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Abstract

We determined the molecular sequence of monoclonal antibodies (mAbs) to serogroups B and C capsular polysaccharidesgegaof
meningitidis N. meningitidisnfections are a leading cause of bacterial septicemia and meningitis in humans. Antibodies to PS are fundamental
to host defense and diagnostics. The polysaccharide capsule of ghbupéhingitidiss poorly immunogenic and thus is an important model
for studying pathogen-host co-evolution through understanding the molecular basis of the host immune response. We used a modified reverse-
transcriptase PCR to amplify and sequence the V-genes of murine hybridomas produced against types B and C capsular PS. Databank analysi
of the sequences encoding the V-genes of type C capsular PS mAb, 4-2-C, reveal that heavy chain alleles are recurrently used to encode
this specificity in mice. Interestingly, a V-gene from the same germline family also encodes the V-domain of mAbs 2-2-B, which targets
the antigenically distinct serogroup B capsular PS. Somatic mutation, junctional diversity and alternative light chains collectively impart
the specificity for these serologically distinct epitopes. Knowledge of the specific immunoglobulin genes used to target common bacterial
virulence factors may lead to insights on pathogen-host co-evolution, and the potential use of this information in pre-symptomatic diagnosis
is discussed.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Immunoglobulin variable region genes; Group-specific immunity; Carbohydrate antigen; Capsular polysaccharide; RecurrentiNessense;
meningitidis

1. Introduction despite the availability of effective antibioticsS¢lberg,
1999. One of the major virulence factors ™. menin-
Neisseria meningitidiss a leading cause of septicemia gitidis is its capsular polysaccharide (PS), which also
and meningitis, with case-fatality rate of about 10% carries serological specificity for the current classifica-
- tion of this organism into different serogroup&n@pp
- ?:ﬁgeg/iﬁgir;sr;:b?é?eDii Ofef;zavy chain variable region; V-gene, im-  gnd Koumans, 1999 Of the 13 known serogroups of
u* C%rrel;ponding authgr. Te%.:+l 204 789 6063; fax: +1 204 789 2038. menlngococq, 5 (SerOgrouDS A, B, C, Y, and W:.LSS)
E-mail addressberryjd@inspection.gc.ca (J.D. Berry). are responsible for causing most of thg observed disease
URL: www.icid.ca (J.D. Berry). (Pollard and Levin, 2000 In North America and Europe,

0161-5890/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2004.09.002
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Table 1 of serogroup B meningococci has not been successfully de-
Chemical composition of the capsular polysaccharidebléisseriaspp. veloped and therefore no vaccine protection exists for the B
®.9) serogroup. The reasons for this may include poor immuno-
Serogroup Structural repeating unit genicity of this component due to chemical similarity with

B (homopolymer) o the glycolipid antigen of the neural cell adhesion molecule

NeuNAc-- (2--->8) - -Neulhc (n-CAM) (Muhlenhoff et al., 1998 The immunobiology of

o the B serogroup capsular PS is therefore of great importance.
NeuNAc--(2--->9) - -NeuNAc N . ..
C (homopolymer) 7 g 7 g Increasing evidence suggests that protective immunoglob-
: : : : ulin Variable region (V-genes) assemblies can be repeatedly
OAc OAc OAc OAc expressed in the B-cell podP{nchuk et al., 1995; Scott et

