 0

| Cfe_Fe/C_PmpD_0123-0152 KTPNSL = EVQDPOH 3 1 o 1 - - - - Bl

Cpe_E58_PmpD_0062-0077 WEDLFAPKESSEEGKA % 1 2 E -
Cpe_ES8_PmpD_0072-0087 PQTQGLGFL - - 0 0 . =
Cpn_CWL029_PmpD_0125-0140 | SDLDTRNFSQPTQEPD 0 - 0 ] - 0
Cpn_CWL029_PmpD_0133-0148 SQPTQEPDTSNAVSEK 0 = 0 0 = 0
Cpn_CWL029_PmpD_0140-0155 DTSNAVSEKISSDTKE 0 - 0 1 - 0
Cpn_CWL029_PmpD_0147-0162 KISSDTKENRKDLETE 0 - 0 s3 - 0
Cpn_CWL029_PmpD_0155-0170 ENRKDLETEDPSKKSG 0 = 0 3 . 0
Cpn_CWL029_PmpD_0161-0176 ETEDPSKKSGLKEVSS 0 " 0 0 z 0
Cpn_CWL029_PmpD_0171-0186 LKEVSSDLPKSPETAV 0 - 0 50 - 0
Cpn_CWL029_PmpD_0191-0206 EDLEISENISARDPLQ| 0 - 0 0 - 0
Cpn_CWL029_PmpD_0147-0186 EKISSI 0 0 0 0 0 121 0 0 0
Ctr_D/UW-3_PmpD_0104-0119 | SVINPVVFQGVDQODQ 5 - 5 s : & 0 0 0

Fig. 2.57: PmpD antibody-reactive region 165, PmpD_ARR165.

(A) Complete ARR165 alignment of the polymorphic outer membrane pro{€mpD; locus tag CT_812
of C. trachomatisstrain D/UW-3/CX). The designation of ARR165 is derived fr@@npneumoniadecause
this species has long inserted sequearod the homologous regions of this ARR are abse@hiamydia

Spp.

(B) Evolutionary relationships among PmpD_ARR165 sequeniceghis ARR, Cpn shwas high
evolutionary divergence, allowing for robust differentiation @f pneumoniaefrom the remaining

Chlamydiaspp.

(C) Antibody reactivity of PmpD_ARR165 peptid@scause of evolutionary separation of Cpn (B), Cpn
peptides react with homologous seaad all other peptides (Cab, Cfe, Cpe, & Ctr) do not ereast with

C. pneumoniaspecific sera.
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A PmpD_ARR60
20 30 40 50 60 0 80 9% « 100 o MO ., 020
4 GYVPASEVILDT VPSHBGIF- KKEKPTHAQGPR DQET:! NTSTCVYKVLVAE-DEQROHLE

cab $26/3 1014-115]

Cps 02DC15 1014-114| GYEPASEVILDTLSMPKAQLEAPSAGIF-- ONTS! VAE-DEQRQH

Cca GPIC 1014-118| SDSSL-KTQLETT > TQEVOKENE VETSFIENASSCSVAILGSE-CGQR

Cfe Fe/c-56  1014-122| Mm}ml!msvszvn.bwsnn PVETTVAGIFGI : DT ISSCVTKILGAD-VAQ

Cpe E58 1002-054 | ol;m. c SGKGLDLSS---LLQL

Cpn CWL029 |1014-116| H AGIAF QTSVL: KGSDPVNPSQKESEKVLYTQVPETS DLADANFLEH

Cmu Nigg3 1014-103| v, ASMSGLSNC. LL-—————— LDHIKDIFIGPKDSQDKGQYKEIT! oD ----Azmgxiz
Csu GM 1014-103| L DHIKDLFIVSE O EGQYKHI QERA----AETLPGKVER
Ctr D/UW-3/CX |014-103| BSLESUVARRNASYVSGLASCVDEHAGGQSVN--~-~~=---ELVYVGPQRVLL-~—-=~~ LDQTRDLFVGSKDSQAEGQYRETVGDPSSFOEKD- - - ~ADTLPGKVEQSHL

B Chlamydia spp. Peptides

: Csu G 1]
= c Cmu Nigg

[6]
Ctr D/UW-3/CX [195]

