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Abstract Introduction

Haemophilus influenzae b polysaccharide (Hib PS)-protein
conjugate vaccines differ chemically and immunologically. To
determine whether anti-Hib PS variable region expression
might differ according to vaccine formulation, infants were vac-
cinated at 2, 4, and 6 moof age with Hib PS coupled to either
meningococcal outer membrane protein complex (Hib PS-
OMPC)or tetanus toxoid (Hib PS-T), or Hib PS oligomers
coupled to a mutant diphtheria toxin (Oligo-CRM). Two anti-
Hib PS idiotypes were measured in sera obtained after the third
injection: Hibld-1, expressed by anti-Hib PSantibodies having
the KII-A2 variable region, and Hibld-2, a newly defined cross-
reactive idiotype associated with a subset of anti-Hib PS anti-
bodies having XVII variable regions. HibId-1 was present in 33,
68, and 64% of infants given either Hib PS-OMPC, Oligo-
CRM, or Hib PS-T, respectively (P < 0.001). The respective
values for Hibld-2 were 47, 18, and 10%(P = 0.001). Subjects
who were vaccinated with Hib PS-OMPCor Hib PS-T and
who produced detectable Hibld-1-positive antibody, had signifi-
cantly higher mean antibody avidity than subjects who did not
produce Hibld-1 positive antibodies. In contrast, Oligo-CRM
evoked high avidity anti-Hib PS antibodies, irrespective of the
idiotypic profile. These findings indicate fundamental differ-
ences in both variable region content and antibody quality elic-
ited by different Hib PS conjugate vaccines. (J. Clin. Invest.
1993. 91:788-796.) Key words: antibody functional activity
cross-reactive idiotype * antibody repertoire * vaccine
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Successful induction of antibody responses to the Haemophi-
lus influenzae type b capsular polysaccharide (Hib PS)' in in-
fants requires the conjugation of protein to the Hib PS ( 1-3). A
variety of conjugate vaccine formulations have been prepared
that differ in polysaccharide size, protein carrier, and covalent
linkage (3). These structural differences result in vaccines with
different immunological properties. For example, the Hib PS-
outer membrane protein complex (Hib PS-OMPC) vaccine,
which consists of high molecular weight Hib PScovalently cou-
pled to Neisseria meningitidis outer membrane protein (4),
stimulates serum anti-Hib PS antibody production after a sin-
gle injection in infants as young as 2 moof age, but stimulates
only modest increases in serum antibody upon subsequent im-
munizations at 4 and 6 mo of age (2, 5-7). In contrast, a
vaccine consisting of Hib PS oligomers coupled to nontoxic
mutant diphtheria toxin (Oligo-CRM), does not elicit signifi-
cant Hib PS-specific antibody after a single injection at 2 moof
age (7), but primes for an anamnestic response as antibody
production is stimulated upon two further immunizations at
intervals of 1-2 mo(6-8). Another striking difference between
these two conjugate vaccines is the requirement for carrier im-
munization. When Oligo-CRM is administered to infant rhe-
sus monkeys without additional diphtheria toxoid (DT) carrier
vaccination, anti-Hib PS antibody responses are poor, even
after two or three injections (9). Similar results have been re-
ported in human infants (10). However, immunization with
Hib PS-OMPC, which has a carrier protein unrelated to DT,
induces high antibody levels in the absence of DT vaccination
(9, 10). Furthermore, a recent study shows that Oligo-CRM
and Hib PS-tetanus toxoid (Hib PS-T) conjugate vaccines
elicit antibodies of higher mean avidity than does the Hib PS-
OMPCconjugate ( 11). Taken together, these findings suggest
that these different Hib PS conjugate vaccines elicit specific
antibody responses by different mechanisms.