al., 1989. The host antibody response can be encoded by a
restricted set of heavy chain variable region geneg (v cer-
tain types of antigens, which limits the clonality of the B-cell
most of the meningococcal diseases are due to organismsesponseBona, 1993 This has been observed in antibody
of serogroups B, C, Y, and W13B¢llard et al., 200}l which responses to Vesicular Stomatis Virus (VSHaemophilus
share the similarity of having sialic acid as a component in influenzaecapsular polysaccharide and has been inferred in
their capsules. Sialic acid components are found in eukary-southern analysis of the antibody response againstenin-
otic tissues as important cell surface molecules, but whengitidis serogroup C capsular polysacchari@a(cia-Ojeda
present in prokaryotic cells, they are often associated with et al., 2000. Antibody recurrence describes a range of sim-
virulence. ilarities in antibody structures elicited to the same epitope.
The capsules of serogroups B and C meningococci areFor example, recurrent V-gene responses may be defined as
made up of homopolymers of sialic acids linked through al- an antibody response encoded either by a predominant, re-
pha 2,8 (for serogroup B) or alpha 2,9 linkages (in serogroup current, or restricted set of V-gene segmei@sr(y, 1999.
C) (Table ) (Bhattacharjee et al., 19¥.5n serogroups Y A pattern of recurrence exists if the same or highly related
and W135, capsules are comprised of heteropolymers ofantibody gene structures are produced to the same epitope in
disaccharides of sialic acid linked with glucose (serogroup multiple individuals/animalsKalinke et al., 1996; Kavaler
Y) or with galactose (serogroup W135Bl{attacharjee et et al., 1990; Mo et al., 1993; Solin et al., 1992 B-cell
al., 197§. Besides sharing similar chemical structures, the response is termed a restricted response, which is an extreme
genetics of the biosynthesis of these sialic acid containing case of recurrence, when the identical VK chahdderson
capsules are also very similar. Strains B, C, Y, and W135, et al., 1992; Akolkar et al., 1987; Casadeval et al., 1994; Mo
share a similar capsular polysaccharide synthesis operongt al., 1993; Patera et al., 1995; Scott et al., 2989 chain
which differ from one another in only the polysialyltrans- (Pascual etal., 1992or both Griffiths et al., 1984, Ikematsu
ferase genesfaD) (Claus et al., 1997 The capsular polysac- et al., 1998; Kaartinen et al., 1984, Liu et al., 193ate pre-
charides have undergone antigenic variation, presumably duedominantly found to encode antibodies to the same epitope
to selection pressures from host antibody responses, despitef independently derived clones. All of these responses have
similarities in the genetics of capsule biosynthesis and chem-in common an antigen with a repetitive structural organiza-
ical structure. Therefore, serological specificities exist, and tion, and/or induce a co-comittant T-cell-independent B-cell
both polyclonal and monoclonal antibodies (mAbs) are able response, as they do not require mature T cells to elicit an an-
to distinguish and identify four serogroups of meningococci tibody response. We speculate that stringent and or frequent
as distinct entities. Antibodies against the PS antigens of ahost-pathogen co-evolution may select for recurrent antibody
number of bacterial disease agents includihgneningitidis responses.
have been shown to have microbicidal activities which subse-  In order to examine immunoglobulin variable region gene
quently lead to the development of effective active vaccines usage in response to antigenically variant epitopes on cap-
for the induction of protective serum antibodi&sli et al., sular antigens oN. meningitidiswe cloned and sequenced
2003; Lindberg, 1999a; Vermont et al., 2003; Zangwill et the cDNA of rearranged heavy and light chain variable do-
al., 2003. PS immunogens are typically T-cell-independent mains of two anti-meningococcal monoclonal antibodies pro-
B-cell antigens. The immunogenicity of carbohydrate vac- duced in mice against serogroups B and C capsular PS. We
cines is enhanced by conjugating them to protein compo- compared the specificity of these mAbs in relation to V-gene
nents, which can also trigger B cells in a T-cell-dependent usage and compared these to other monoclonals in available
fashion Lindberg, 1999h This property isimportantforvac-  databanks. These data reveal that somatic variation of the
cines that are required to produce long lasting protection assame \ gene, as well as the use of alternative light chains,
T-dependent responses are required in order to drive affinity contribute to specificity for PS of two different serogroups
maturation and drive B cells into the memory podinuesa of meningococci. The results of the analysis of these V-
etal., 2002. Acellular subunit vaccines are now available for genes in relation to other serogroup C PS-specific mAbs, de-
the control of infection of three of the four main serogroups veloped independently by others laboratories, are presented
(C, Y, and W135). However, a capsule vaccine for the control here.
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Table 2 Grove, PA, USA) diluted 1:5000 in 2% BSA-PBS for

Summary of relevant properties of thg;\dnd \_ regions of murine mAbs incubation at room temperature for 4 h.

specific forN. meningitidiscapsular PS When testing monoclonal antibodies for their reactions

Clone  Class Ser_cf’,gr,O“p GenBank Reference(s) with the extracted capsules, purified capsular polysaccharide
specificlty  accession from serogroup C was purchased from the National Institute

number . .
e v 5 Vo AY639151  This stud of Biological Standards and Control (Potters Bar, Hertford-
< K Vi AY639150 Is study shire, UK), while capsule polysaccharide from serogroup B
was extracted and purified by a method similar to that de-
4-2-C G3k C Vy AY639149  This study

scribed byNato et al. (1991)Capsule polysaccharide anti-

gens were coated at a concentration ofigydml PBS at 4C

C2/e557 G C VH AY310523  Garcia-Ojedaetal.  gyernight. The remainder of the procedure was similar to the
(2000, 2003) indirect whole cell ELISA method described above.

Vi AY639148

Vi AY310524

177.16 Gl C Vi AY229941 Garcia-Ojeda et al. :
(2000, 2003) 2.3. RNA extraction
VL AY229942 ] . )
o Approximately 1-2 million log-phase mAb-secreting hy-
2016.3 Gx*x C Vy AY229955 Garcia-Ojeda et al.

(2000, 2003) bridoma cells were collected by pelleting at 30@ and
V| AY229956 homogenized via passage through a 20-guage needle using
an RNase-free 5ml syringe. Total RNA was isolated using
RNeas§ Mini Spin kits according to the manufacturer’s in-
structions (QIAGEN).

2. Materials and methods

2.4. cDNA synthesis, polymerase chain reaction, and

2.1. Hybridoma cell culture analysis of sequences and database searches

The hybridomas r_elevant tothis paper are listeTable 2 The RNA was reverse transcribed into cDNA, PCR am-
TTbher'ngma ge;l I2|ngs <7NH9-4 a.”d_5dc_1'3';7 2-2-B sgfgrete plified and cloned using methods as described previously
MADS 4-2-C and 2-2-B 0. meningitidisand are specific (Barbas et al., 2001; Gubbins et al., 2D0%he nucleotide
o the serogroups C and B sialic acid _contalnlng CapSU- 4nd inferred amino acid sequences of 4-2-C and 2-2-B light
lar polysaccharld_es, resp ectively. These lines were Pmd.uce hains were analysed for relatedness using MacVector Soft-
throgghdthg hfus,lr(])nl of |mmun|e sglenocyt_es of n(w;ce '_rg'dware (version 7.1.1). The ClustalW analysis nucleotide anal-
munize IW't V\é Olle er:jcz;ps”g ate 10S;gan+shm aS” l_escrl € ysis was performed at slow speed with an open gap penalty of
previously Mandrell and Zollinger, 1982 The cell lines 10 and an extend gap penalty of 5. The amino acid sequence

were expanded in BD-cell mAps media W'th 10% fetal analysis was performed using the Blosum 30 algorithm with
bovine serum (FBS) and 2% hybridoma cloning factor (IGEN a gap penalty of 10 and an extend gap penalty of 0.1.
International, Inc., Gaithersburg, MD, USA). High density

culture in Integra CL300 flasks (INTEGRA Biosciences Inc., 2 5. Nucleotide databank accession numbers

ljamsville, MD, USA) were used according to commercial in-

struction for the production of monoclonal antibody for use 4 sequences generated during the course of this work

in ELISA. We confirmed the isotype of monoclonal antibody were submitted to GenBank database at NCBI and were given