Probability of cross-reactivity 5% 18% 67%

—i = = Cfe Fe/C-56 [6] IAERH] i
t : Cca GPIC (3] o
2 : Cps NJ1 [3] EPKKEETDVER!
: 4“‘5 Cps 02DC15 155] EPKK: =!
: E Cps M56 (3] EEok=EEv :
Y : Cps GR9 [9] E i QBT
H = Cab CP16 [1] = i QET
= : Cab LG 12] PRKGETDOET
z : Cab $26/3 [5] GRERGETDOET:!
= : — Cpe PV3056/3 [3]
2 5 £ - Cpe ES58 [16]
E : : — Cpn LPCOLN [4]
z z g L~ Cpn CWL029 [12]

| —
L ctr 11/115 [7]
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L L 1 L L L L L 1 L L L I
Percent sequence identity
C Peptide Reactivities
s Anti-chlamydial reactivity

Peptide Sequance Cab Cps Cca Cfe Cpe Cpn Cmu Csu  Ctr
Cab_$26/3_PmpD_0046-0075 LDTLSMPKAELEVPSAGIFKKEKPIHAQGP 0o 2 o 0 0 0 0 0 0
Cab_S26/3_PmpD_0064-0093 FKKEKPTHA 0 0 0 0 0 0 0 0 0
Cps_02DC15_PmpD_0049-0088 LSMPKAQLEAPSAGIFRKEKSHAQEPKKEETDVERSLLDN 740 0 0 0 0 0 0 0
Cfe_Fe/C_PmpD_0039-0068 ESVSEVFLDTTSLSKPPVETTVAGIFGDKK [ 0 0 0 - - - -
Cfe_Fe/C_PmpD_0064-0093 0 0 0 0 - -
Cfe_Fe/C_PmpD_0090-0119 DTSLLHDISSCVTKILGADVAQSQCLVDVS 0 0 0 0 - -
Cpn_CWL029_PmpD_0046-0061 KQFEEHSAHVEEAQTS 0 E - 0 0 0
Cpn_CWL029_PmpD_0064-0079 KGSDPVNPSQKESEKV 0 0 0 0
Cpn_CWL029_PmpD_0081-0096 YTQVPL 0 - - 0 0 - - 0
Ctr_D/UW-3_PmpD_0081-0096 DPSSF - - % - - - 0 0 0

Fig. 2.58: PmpD antibody-reactive region 60, PmpD_ARRG60.

(A) Complete ARR60 alignment of the polymorphic outer membrane pro{@&@mpD; Iccus tag CT_812

of C. trachomatisstrain D/UW3/CX). C. abortusPmpD is used for numbering on the top of alignments.

(B) Evolutionary relationships among PmpD_ARR60 sequerides. ARR shows high evolutionary
divergence, allowing for robust differentiatiof chlamydial species (Cfe, Cca, Cpe & Cpn), or of a group

of closelyrelated chlamydial species (clade Cab & Cps and clade Ctr, Csu & Cmu).

(C) Antibody reactivity of PmpD_ARRG60 peptidEps as well as Cab peptides react withpsittact
specific sera bmause of sequence conservation; Cfe, Cpn & Ctr peptides do notreagsawvith Cps

specific sera because of evolutionary separation of clade Cab & Cps from the remaining species (B).
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A (CT529_ARR220

cab 526/3 1212-291] ari
Cps 02DC15 1212-291] -
Cca GPIC 1212-291] -
Cfe Fe/C-56  1212-291| il
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Ctr D/UW-3/CX |184-265| EK:

B Chlamydia spp. Peptides
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. Anti-chlamydial reactivity

