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ABSTRACT

This review summarises the recently elucidated structures of the carbo-
hydrate antigens of gram-negative (Haemophilus influenzae, Neisseria
meningitidis, Pseudomonas aeruginosa and Vibrio cholera) and gram-
positive bacteria (Streptococcus pneumoniae and Group B Streptococ-
cus). The use of carbohydrate antigens as vaccines is discussed.

INTRODUCTION

The continued prevalence of serious bacterial infections, despite the
development of antimicrobial agents, has led to a renewed interest in
the structure and immunogenicity of bacterial polysaccharides. The
number of structurally determined bacterial polysaccharides has
increased dramatically in recent years. This review (in two parts)
summarises the recently elucidated structures of type-specific poly-
saccharides as such information is central to the development of an
understanding of the relationship between structure, conformation and
the immunological properties of these carbohydrates. The first part of
the review (which appeared in the previous issue of Carbohydrate
Polymers) dealt with the gram-negative Enterobacteriaceae. This second
part covers other pathogenic gram-negative bacteria and pathogenic
gram-positive bacteria.

*To whom correspondence should be addressed at: 3 Whitecroft, St Albans, Hertford-
shire AL1 1UU, UK.
1Work carried out in association with the National Institute for Biological Standards and
Control, South Mimms, Hertfordshire EN6 3QG, UK.
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GRAM-NEGATIVE BACTERIA
Haemophilus influenzae

H. Influenzae have been classified serologically into six groups (a to f).
Most serious disease is caused by type b. It is a leading cause of bacterial
meningitis in infants and also causes conjunctivitis (particularly in
children), otitis media, epiglotitis (inflammation of the pharynx and
larynx), pericarditis and pneumonia (Lee, 1987). An H. influenzae type b
polysaccharide vaccine has been developed and licensed in the USA.
However, it is ineffective in young infants (less than 18 months old) and
confers only short-lived immunity in older infants (Smith et al., 1973).
These are the age groups at greatest risk. H. influenzae b-protein
conjugate vaccines and the use of cross-reacting organisms (e.g.
Escherichia coli K100 strain in which the K-antigen differs from type b
polysaccharide by a single linkage position) are being investigated as
possible routes to the production of an effective vaccine for infants (Lee,
1987).

K-Antigens (Table 1)

The six K-antigens are high-molecular-weight, negatively charged
polymers, containing either phosphodiesters or 2-acetamido-2-deoxy-p-
mannuronic acid as their acidic component. With the exception of strain
e, all the capsular polysaccharides are linear and composed of disac-
charide repeating units.

Neisseria meningitidis

N. meningitidis causes meningococcal meningitis and meningo-
coccaemia. It occurs both in endemic and epidemic forms. Fifty percent
of cases occur in children aged between 2 months and 4 years. Sero-
grouping is based on the antigenic capsular polysaccharides (A, B, C,
29E,H, 1, K, L, W135, X, Y, Z). Almost all strains isolated from blood
or cerebrospinal fluid can be serogrouped but non-encapsulated (non-
groupable) strains are often isolated from the nasopharynx of healthy
carriers. Serotype differences can be seen in the O-antigens and specific
serotype proteins.

A, Cand A, C, Y, W135 polysaccharide vaccines have been licenced
but have generally only been used amongst civilians for the control of
outbreaks (Frasch, 1987). However, the group C polysaccharide is
ineffective in children below 18-24 months of age and group A poly-
saccharide is ineffective in children under 6 months.
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Group B polysaccharide (a homopolymer of a(2-8)-N-acetyl
neuraminic acid, identical to E. coli K1) is poorly immunogenic,
probably due to its similarity to human glycosaminoglycans. Antibodies
directed to an altered B polysaccharide might also react to human glyco-
saminoglycans; therefore, serotype proteins, found in the outer
membrane of meningococcal strains, may provide the best prospect for
vaccine control of group B meningococcal disease (Frasch, 1987).

O-Antigens

Eight lipopolysaccharide serotypes have been identified but it is not
known whether these determinants are located in the core region or on
O-side chains (Lee, 1987).

K-Antigens (Table 2)

The structures of all the presently identified K-antigens have been deter-
mined. The polysaccharides are linear and acidic; the acidity derives
from either phosphodiester groups or glyculosylonic acid residues.