2-2-B and 4-2-C using a commercial isotyping kit (Roche, 5 .cesgion numbers as follows: 4-2-G \AY639149; 4-2-C
Laval, QC, Canada)iable 1. Heavy and light chain isotype VL, AY639148: and 2-2-B M, AY639151; and 2-2-B V/
determination was necessary in order to select the correctAY'Ge,,9150 (I'ablle 3 ' ' ’

oligonucleotide primers for cloning)yand \i. cDNAs.

2.2. Enzyme-linked immunosorbent assay on 3. Results
meningococcal antigens
We have determined the identity of the immunoglobulin

The reaction of monoclonal antibodies with meningococ- V-genes encoding mAbs to groups B and C capsular PS and
cal bacteria was studied by an indirect whole cell ELISA compared the genetic relationship with antibody function-
according to the method &fbdillahi and Poolman (1987)  ality. These monoclonal antibodies were developed against
for typing of meningococci with the following modifica- N. meningitidisand have use for evaluation in immunologi-
tions: overnight incubation with the monoclonal antibodies cal assays fal. meningitidigMandrell and Zollinger, 1982
at 4°C, followed by detection with horseradish peroxidase- Monoclonal antibodies 2-2-B and 4-2-C have exquisite speci-
conjugated goat anti-mouse IgG F(abjagment-specific  ficity for groups B and C meningococci, respectively, with lit-
antibody (Jackson ImmunoResearch Laboratories, Inc., Westtle cross-reactivity in ELISAKig. 1). Antibody 2-2-B binds
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1000007y cDNA corresponding to the yand \ for each hybridoma
' clone Figs. 2 and 3respectively). Consensus and degen-
10000 {| erate forward primers were designed to be complementary
— to sequences in the upstream leader region or the N-terminal
1000 framework 1 regions of most known muring\dnd \__ genes

and back primers were based upon conserved constant region
sequencedfattamajumdar et al., 1996; Kabat et al., 191
Highly similar alleles from the J558 immunoglobulinV
family encode the \ of the anti-type B and C capsular
polysaccharide mAbs. Our analysis of the cDNA sequences
(Fig. 2. Analysis of 4-2-C and 2-2-B reveals that the heavy

100{ |

Log reciprocal dilution

49C l_z-z-a oA chain of 4-2-C is encoded by a J558.5 allele linked to a DH
SP2.8.01 and a JH1.01 cassette, whereas 2-2-B is encoded by
Fig. 1. ELISA reactivity of monoclonal antibodies on whaie meningi- a J558.2 allele linked to a DH SP2.7.01 allele and a JH2.01

tidis tested in serial d.ilutions. Thi.s result is representative of two identical cassette. Interestingly, the 4-2-G,\dnd 2-2-B \{; have 93%
assays performed as in the material and methods. These data clearly show the

exquisite type-specific reactivity of mAbs 4-2-C and 2-2-B for serogroups C nuc_leotld(_a 'dentlt_y throth theerreg_lon res“'t'”g in 13
and B, respectively. (Black bars, serogroup C antigen reacitivity; clear bars, @MiN0 acid substitutions; 4 clustered in CDR1; 4 in CDR2;
serogroup B antigen reactivity; gray bars, irrelevant antigen control.) and the other mutations falling outside of the CDRs. The pri-
mary sequences of 4-2-C and 2-2-B are very different in the
with specificity to the type B capsular polysaccharide antigen, CDR3. The length of the CDR3 domain of 2-2-By\fs 12
with the reactivity of the antibody with capsular polysaccha- amino acids whereas 4-2-C has 10 amino acid residues. Inter-
rides from type C at background levels. In contrast, mAb estingly, in these two M-domains, the CDR3 region has only
4-2-C binds with high specificity to type C Capsu|ar po|ysac- 52% identity at the nucleotide level but the inferred amino
charide with no reaction against encapsulated serogroup Bacid sequence reveals that CDR3 of 4-2-¢ Nas three hy-
organisms. Indeed, analysis of the serogroup reactivity of drophobic amino acid residues (W, F, W) while 2-2-B H3
these two mAbs on 13 distinct serogroups confirms the util- has one hydrophobic amino acid residues (2. These
ity of these mAbs in meningococcal diagnostitatfle 3 The hydrophobic types of residues have been implicated as be-
discrete difference between groups B and C sialic acid con- ing important for antibody binding to carbohydrate antigens
taining polysaccharide antigens is limited to the type of bond (Hutchins et al., 1996; Smithson et al., 1998his is con-
between the sialic acid molecules and @wacetyl group in sistent with the findings of other&arcia-Ojeda et al., 2003
group C PSTable ). In this case, mAb 4-2-C is againsta ho- Who found that 23/39¢59%) C-type PS reactive monoclonal
mopolymer of sialic acids linked in alpha 2,9 linkages which antibodies were likely expressing the J558 allele according
is found in the type C capsular PS, and mAb 2-2-B is against to Northern blot RNA analysis. This number decreased to
a homopolymer of sialic acid linked in alpha 2,8 linkages, 50% when examining only those mAbs generated from mice
found in type B capsular PS. immunized with the native PS antigen and excluding animals
We determined the molecular sequence of the expressednjected with protein-conjugated PS antigen conjugates.
and rearranged immunoglobulin V-genes by sequencing the Detailed analysis of the heavy chain domaifig(2b) re-
veals high conservation of the CDRs in the independently de-