Péptide Sequenca Cab Cps Cca Cfe Cpe Cpn Cmu Csu Ctr
Cab_S26/3_CT529_235-250 QRASAGLEDARIAETL 0 0 - - - - - -
~Cab_S26/3_CT529_227-266 | LMYENRAYQRASAGLEDARIAETLTVDVYNQVSQELRESH 55 0 0 0 0 0 0 0 0
Cps_02DC15_CT529_227-266 | LMYENRAYQRASAGLEDARVNETLNSDVYNQVSRELRESH 0 0 0 0 0 0 0 0 0
Cca_GPIC_CT529_235-250 KRASEGLLASKMTESL - 0 0 0 = o - - =
Cfe_Fe/C_CT529_231-260 NRAYKRASEGLEL YSQVSR 5 0 0 0 - - R R -
Cpe_E58_CT529_217-232 QRCLERLNQKEVGQEE 0 0 0 s 98 0 0 0 0
Cpe_E58_CT529_225-240 QREVGQEESGSAQEVQ 0 0 0 a1 0 0 0 0
Cpe_E58_CT529_235-250 SAQEVQAMRSSYVKRL - - . 0 0 . . .
Cpe_ES58_CT529_209-248 IIRERRAYQRCLERLNQKEVGQEESGSAQEVQAMRSSYVK 0 0 0 0 277 0 0 0 0
Cpn_CWL029_CT529_234-249 |FKRAKESLYNERCALE 0 - - - 0 ) - < E
Cpn_CWLO029_CT529_244-259 ERCALENQQSQLSGDV 0 - . . 0 0 " . .
Cpn_CWL029_CT529_254-269 QLSGDVILSAERALRK 0 0 0 A 0 5 0 0 0
Cpn_CWL029_CT529_236-275 RAKESLYNERCALENQOSQLSGDVILSAERALRKEHVATL 0 0 0 0 0 59 0 0 0
Cmu_Nigg_CT529_207-222 RCDRIRCSEDGEICEG 0 0 0 - 0 0 67 0 0
Cmu_Nigg_CT529_213-228 CSEDGEICEGNKLTAI 0 0 0 - 0 0 63 0 0
Cmu_Nigg_CT529_219-234 ICEGNKLTAISEEKAR Lo 0 0 2 0 0 5 0 0
Csu_99DC3_CT529_207-236 EERCNRILCGQADEVLGINNTMCEQFVRQR 0 0 0 0 0 0 0 32 0
Csu_99DC3_CT529_219-248 DEVLGINNTMCEQFVRQRAVVGEKFRTLTR | - - o - = a 0 0 0
Ctr_D/UW-3_CT529_208-223 ARCARIAREESLLEVP - = E 0 0 20
Ctr_D/UW-3_CT529_215-230 REESLLEVPGEENACE . 2 2 0 0 50
Ctr_D/UW-3_CT529_222-227 VPGEENACEKKVAGEK - - - 0 0 0
Ctr_D/UW-3_CT529_200-239 |SAERADCEARCARIAREESLLEV EKKVAGEKAK 0 0 0 0 0 0 0 0 132
Ctr_434/Bu_CT529_215-230 REESSLEL E - - = 0 0 0

Fig. 2.59. CT529 antibody-reactive region 220, CT529ARR220.

(A) Complete ARR220 alignment of the putative inclusion membrane protein @QI5229; locus tag
CT_529 ofC. trachomatisstrain D/UW-3/CX).

(B) Evolutionary relationships among CT529_ARR220 sequefites. ARR shows high evolutionary
divergence, ldowing for robust differentiation of a chlamydial species (Cpn, Ctr & Cpe) or a group of

closelyrelated chlamglial species (clade Cab & Cps).

(C) Antibody reactivity of CT529 ARR220 peptidesptide sequences of Cpe, Cpn, Cmu, Csu and Ctr
species are @tionary weltseparated (B) and these peptides show spepiesific reactivity.The peptide
Ctr_434/Bu_CT529 21230, which differs from Ctr_D/UWB/CX_CT529 21530 by only 3 AA shown

in red, does not react with sera raised bysiiin D/UW3/CX.
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Fig. 2.510: OmcB/Omp2 antibody-reactive region 50, OmcB_ARR50

(A) Complete ARR50 alignment of the outer membrane cysteine rich préteiterBmembrane protein 2
(OmcB/Omp2; locus tag CT_443 6f trachomatisstrain D/UW-3/CX).

(B) Evolutonary relationships among OmcB_ARR50 sequenthgs ARR shows high evolutionary
divergence, allowing for robustféiérentiation ofC. pecorunmor a group of closely related species (clade
Cmu, Csu & Ctr or clade Cab, Cps, Cca, Cfe & Cpn). This ARR shewslow evolutionary divergence

at species level such as the sequences of Ctr strains are fully conserved, allowing for robust detection of all

serovars irC. trachomatis

(C) Antibody reactivity of OmcB_ARR50 peptid€dr sera do not croseact with pepides from
heterologous species (Cab, Cpe or Csu) because of low sequence conservation. This ARR may be used to

detect all serovars of Ctr using a single peptide.
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