Pseudomonas aeruginosa

P. aeruginosa is an opportunistic pathogen which causes frequent
infections in immunologically compromised patients and those suffering
from severe burns or cystic fibrosis, or after surgery. It commonly causes
outbreaks of nosocomial infections and is the most frequent cause of
death in neutropenic patients (Lee, 1987). P. aeruginosa clinical isolates
produce a number of extracellular and somatic antigens which have been
considered important virulence factors (e.g. flagella, pili, O-antigens,
mucoid exopolysaccharides). Two distinct cell-surface polysaccharides
are expressed by different strains of P. aeruginosa. These are the
serotype determinant (O-antigen) and a mucoid exopolysaccharide. The
O-antigen-containing lipopolysaccharide has been detoxified by deacyla-
tion under alkaline conditions to remove the lipid A moiety. This
modified lipopolysaccharide could elicit a specific antibody response
when joined to a protein carrier (P. aeruginosa pili or tetanus toxoid)
(Seid & Sadoff, 1981; Sadoff et al., 1982; Tsay & Collins, 1984 ). A high-
molecular-weight O-antigen has also been isolated from the
lipopolysaccharide by mild acid hydrolysis (Pier, 1988). This polysac-
charide will produce an immune response in humans (Pier, 1982; Pier &
Bennet, 1986) although it is less immunogenic than lipopolysaccharide
(Pier etal., 1981, 1984).

P. aeruginosa isolates from cystic fibrosis patients, which express
mucoid exopolysaccharide antigen, appear to lack serotype determinants
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and are non-typeable. These strains are lipopolysaccharide rough strains
(Pier, 1988).

O-Antigens (Table 3)

P. aeruginosa strains are serotyped on the basis of their O-antigens. A
number of classification systems exist. The most common serotypes
identified in clinical isolates in Britain are 06, O11, 016 and O10 (Habs
typing) (Pitt, 1981).

Serotypes O2ab and O2ac have as their O-antigen the same tri-
saccharide repeating unit, differing only in the presence or absence of an
O-acetyl group (Knirel et al.,, 19824a). The O-antigens from serotypes
O3ab, O3ad, O3ac and O3ade also make up a series. O3ab and O3ad
contain 2,3-diacetamido-dideoxy-p-mannuronic acid and an imidazoline
derivative of this sugar. O3ab has a a-p-linked 2-acetamido-2-deoxy-p-
fucopyranosyl residue whereas in O3ad it is S-p-linked. O3ac and
O3dae contain a 2,3-dideoxy-a-L-gulopyranosyluronic acid residue.

P. aeruginosa strains of serotype O4 (O4ab, Odac, O4ad), O6,
immunotype 1 (Fischer classification) and group G (Homma classifica-
tion) produce very similar O-specific polysaccharides. They are all
tetrasaccharide repeating units containing 2-acetamido-2-deoxy-p-
galacturonic acid, 2-deoxy-formamido-galacturonic acid, 2-acetamido-
2,6-dideoxy-p-glucose and L-rhamnose. Variation exists between these
serogroups only in the extent and position of amidation and O-
acetylation (Vinogradov ez al., 1987).

Series 5 (O5abe, O5abd, O5ad, Lanyi classification) and immunotype
6 (Fischer classification) have a trisaccharide repeating unit which
consists of pD-xylose, 2-acetamido-2,6-dideoxy-p-galactose, and a sialic-
acid-like di-N-acyl derivative of 5,7-diamino-3,5,7,9-tetradeoxy-L-
glycero-L-manno-nonulosonic (pseudominic) acid. Structural variation is
provided through the N-acyl substituents (acetyl or (R )-3-hydroxybuty-
ryl) and in the presence or absence of an O-acetyl group at position 4 of
the N-acetyl fucosamine (Knirel et al., 1987).

Vibrio cholerae (Table 4)

V. cholerae serogroup O1 causes Asiatic cholera. This is an acute
diarrhoeal disease which can cause pandemics. It is a gram-negative,
non-invasive, pathogen which resides in the gut lumen and attaches to the
gut mucosa during infection. The production of an enterotoxin is mainly
responsible for the disease symptoms.