Table 3 rived group C reactive mAbs. This is quite remarkable given
Reactions of anti-B, anti-C monoclonal antibodies against 13 known that the CDR3 IS cc_)mprlsed of the rearrangement of three
serogroups of meningococci separate genetic mini-elements and occurred independently
Serogroups (strain number) ELISA OD (405 nm) in different B cells, in different animals. TheMof 2-2-B, the

anti-group B mAb has a distinct and extended CDR3 region,

Anti-B 2-2-8 Anti-C 4-2-C but otherwise is highly identical | the CDR1 and 2 regions.
gisgiﬂ) 8-31{25 00601151 To the authors knowledge this is the first time that the V-
C (60E) 0.022 3.410 gene sequence of an anti-group B capsular PS mAb has been
D (1613) 0.044 0.040 determined.
29E (521) 0.021 0.021 There is a recurrent use of identical light chain variable
H (1890) 0.018 0.014 regions to encode monoclonal antibodies to group C PS. Re-
L(i;lssfi) 8-8;: 8-852 markably, all of the anti-C PS mAbs, which were indepen-
L (76189) 0.025 0.021 dently derived, use the identical light chain variable region
W135 (Ill) 0.014 0.011 (with a few changes in our sequences due to primer instilled
X (Slaterus X) 0.012 0.012 changes). The 4-2-C light chain has very high identity with
Y (Slaterus Y) 0.020 0.021 the light chain genes from other previously identified group
Z (Slaterus 7) 0.026 0.025 C PS mAbs Fig. 3). Of note, the Vk domain of 4-2-C has
No antigen control 0.001 0.004

100% identity with Vk domain of the 177.16 mAb further
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(A)
P
J558.5 E Vv ¢ L ¢ ¢ s G P E L V K P G A S V K I s ¢ K T 85 G Y 81
GAG GTC CAG CTG CAA CARG TCT GGA CCT GAG CTG GTG ARG CCT GGG GCT TCA GTG AMG ATA TCC TGC AAG ACT TCT GGA TAC
177.16 T T - T T T T S
2016.3 - - - - - - - - - D - - - - - - - - - - - - - - - - N
€2/655.7 R T
4-2-C VH R T
J558.2 R T e SR 81
2-2-B VH B T T
-=== CDR 1 ————————=——— > Cmmmm o CDR 2
J558.5 T F T E Y T M H W V K Q S H G K S$ L E W I G G I N P N 162
ACA TTC ACT GAA TAC ACC ATG CAC TGG GTG AAG CAG AGC CAT GGA AAG AGC CTT GAG TGG ATT GGA GGT AT” AAT CCT AAC
177.16 B T T
2016.3 B e T
€2/655.7 R e
4-2-C VH T
J558.2 s - - 6 - Y - - - - - - - - ¥ - - - - - - - R - - - X 162
Teo . GC TA. A .T. (o T..
2-2-B VH s - - 6 - Y - - - - - - - - v - - - - - - - R - - - ¥
T. GC TA. A .T. C.. T
_______________ >
J558.5 N G G T S Y N Q K F K G K A T L T v D K S S S T A Y M 243
AAT GGT GGT ACT AGC TAC AMC CAG AAG TIC ARG GGC AAG GCC ACA TTG ACT GIA GAC AAG TCC TCC AGC ACA GCC TAC ATG
177.16 R
F GG FE ..
2016.3 N M
€2/655.7 - - - - - - - - - - - - - - - - - - - - P F - - - - -
. . . C .T.
4-2-C VH - - - - R - - - - = - - - - - - - - - - - - - - - - -
A . . .
J558.2 - - A - - - - - N - - D - - 8 - - = - - - - - - - - - 243
C .T -A. GC . T .
2-2-B VH - - A - - - - - N - - D - - 8§ = - = = - - - - - - - -
C T WAL GC T
< CDR 3 >
J558.5 E L R s L T S E D S A v Y Y c A R 294
GAG CTC CGC AGC CTG ACA TCT GAG GAT TCT GCA GTC TAT TAC TGT GCA AGA
177.16 - - - - - - - - - - - - - - - - T R S N W Y F D V W G 324
. . . . . . . . . . . . . ACA CGT TCC AAC TGG TAC TTC GAT GTC TGG GGC
2016.3 - F - - - - - - - - - - F - v S R S v W Y F D v w G
. T.C . . . . . . . . . . T. ..T G.A AG. CGT AGC GIC TGG TAC TIC GAT GTC TGG GGC
C€2/655.7 - - - - - - - - - - - - - - - - S R D Y W Y F D v w G
. . ..C AGG GAC TAC TGG TAC TTC GAT GTC TGG GGC
4-2-C VH - - - - - - - - - - - - - - - - D R Y V W Y F D V W G
. . . GAT AGG TAC GTIC TGG TAC TTC GAT GTC TGG GGC
J558.2 - - H - = = = - - - - - - - - .- 292
2-2-B VH - - B - - - - - - - - - - - - - - 6 D Y G N S L F D Y 324
WA, ..C . . B . . . . . GGC GAC TAT GGT AAC TCC CTT TTT GAC TAC
(B)
CLONE CDR1 CDR2 CDR3
177.16 G Y T F T E Y T I N P N N G G T A T R S N w Y F D v
8-8-10 GGA TAC ACA TTC ACT GAA TAC ACC ATT AAT CCT AAC AAT GGT GGT ACT GCA ACA CGT TCC AAC TGG TAC TTC GAT GTC
€2/655.7 G Y T F T E Y T I N P N N G G T A S R D Y W Y F D V
8-8-10 GGA TAC ACA TTC ACT GAA TAC ACC ATT AAT CCT AAC AAT GGT GGT ACT GCA AGC AGG GAC TAC TGG TAC TTC GAT GTC
2016.3 G N T F T E Y T I N P K N G G T v S R S v w Y F D v
8-8-10 GGA AAC ACA TTC ACT GAA TAC ACC ATT AAT CCT AAA AAT GGT GGT ACT GTA AGC CGT AGC GIC TGG TAC TTC GAT GTC
4-2-C G Y T F T E Y T I N P N N G G T A D R Y A w Y F D v
8-8-10 GGA TAC ACA TTC ACT GAA TAC ACC ATT AAT CCT AAC AAT GGT GGT ACT GCA GAT AGG TAC GTC TGG TAC TTC GAT GTC
2-2-B G Y s F T G Y Y I N P Y N G A T A R G D Y G N & L F D Y
8-8-12 GGT TAC TCA TTC ACT GGC TAC TAC ATT AAT CCT TAC AAT GGT GCT ACT GCA AGA GGC GAC TAT GGT AAC TCC CTT TTT GAC TAC