Previous data from a number of laboratories indicate that
the human antibody repertoire to Hib PS is of limited struc-
tural diversity. IgG antibodies are restricted to the IgG 1 and
IgG2 subclasses ( 12, 13), K chain antibodies predominate over

1. Abbreviations used in this paper: CRI, cross-reactive idiotype; DT,
diphtheria toxin; H, heavy; Hib PS, Haemophilus influenzae type b
capsular polysaccharide; Hib PS-OMPC, Hib PS-outer membrane
complex; Hib PS-T, Hib PS-tetanus toxoid; Id, idiotype; L, light; Oligo-
CRM, Hib PS oligomers coupled to nontoxic mutant DT; RABA,
radioantigen binding assay; V, variable.
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X chain antibodies (14, 15), and a limited number of serum
anti-Hib PS clonotypes are resolvable by isoelectric focusing
( 12, 16). Anti-Hib PS antibody heavy (H) chain variable (V)
regions are usually of the VH3 subgroup and are encoded by
the VH 9.1 or VH26 genes, or closely related genes ( 17-19).
Anti-Hib PS VL regions may be KI, KII, KIII, KIV or X, but the
most commonly expressed VL region is derived from the VKII
gene, A2 (20-22). Further, a cross-reactive idiotype (CRI),
designated Hibld- 1, is a marker for anti-Hib PS antibodies hav-
ing the VKIIA2 light (L) chain (22), and HibId- 1-positive anti-
bodies comprise on the average more than half of the vaccine-
induced serum anti-Hib PS induced in older children and
adults (22-23).

With the exception of a few infants vaccinated with Hib
PS-OMPC(23), no information is available on the expressed
idiotypic/ V region antipolysaccharide repertoire in infants less
than 7 moof age. Infants of this age are of particular interest for
three reasons. First, they are the principal target population for
conferring protection by vaccination with bacterial polysaccha-
rides. Second, they are unresponsive to vaccination with un-
conjugated polysaccharides and the mechanism(s) of this an-
ergy is unknown. Third, because of their young ages, the anti-
body repertoire expressed after vaccination of infants is
unlikely to have been affected by prior environmental expo-
sure to Hib PS.

The availability of Hib PS conjugate vaccines for use in
infants 2-6 mo of age allows us to access the early antibody
repertoire specific for a clinically relevant polysaccharide. In
the present study, we have examined conjugate vaccine-in-
duced antibodies of infants for expression of two idiotypes:
HibId- 1, and a newly defined CRI, Hibld-2, which serves as a
serological marker for a subset of V,-containing anti-Hib PS
antibodies. Our findings demonstrate that the relative expres-
sion of these two CRIs is dependent upon the conjugate vac-
cine formulation. In addition, we show that the anti-Hib PS
antibody avidity differences elicited by vaccination with two of
the conjugate vaccines correlate with the relative expression of
these two idiotypes.

Methods

Subjects and vaccines. Sera from 189 healthy infants, who were vacci-
nated at 2, 4, and 6 mo of age with either Hib PS-OMPC(PedVAX-
HibR; Merck Sharp and Dohme, West Point, PA) (n = 43), Oligo-

CRM(HIBTiterR; Praxis Biologics, Rochester, NY) (n = 66), or Hib
PS coupled to tetanus toxoid (ActHIBh; Merieux Institute, Lyon,
France) (n = 80), were available for this study. Blood was obtained
immediately before and 1 moafter the third dose of vaccine as part of
ongoing comparative immunogenicity trials of various conjugate vac-
cines (7, 7a), and serum anti-Hib PS antibody concentrations were
determined. However, because of the small volumes of pre-third dose
vaccination sera available, the additional studies described below were
limited to the post-third dose vaccination samples. Selection of these
sera was based on availability of sufficient quantity, and the presence of
> 0.8 Ag/ml of anti-Hib PS antibody, the minimal concentration
needed to perform the multiple immunologic assays on the small vol-
umes of sera available.

The characteristics of the subjects and serum antibody concentra-
tions are summarized in Table I. Group 1 received a standard dose
consisting of 15 ,g of Hib PSand 256 Mgof protein, using a single lot of
Hib PS-OMPC(lot 238 1 R). Group 2 received a standard dose of multi-
ple commercial lots of Oligo-CRM, containing 10 ,g of Hib PS and 25
tg of protein. Group 3 received one of three investigational lots of Hib
PS-T (lots S2141, S2181, and S2189), using a dose of 10 ,ug of Hib PS
and 20 tig of protein. All vaccines were stored at 2°-8° C° and 0.5 ml
doses were administered intramuscularly in the thigh. Coded sera were
stored at -20°C in multiple vials. All assays were performed blindly
without knowledge of the vaccine assignment.