V. cholerae are typed on the basis of their O-antigens. Serogroup O1
exists as two strains, Inaba and Ogawa, which share a common O-



A. J. Griffiths, D. B. Davies

344

(¥861) 10 12 UOYSIN
{v861) 12

udpeey ISp ueA a@,m 0157 + 1 -deD-a-D~(p- H
YO
_
(8LeT) Sly
10 12 3(reydeneyy < HOAN-G-(L - 1)-OVNAED-a-0-(¢ 62
VO
_
(sL61) 8/L
‘v 12 aa(1eyoeNEyYy « 7)oV dnaN-a-0-(6 D
(SL61)
‘v 12 Fol1eyoeneyy (JusLIeA DY PUE) - T)-OVSANON-C-D-(8 d
WO
|
£
(yL61) 1012 Sjpung -@-1)-oVNdueN-a-0-(9- v
HArun Sunvaday uaSnup-y

20U

sipmSuauawt vrassiap Jo suaduy-3
THTEVL



345

Type-specific carbohydrate antigens — Part 2

*PIoe JITUTWEINDU-[A1308-p = DY SNON
{PEIE JIUOINUURW AXOIP-Z-OPHUBIIIE-7 = OV NUBIA ‘OUIIBSOUUBWIAIS0B-A/ = Iy NUBJA] SPIdE JIUOJI00UUBW-A-KX0P-£-019%-7 = O
‘0120413 = 010y (p1oe duoIN[NI-AX03P-Z-OPILEIIIE-7 = YOVNIID ‘SUTEsoon|S4100e- = OYNDI[D ‘ouiwresoloe[ed|£1008-n = oV N[ED,

(6L61) v 12 sdutuuar

(9L671)
‘v 12 93lreyoeneyg

(PL6T) v 12 9)pung

(9L671)
‘Iv 32 32lreyoeneyg

(pg86T) Jv 12 sSutuusf

($86T)
‘I 12 usapeey] Jap uep

(S861) 17 12 UOYIIN

-@-€)-010(1 ~ 1)-0¥VNd[eD-a-0¢-

(sdnoid oy () surRII0d)  « 7)-0Y SANIN-D~{({ « | }-dI[D-a-D-(g
-@-1)-VNdID-a-0(p-

« T)-OVSAMWON-D-({ « 1)-d[eD-a-0-(9
@ -1)-OVNAID-a-0+(€ — [ )-OVNAID-a-g-(€ [ OYNAIID-a-g(¢-

VO
_
%
< [ 'VOVNAURIN-A-g-( — T ) VIYNAUeN-a-g (€
VO

_
14

< 1)VOVNAUBN-A-g~(€ « T)VIVNA[ND-1-0-(f

z

A
X

SETM



A. J. Griffiths, D. B. Davies

346

VO
_

(L861)
iz €
Aopes3outp « [)-BY-1-0~Z + [ )-OYNIND-G-0~(€ « [}V (WIN)[ED-A-0~( « 1)}V (OVN)[eD-a-0~({ 13 70)
9 9
| _
(%01 ~ 'HN ‘HN
(€861)
v 12 oIy « [)PVNAINI-0-g~(t « [ JVHOVN)IIND-1-0~({ « [ ) VuI[dueN-a-g-( apecO
(€861)
3raqpury
pue suuayf « [ PVYNAIN-A-D-({ « | v.<~Ao<ZE_:0-,_-5-? « T ) vurjdueN-a-g -y « JecO
(qz86T)
‘1D 12 [Ty « 1PV NdJ-a-g-(y « 1) V(OVN)dueN-a-g-( « T )V dueN-a-g-({ — pecoO
(€861)
81oqpury
pue suuay < 1)OYNAINJ-A-D~({ [}V {OYN)dueN-a-g-(p — T v../xEE:aE-o-n.? - qeco
VO (you stoezO
| ‘parejf1aoe
(vZ861) z s1qez0)
‘10 12 ATy « [ )-deyg-1-0-(¢  [)-0yNAMD-A-0-(€ « [ FVIVNARD-1-0-(§ « 0
20Uy AJ1un uyvadayy uasnuo-