Fig. 2. Nucleotide and inferred amino acid sequencespf{héavy chain variable region) domains of anti-group C PS monoclonal antibodies. (A) Inferred
amino acid sequence and nucleotide alignment of the immunoglobulin heavy chain variable regipofaivi-meningococcal polysaccharide groups B and

C monoclonal antibodies. The J558.5 sequence represents the closest corresponding ggrsgipeeyice to 4-2-C Y and is used as a consensus for the

related group C-specific mAbs. The 177.16, C2/655.7, and 2016.3 sequences are the correspogelirag ffom other functional group C anti-meningococcal
antibodies submitted previously to NCBI Barcia-Ojeda et al. (2003)he J558.2 sequence represents the closest corresponding germéagiénce to the

Vy of anti-group B PS mAb 2-2-B \f (GenBank). A dash (-) indicates the same amino acid in the clones. A singl@iddi¢ates the same nucleotide codon, in

cases where more the one dot is shown within a codon these represent the same nucleotide as the germline homolog immediately above the sedggemce. (B) Ant
contact domains (CDRs 1-3) of the inferred amino acid alignment showing identity of the heavy chain of 5 mufevaingitiscapsular polysaccharide
monoclonal antibodies. Conserved positions are depicted in bold. The hydrophobic residues of phenylalanine (F), believed to be importar&dna®& cont
conserved in all anti-C mAbs. The hyphenated numbers under the clone names refers to the number of amino acid residues in CDR1-CDR2-CDRR, respectivel
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(A) -
IGKV4-57*01 Q I v L T Q S P A I M S A S P G E K v T I T C S A S S v 83
CRA ATT GTT CTC ACC CAG TCT CCA GCA ATC ATG TCT GCA TCT CCA GGG GAG AAG GTC ACC ATA ACC TGC AGT GCC AGC TCA AGT GTA
177.16 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
2026.3 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C2/655.7 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
4-2-C VK D - L M - - - - - - - - - - - - - - - - - - - - - - - -
GAC CTG ATG . . . . . . . . . . . . . . .
IGKV1-110%01 D v - M - - T - L S L P v - L - D Q A S - S - R S - Q - L 83
G.T G.. ..G A.G WACAL crc TC. C.. C.. G.. AG. .TT ..A ..T C.A .C. T.. CcT.T LA TLT .T CAG ccC.T
2-2-B VK E L - M - - - - L S L P v = L - D Q A S - S - R S - Q = L
G.G C.C G A.G CIC TC. C.. . G.. AG. .TT ..A ..T C.A .C. T. .CT.T A T.T ..T CAG ..CC.T
--- CDR 1 > <- CDR 2->//
IGKV4-57%01 s Y . _ _ _ _ _ M H ®W F ©Q ©Q K P G T S8 P K L W I Y s T S N 202
AGT TAC *¥¥ *¥% skk sk xkx skk *%%x ATG CAC TGG TTC CAG CAG BRAG CCA GGC ACT TCT CCC AAA CTC TGG ATT TAT AGC ACA TCC AAC
177.16 T R e L T I S T R . T R
Kk kkE KRR KAE kR kAR KAK
2026.3 S T
. ke KRk ARk Rk kkk KAk
€2/655.7 I T T
c. ok kkk kkk KAk kR kkk KAk
4-2-C VK R T T T S T
. A kRR KRR KAE KkR KRR RAK L . . L
IGKV1-110%01 vV # $ N 6 N T Y L - - Y L - - - - 0 - - - - L - - K V - - 202
GTA C.. .GT A.T G.A AA. ACC T.T *** T .A ..T TA. CT. CAG A G CT. .C JAA GTT
2-2-B VK v H S N G N T Y _ L - - Y L - - - - Q - - - - L - - K v - -
GTA C. .GT A.T G.A AA. ACC T.T *** T.A ..T TA. CT. CAG A LG CT. .C .AA GTT
IGKV4-57*01 L A S G v P A R F S G S G S G = = T S Y S L T I S R M E A E D 294