psSouSniap spuowopnasg Jo sualnuy-Q
€ d14dVL



347

Type-specific carbohydrate antigens — Part 2

(9 adAyounuruy

(L861) Iayost )
‘10 33 PIUYy « TWINLNSISd -0t + )-OVNION-a-g-(€ « [ -dAX-a-g~{{ PESO
VO
_
(L861) v
10 12 [P1IUY] « TFWINLNSISI-0~{p-1 )-OVNAINY-a-g~(€ — T )-d|AX-a-F-({ « PqeSO
(4)*HO(HO)HD*HODO0 VO
_ _
(L861) S 12
‘Ip 12 [oHTUY] < ZFWINLNSISd -0~y « [)-0OVNAIN-A-g~(€ « | v-aix-o-n-? - 2qesO
VO
(L861) |
‘012 €
AOpeISOUIA < 1)-eJ-1-0€ « [)-OVNINO-U-0~(¢ « |}V (WIN)[BD-0-0~({ « [ ¥ (OVN)[BD-A-0~(} pero
9 9
| _
(%0T ~ *'HN ‘HN
(L86T)
‘w2
AOpRISOUIA < 1)-Bqd-1-0+(€ « [)-OVNIND-A-0€ « [}V (WIN)[ED-A-D-({ « [}V (OVN)[BD-0-D~{} el2760)
9



A. J. Griffiths, D. B. Davies

348

VO

(L86T) |
012 € (JoyasLy)
Aoperdourp < [)-eqd-1-0~Z « [ FOYNIND-0-0~(€ « [}V (WLIN)[D-A-D-(4 « [}V (¥ N)[eD-A-D( 1 ad£jounurwy
9 9
_ _
‘HN ‘HN
(sg61)
10 32 [aIuy « 1)-OVNOINI-A-F~(€ « [)-OVNINI-T-D~(€ « [ FOVNIY-1-0-(€ « [ }-BY-1-D~(T  (OyOOLT UrRHS
(s861)
10 12 oIy ~ TPVYNID-A-g~(€ « 1)-OVNINI-1-0-(€ « [ )-OVNI-1-D-(€ « [ eYY-T-0-(Z«  [ZOOLT UTeNS [TO
(1861) (g adKrounuuruy
i 13YstA)
UOLIOH « 1)-doID-a-g~(T « 1 )OVNdI]-a-g-(€ «~ [ )-O¥Ndon]-1-0 (€ LO
VO
(L86T) |
‘v 12 €
AopeIgoutp < 1)BUY-1-0-{€ « [)-OVNIND-A-D~(€ — 1}V (WIN)[ED-0-D~(f — )}V (OVN)[eD-a-0~{} - (sqeH) 90
9
_
‘HN
ERIEYEIEM A1un uypadayy uasHUD-()

pruod — e AT9VL



349

Type-specific carbohydrate antigens — Part 2

*3500N[3 AX0OPIP-9‘Z-0pIRIdIe-7 = IYNINYD i proe dmumureopnasdjAuiio}-N-/ ) ploe J[uoso[NUOU-0UUeW-T1-01394[8-1-OprueuLIo]
-L-AX09pRIISI-6°L G C-OUIB-C = ULN/NSOSJ ‘p1oe  dmoinuuewl  AXOIpIp-¢ 7-({*G-ourjozeprun-z-jAyiow-z-[A190e- | €7 = VuIuep
poe  owomuuBW  AXOIPIP-¢ Z-OPIWBINRIP-¢7 =V (OVNJURIN ‘P ooInnd  AX09pIp-¢‘Z-OpIuIeIddeIp-¢ 7 =IOV N)InD
{poe owoeIndN|3 AX09PIP-¢*Z-OPIUBISIRIP-£°7 =V (OVN)ID :pIoe dluoIndees AX0op-z-OpIuiIo)-z =y (WAN)[ED Pe dwoinioees
AX09p-Z-opruelade-z =y (OYNHeD  9s010e[ed  AXO9p-Z-OplWelade-7 =d0yN[eD ‘9sojoe[ed  AX0opIp-9‘z-Opruease-z = oy NN,

(L861)
‘v 12 (ewwoy)
AOpRIZOUIA < 1)-B-1-0~(¢ « [)-OVNINO-A-0~(¢ « [}V (WIN)[BD-A-D~({ « [}V (IVN)[8D-A-D~({ o dnoin
9 9
_ |
(%06 ~ 'HN ‘HN
VO VO WO
(1861) _ | *
‘D12 12 4 Z (1ayostg)
UOLIOY « 1)-OYNAIMO-A-D-(€ « [ }-deqy-1-0-(¢ « [ )-deqY-1-0-(¢ « ¢ adKrounwiug
(6861)
yoefiod (1oyost.q)

pue 1314 « 1 )PYNAIND-A-0-(€ « [ YIVNIINI-A-0-(¢ DVOVN)dID-a-g-(t « I PYNA[ED-A-D-(f ¥ 2dKjounurwg