CTG GCT TCT GGA GTC CCT GCT CGC TTC AGT GGC AGT GGA TCT GGG *** *** ACC TCT TAC TCT CTC ACA ATC AGC CGA ATG GAG GCT GAA GAT
177.16 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. . .
2026.3 - - - - - - T - - - - - - - - - - - - - T - - - - - - - - -
A. N A
C2/655.7 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
P
4-2-C VK - = = = = = = = = = = = = = = = = = = = = - - - - - - - - -
L . R . . .
IGKV1-110%01 R F - - - - D - - - - - - - - - - - D F T - K - - - V - - - - 29
.GA TT. LG ..A .AC A.G A *xk k%% A GA. .T. A.A .AG A .. .G
2-2-B VK R F - - - - D = = = = = = = = = = - D F T - K - = =V - - - -~
GA TT ..G .A .AC A.G A x*k kxR GA, .T. A.A LAG A. .G
L= CDR 3 ====—====em—ee >
IGKV4-57*01 A A T Y Y C o Q R S S Y P P 337
GCT GCC ACT TAT TAC TGC CAG CAA AGG AGT AGT TAC CCA CCC A
177.16 - - - - = - - - - - - - - F T F G S G T K L E I K R
TTC ACG TTC GGC TCG GGG ACA AAG TTG GAA ATA AAA CGG
2026.3 - - - - - - - - - - - - - Y T F G G G T K L E I K R
G TAC ACG TTC GGT GGG GGG ACC AAG CTG GAA ATA AAA CGG
C2/655.7 - - - - - - - - - - - - F T F G S G T K L E I K R
TTC ACG TTC GGC TCG GGG ACA AAG TTG GAA ATA AAA CGG
4-2-C VK - - - - - - - - - - - - F T F G S G T K L E I K R
. . . . . . . . . . TTIC ACG TTC GGC TCG GGG ACA AAG TTG GAA ATA AAA CGG
IGKV1-110%01 L G v - F - S - S T H A% P - T
CTG .GA GT. LT TCT ..T ACA CA. GTT ..T . ACA
2-2-B VK L G v - F - S - S T H v P Y - F G G G T K L E I K R
CIG .GA GT. .T. TCT .T ACA CA. GTT ..T TAC TTC GGA GGG GGG ACC AAG CTG GAA ATA AAA CGG
(B)
CDR1 CDR2
2-2-B V-kappa ELVMTQSPLSLPVSLGDQASISCRSSQSLVHSNGNTYLHWYLQKPGQSPKLLIYKVSNRFSGVPDRFSGSGSGTDFTLKISRVEAED 86 100
4-2-C V-kappa DILMTQSPAIMSASPGEKVTITCSAS---8SVS---YMHWFQQOKPGTSPKLWIYSTSNLASGVPARFSGSGSGTSYSLTISRMEAED 81 94
'***** _____ *'*____*_*_.* *_**_ * Kk KK ****_**__**__****_*********___*_***_****
CDR3
2-2-B V-kappa 87 LGVYFCSQSTHVPYTFGGGTKLEIKR 113
4-2-C V-kappa 82 AATYYCQQRSSYPFTFGSGTKLEIKR 107

. .*~* *‘ .. _*.***_********

Fig. 3. Light chain variable region domains of anti-group C and B PS monoclonal antibodies. (A) Inferred amino acid sequence and nucleotide alignment
of the immunoglobulin light kappa chain variable region [\6f anti-meningococcal polysaccharide monoclonal antibodies. The IGKV4-57*01 sequence
represents the closest corresponding germlipes®quence to 4-2-C W as determined by both V-Questt{p://imgt.cines.fr and 1g-BLAST at NCBI. The

177.16, C2/655.7, and 2016.3\6equences are the corresponding §enes from other functional anti-meningococcal antibodies submitted previously to
NCBI by Garcia-Ojeda et al. (2003)he IGKV1-110*01 sequence represents the closest corresponding germlseguence to 2-2-B ¥ (V-Quest). A dash

(-) indicates the same amino acid in the clones, while a Jandicates the same nucleotide codon in the clones. (//) Stands for the seven codon deletion in
CDR2 which is not depicted. (B) Inferred amino acid sequence alignment of the anti-group B and anti-group C kappa light chain Variable regiorf domains o
clones 2-2-B and 4-2-C, respectively. A star (*) indicates the same amino acid residue identity in a position, whilgindica{es a different residue, and a