A. J. Griffiths, D. B. Davies

350

*9509N[3-AX03PIP-9‘Z-OpIUIRIAIL
-Z=9YNIQ ‘pre OMOSO[NUOU-OUURW-T-g-0I190K[3-1-AX03PeIIS)-6°/ ‘G ‘E -OPIWERIdE-/ -Opie)dde-¢ =9ng  {(sumuresorad) osouuews
-a-AX0pIp-9‘p-ourure-i = N19J ‘9so1doy-ouuew-a-0130413-a = dop] ‘cunesoon|S[£100e-N = OYNDOIID ‘Suruesoloe[edjA1ooe-n = oY NED,

oVNdeD-a-g
I
!
4
(9861) v 12 LESUY « 1)-ddoH~{L « 1)oVNdoID-a-g-(¢ « 120
€
t
1
de§-1-0
(8861) 1w 42 Suudy < [)-dED-a-g{y - 7)-d3nS-(t - 1)-OVNAIMO-a-g(p 20
HO'HO-‘HO-HOHD
_
0=0
_
(2861) '1v 12 suuay] « 1)-Ndxd-0-(7 10
20Uf2) Jun Sunvaday uadnuo-0

p43]0Y2 01q1/ JO SUITNUY-O
¥y A19VL



Type-specific carbohydrate antigens — Part 2 351

antigen. The Ogawa strain possesses an additional determinant
(Sakazaki er al., 1971; Redmond et al., 1973). Genes for the synthesis of
O1 antigen have been cloned and expressed in E. coli K-12 and such
strains have proved an effective vaccine in an infant mouse model
(Manning et al., 1986; Manning, 1987). There are at least 72 non-O1
serogroups (Kenne et al., 1988), and a few of these structures have been
determined (Table 4).

GRAM-POSITIVE BACTERIA

The major cell wall component of gram-positive bacteria is peptido-
glycan. The cell wall is boarded by an inner cytoplasmic membrane.
Gram-positive bacteria do not possess lipopolysaccharides of the type
present in gram-negative bacteria, but do produce other cell wall
polysaccharides which are covalently linked to the peptidoglycan. These
include both true polysaccharides and teichoic acids. Capsular poly-
saccharides can also be produced by gram-positive bacteria.

STREPTOCOCCACEAE
Streptococcus pneumoniae

S. pneumoniae is a major cause of pneumonia, meningitis, otitis media
and bacteraemia. It generally occurs as an endemic infection but
localised outbreaks can occur in communities living in overcrowded
conditions. Pneumococcal infections are amongst the most frequent
causes of admission to hospital in many developing countries
(Greenwood, 1987).

Capsular polysaccharide types (83) have been differentiated on the
basis of their serological properties. In the Danish system of nomen-
clature, serologically cross-reacting types are given a common group
number, each member of a group being distinguished by a single letter. In
the American system of nomenclature each serotype is given a unique
number (Lund, 1970). Danish type 35A is divided into two serotypes (47
and 62) in the American system. The Danish system of nomenclature
has been widely adopted and is used in this review article.

Capsular polysaccharide vaccines can be used to induce serum anti-
bodies which confer resistance to pneumococcal infections. Two multi-
valent vaccines have been formulated to provide maximum protection
against the types most prevalent in the USA and Europe. The 14- and
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23-valent vaccines contain types 1, 2, 3, 4, 6A, 7F, 8, 9N, 12F, 14, 18C,
19F, 23F, 25F, and 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14,
15B, 17F, 18C, 19F, 19A, 20A, 22F, 23F, 33F, respectively.

The comparative frequency of different serotypes changes with both
age and geographical location. Many types commonly occurring in Asia
(e.g- 15A, 23A and 24F) are not included in either formulation. Groups
6, 14, 18, 19 and 23 are responsible for approximately 60% of all child-
hood pneumococcal infections (Robbins et al, 1983). This may be
related to the inability of many children to develop antibodies to these
serotypes before they reach 4-6 years of age. The same serogroups
continue to cause a significant, though reduced, proportion of pneumo-
coccal infections in other age groups.

Extensive cross-reactions are observed between antibodies raised to
pneumococcal capsular polysaccharides. This is often related to the
possession of common structural features. Group 9 capsular antigens
(9N, 9A, 9L and 9V) (Table S) have linear pentasaccharide repeating
units with several conserved residues. Variation exists in certain
component glycoses and the presence of O-acetyl groups. Antigens 9A
and 9V differ only through differences in O-acetylation.

The K-antigens of serotypes 11F, 11B and 11C have a common tetra-
saccharide repeating unit but differ in the phosphodiester substituent
and position of O-acetyl substitution. In type 11A polysaccharide the
phosphodiester-substituted N-acetylglucosamine residues are replaced
by glucose residues.

Four group 15 antigens exist (15F, A, B and C). They all have a penta-
saccharide repeating unit which contains the same component sugars.
However, the sugars are assembled to give either a branched (15B and
15C) or a linear (15F and 15A) repeating unit.

The structures of 17F and 17A antigens contain a common penta-
saccharide sequence but are, in other respects, dissimilar poly-
saccharides. Type 17A polysaccharide has an octosaccharide repeating
unit whereas type 17F has a heptasaccharide repeating unit with a
teichoic-acid-type structure.

Three group 18 capsular polysaccharides (18F, 18A, 18C) have a
pentasaccharide repeating unit containing a glycerol phosphate moiety.
Variation exists through the substitution of a glucose residue with N-
acetyl glucosamine (18A) and the position of O-acetyl groups.

Antigens 19F and 19A differ only in the position of a single glycosidic
linkage.

Cross-reactivity also occurs between S. pneumoniae and other
bacterial species and genera. For example, S. pneumoniae type 14 poly-
saccharide cross-reacts with Group B Streptococcus type IlI polysaccha-
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ride (Crumrine et al, 1979) and Neisseria gonorrhoea R-type
lipopolysaccharide (Diena et al., 1979). Other cross-reacting organisms
include E. coli (Heidelberger et al., 1968), Klebsiella (Lee & Koizumi,
1981; Lee & Wang, 1985) and non-groupable streptococci (Robbins et
al., 1983).

Group B Streptococcus (Table 6)

Group B Streptococcus is a major cause of meningitis (Anthony &
Okada, 1977; Baker, 1977). It can also cause septicaemia and infections
of the bone, ears, eyes, joints, kidneys and lungs. Group B infections of
adults are usually less severe than those in infants.

Group B streptococci produce a carbohydrate group antigen and one
of several type-specific capsular polysaccharides. All of the structurally
determined type-specific antigens (types la, 1b, 11, 111) contain a
common trisaccharide repeating unit (3-p-GlcpNAc-(1 - 3)-8-p-Galp-
(1-4)-B-p-Glcp (Table 6). Types 1a and 1b differ only in the position of
a single residue linkage. The type-specific polysaccharides of all
recognised strains, including three recently identified (IV, V and
NT6 — new type candidate), contain N-acetylneuraminic (sialic) acid
(Ryc etal., 1988).

CARBOHYDRATE ANTIGENS AS VACCINES

Despite the development of antibiotics, pathogenic bacteria continue to
present the threat of endemic and epidemic disease. The widespread use
of antibiotics has been followed by the emergence of multiply resistant
bacterial strains and numerous instances of treatment failure. In
addition, certain classes of antibiotics exhibit toxic effects (e.g.
nephrotoxicity and ototoxicity) when used in high dosage or for
extended periods. The use of broad-spectrum antibiotics may also result
in super-infection following the treatment (Cryz, 1987). The use of
bacterial polysaccharides as immunoprophylatic or immunotherapeutic
agents is therefore being widely researched and should provide a
valuable complement to the use of antibiotics. Purified polysaccharide
immunogens are non-toxic and, in contrast to whole-cell vaccines, can be
chemically and physically defined leading to a greater level of control
over their efficacy (Jennings, 1983). Three bacterial polysaccharide
vaccines are already available (meningococcal, pneumococcal and H.
influenzae type b) and many others are undergoing clinical studies (Lee,
1987).
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