dash (-) indicates inserted spaces placed in the sequence to provide maximum identity. The light chains sequences have 53% identity overgicéeckgion de
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supporting the recurrent recruitment of particular V-domains However, 2-2-B has an extended CDR3 of 12 residues and
to this antigen, and suggesting an important role for the light does not contain the CDR3 motif seen in mAbs to type C PS.
chain in determining type C capsular PS specificity. We ex- This strongly suggests that a direct relationship between the
clude our observed changes in the sequence of the frameworknolecular sequence of thggV\CDR3 and the in vivo selection
1 region of 4-2-C VK sequence, as these were templated byof B cells with this specificity exists and is consistent with
the specific primer used to amplify this cDNA. Clones 2016.3 the central role of CDR3 in determining the epitope speci-
and 177.16 light chain domains are encoded by a Jk2 and Jk4ficity of many antibody moleculeDerrick et al., 1999; Xu
respectively, whereas 4-2-C is encoded by a JK4. and Davis, 200D Moreover, this molecular recurrence sug-
Light chain variable region genes encoding anti-PS mAbs gests that this assemblage is commonly made in murine B
are unmutated. The light chain sequences of mAbs 4-2-C cells, even when recombining minigene elements which ex-
and 2-2-B are essentially pristine compared to the assignedpress protein domains in multiple reading frames, and these
germline VI genes without somatic mutations in the sequence B cells are frequently recruited to bacterial capsular polysac-
away from germline Kig. 3). The Vk of 2-2-B has one  charides. This is consistent with the immunogenetics of the
change at the C-terminal end of in CDR3 at position 112 murine antibody response to ti&ryptococcus neoformans
(P to Y), which is most likely due to junctional-joining di- polysaccharide capsule in mice where identicat@DR3
versity. The V-kappa sequences of these clones are distincdomains have been identified in independent hybridomas de-
and this likely contributes to some of the differences in speci- spite the multi-genic nature of CDR3 which also can suf-
ficity for sialic acid linkages. The functional light chain se- fer junctional as well as N region diversitZésadevall and
quences were also analyzed for relatedness to the availabléscharff, 199).
databanks. There is a recurrent use of identical light chain variable
regions to encode monoclonal antibodies to group C PS. The
4-2-C light chain has very high identity with the light chains
4. Discussion from other previously identified group C PS mAbs. Of note,
the Vk domain of 4-2-C has 100% identity with Vk domain
Bacterial antigenic variation elicits recurrent;\genes of the 177.16 mAb further supporting the recurrent recruit-
with alternative light chain usage in B cells of the murine ment of particular V-domains to this antigen, and suggesting
host. There is recurrent use of germline antibody gene as-an important role for the light chain in determining type C
semblages to encode antibody binding domains to group Ccapsular PS specificity. We exclude our observed changes
or B bacterial capsular polysaccharides. Comparisons of thein the sequence of the framework 1 region of 4-2-( §é-
molecular sequences of 4-2-C and 2-2-Bindicate thatthe V' quence, as these were templated by the specific primer used to
domains share a high degree of sequence iderfity. Q). amplify this cDNA (Fig. 3). Recurrent usage of light chain V-
Furthermore, the 4-2-Cyand 2-2-B \{; have 99 and 100%  domains in mice is consistent with V-gene usage to capsular
identity at the nucleotide level with the J558.5 and J558.2 PS in humans and in antibody responses to many other anti-
germline alleles, respectivelfig. 2). The J558 \ family is gens Casadeval etal., 1994; Fish and Manser, 1987; Griffiths
the largest Y family in the mouse and has the most distinct et al., 1984; Patera et al., 1995; Scott et al., J988e rela-
members in the germline configuration. The J558 §ene tive absence of somatic mutations in the light chains V-genes
family is known to be predominantly expressed in murine B suggests that the antibody responses were T-independent in
cells although this varies between mouse straifair{es et nature.
al., 2001; Yancopoulos et al., 1988Ve have recently ob- Different light chains are used to target the B or C
served murine J558 alleles used to encode mAbs to distinctserogroup-specific PEig. 3B). Serotype specificity to these
protein epitopes on the SARS-Co%(bbins et al., 2004 PS antigens may be a function of the light chain variable re-
Databank analysis reveals that the serogroup C-specificgion. Analysis reveals a 57% identity at the inferred amino
clones collectively have high identity in theqMCDR3 re- acid level and a 67% identity at the nucleotide level between
gion at the amino acid level. Despite the use of multiple DH VI of 2-2-B and 4-2-C. These data are consistent with the as-
and JH elements to form thegvdomains of these type C-  signment of these kappa light chain alleles to different V-gene
specific mAbs, comparison of the inferred amino acid transla- families (Fig. 3). The use of alternative light chains with a sin-
tions of the \{;-domains of the anti-type C PS clon&sy. 2B) gle Vy-domain to determine serotype specificity is consistent
shows the clones 4-2-C, 177.16, C2/655.7, and 2016.3 collec-with findings on mAbs to variant strains of VS®énn et al.,
tively differ in amino acid sequence in just 6 positions over 2003. Notably, the CDR1 of 2-2-B is significantly extended
the CDR1, 2, and 3. Furthermore, the heavy chain CDR3 compared to the CDR1 of the serogroup C light chains. Col-
in all four of the type C-specific clones have a length of lectively, these data show that variation of thg-ZDR3 and
10 amino acid residues and contain a conserved motif of: use of alternative light chains, can accommodate antigenic
XXRXXWYFDV; despite the use of a different DH gene. variation of bacterial PS. Recurrent availability and selection
In contrast, the heavy chain of clone 2-2-B, which is group of B cells expressing germline V-genes supports the notion
B specific, is also encoded by a J558 allele, thus maintainsthat evolutionary selection shapes host antibody repertoires,
high identity in the germline-encoded CDR1 and 2 regions. certainly somatically.
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Independently derived mAbsto type C PS use the sameV body responses t6. neoformansre encoded by a highly
genes. Databank analysis reveals that the 4-24@&5 high restricted use of M gene families although in contrast the
identity with other independently derived mAbs developed murine response to different serogroups results in use of
against the T-independent capsular PS antigen of group ofdifferent Vy gene families Casadevall and Scharff, 1991,
serogroup CGarcia-Ojeda et al., 2008shown in alignment  Pirofski et al., 199% A limitation of our study is the small
in Fig. 1). ABLAST search using the NCBI immunoglobulin ~ sample size and we will examine the genetics of V-gene
database for murine immunoglobulin sequences reveals thausage in other hybridomas té. meningitidiscapsular PS
the Wy of 4-2-C has highest identity with thegvof mAb antigens.

C2/655.7, a mAb raised against a T-cell-dependent type C  The subtle structural differences in the sialic acid link-
PS conjugate vaccin€@rcia-Ojeda et al., 2003The search ~ age of type B and type C capsular PS is countered by the
also revealed that clones 177.16 and 2016.3, with the nexthost through changes in the antibody paratope structure en-
highest identity with 4-2-C }{, and these were developed coded in alterative light chain V-genes and with differences
using the T-cell-independent (TI) PS of serogroup C. The in the CDR3 of the {-gene. The host counteracts antigenic
Vy of 4-2-C has 97, 96, and 93% identity at the nucleotide variation of protective virulence determinants by somatically
level with the \y region of clones C2/655.7, 177.16, and altering the structure of antibody molecul&nham et al.,
2016.3, respectively. The immunogenic stimulus used toraise1993. The role of antibody diversity mechanisms in pro-
4-2-C, whole encapsulated. meningitidis(Mandrell and ducing protective antibodies continues to be an area of great
Zollinger, 1982, is probably capable of producing both Tl interest. The relative role of the heavy chain CDR3 domain
and T-dependent B-cell responses, so it cannot be determinedersus the light chain in determining overall specificity is not

if it was clearly one or the other. Comparison of the 4-2- yet known for our clones, but will be evaluated by light chain
C V4 genes with the other anti-serogroup C clones shows shuffling of the \{j and \_ pairs in vitro as recombinant
that 177.16 and 2016.3 use an alternative DH encoded byantibody moleculesHerry et al., 2003

FL16.2.01 and JH1.01 to bind to the same epitope. These The expression of pathogen-associated V-genes may lead
data are consistent with the findings of others, which show to new pre-symptomatic diagnostic tests. Restricted and re-
V-gene usage clearly depends upon inherent properties ofcurrent antibody responses to common epitopes may aid
the antigen to selecting the same recurrently assembled V-in the development of new host response indicatBesry,
domains on the surfacd a B cell (Fish and Manser, 1987 1999. Detection of the up-regulation of a particular V-gene
Collectively this shows a consistent recurrent recruitment of assembly known to be used against a specific bacterial, viral,
J558 alleles to bacterial polysaccharides and suggests thabr other immunogen by responding lymphocytes, would aid
germline alleles from this family have a good fit for common in pre-symptomatic diagnosis. Even before an infection takes
bacterial PS. hold, pre-symptomatic diagnostic testing may be possible by

Restricted immunoglobulin gene usage has been observedneasurement of spikes of specific Ig RNA produced during a
in immunoglobulins reactive to other Tl-antigens such as clonal expansion of lymphocytes and terminal blast differen-
H. influenza(Senn et al., 2003 Streptococcus pneumoniae tiation. In this case, the amount of specific mMRNA per B cell
(Shaw et al., 1995 and C. neoformangCasadevall and increases more than 100-foluan and Tucker, 1984This
Scharff, 1991; Pirofski et al., 199%n mice, and toH. in- spike in specific MRNA should be measurable by simple ge-
fluenzain humans Adderson et al., 1991Similar recurrent netic tests. Prediction of V-genes used to common pathogenic
antibody responses have been observed in monoclonal anstructures may be useful information for the diagnosis of an
tibodies to antigens on other infectious pathogens, includ- infection or for identifying unknown pathogens through the
ing VSV (Kalinke et al., 199§ Influenza A Caton et al., response it elicits in the host.

1986; Kavaler et al., 1990These findings collectively re- In summary, we analyzed theMand M. genes of inde-
inforce earlier findings of restricted antibody responses in pendently derived hybridomas, which target the sialic acid
mice to simple synthetic hapten antigens such as phosphatidytontaining capsular polysaccharides of serogroups C and B
choline Seidl etal., 199), phenyl oxalozoneelassusetal.,  N. meningitidisWe found that while other genes can be used
1995; Griffiths etal., 1984; Kaartinen etal., 19%4nd Arson- to produce mAbs to the group C PS&4drcia-Ojeda et al.,

ate Fish and Manser, 1987In contrast, antibody responses 2000, mAbs from the murine host recurringly use the same
to other antigens can be encoded by extremely diverse an-/-gene assemblage to target the type C PS epitope. Further-
tibody genesAkolkar et al., 1987; Sikder et al., 1984l- more, nearly identical V-gene alleles can be used to target
though there may be less biological significance to responsesantigenic variant PS epitopes, such as group B PS, through
against the types of haptenic-antigens used by those investisomatic variation and junctional diversity of CDR3 and with
gators. Recurrent antibody responses are not limited to singleuse of an alternative light chain partner. This illustrates the
strains of mice as anti-oxazolone hapten antibody responsesuilt-in redundancy of the host B cell repertoire against viru-
utilize the same V-genes in 10 different strains of mice in- lence determinants on a pathogen and is an example of how
dependent of MHC backgroun##@artinen et al., 1991V the host germline Ig repertoire has evolved somatic mecha-
gene usage to PS antigens has been most extensively studiegisms to frequently and readily produce protective mAbs to
in murine monoclonal antibodies produced in mice. Anti- common but distinct virulence determinants.
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