Measurement of anti-Hib PS antibody. Total antibody to Hib PS
was measured in a radioantigen binding assay (RABA) using '25I-la-
beled Hib PS as described previously (24). Antibody concentrations
were determined by a standard curve generated using dilutions of the
Office of Biologics reference serum pool. Anti-Hib PS antibody avidity
was measured using a modified RABA, as described previously (25).
Briefly, the avidity constant is determined by measuring the Hib PS
binding capacity of a serum using two concentrations of '25I-Hib PS,
0.0025 nMand 0.1 nM. The avidity constant is given by the relation-
ship, K = PI { ( 1 - P) X [Ab] }, where Kis the avidity constant, [Ab] is
the concentration of anti-Hib PS antibody molecules (mol wt
= 150,000) determined from the RABAusing 0. 1 nM '25I-Hib PS, and
P is the fraction of bound Hib PS molecules determined from the
RABAusing 0.0025 nM '25I-Hib PS. Kis calculated from several serum
dilutions having P values between 20 and 80%, and the final avidity
value, in nM-', was assigned based on the average.

Humanmonoclonal anti-Hib PSantibodies. The following human
monoclonal anti-Hib PS antibodies were used in this study: LSF-2
(IgA,, X), ED8.4 (IgM, K), RAY4(IgA2, X), SB5/D6 (IgA1, X), ED6. 1
(IgG2, K), JB21 (IgG2, X), JB32 (IgA,, X), ANN2 (IgA, K), ANN23
(IgM, K), CB6 (IgA2, X), CBl (IgA, K), and CA4 (IgG2, K). With the
exception of CA-4, ANN2, ANN23, CB6, and CB1, the isolation, char-
acterization, and sequence analyses of these mAbs are reported else-
where ( 18, 26).

Table I. Characteristics of the Subjects

Serum anti-Hib PS antibody*
geometric mean

Age at third
Subject No. vaccination Pre-third Post-third
group Vaccine tested mean±SD White Male vaccination vaccination

months % % '.g/ml

1 Hib PS-OMPC 43 6.3±0.3 98 47 8.2 10.3
2 Oligo-CRM 66 6.3±0.5 97 59 0.9 10.8
3 Hib PS-T 80 6.4±0.5 99 44 2.1 12.6

* Subjects were vaccinated at 2, 4, and 6 moof age as part of previous studies (7, 7a). Anti-Hib PSantibody was measured by RABAin sera obtained
immediately before the third injection and 1 molater. Samples were selected for analysis based on availability and the presence of 2 0.8 Mg/ml in the
post-third vaccination samples, the minimum concentration required for the different studies (< 10% of each group were excluded).
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Production ofmAb antiidiotypic antibody (LuC10) to mAbLSF-2.
BALB/c mice were immunized in several subcutaneous sites with hu-
man mAbLSF-2 emulsified in CFA. A single dose consisted of 20 ,g of
purified antibody. 3 wk later the mice were immunized subcutaneously
with the same dose of LSF-2 in incomplete adjuvant. 5 wk later a third
injection of 20 jig of LSF-2 was administered intraperitoneally, and the
spleen was taken 3 d later and used for hybridoma production. Hybrid-
omas were prepared using established methods (27), by fusing spleen
cells to the X63-Ag8.653 cell line (28) with 50%polyethylene glycol. A
solid phase radioimmune assay was used to test hybridoma superna-
tants for antiidiotypic activity. This assay was essentially the same as
that described in reference (22), except that microtiter wells were
coated with purified LSF-2 mAbinstead of purified serum anti-Hib PS
antibody. Culture supernatants were screened for anti-LSF-2 idiotypic
activity by measuring the ability of the supernatant to inhibit the bind-
ing of '251I-Hib PS to the solid phase adsorbed LSF-2 antibody. After
subcloning by limiting dilution, a hybridoma clone was isolated that
secreted a mAb( IgG 1, K), designated LuC 10, that completely inhibited
the binding of Hib PS to mAbLSF-2. MAbLuC1O was isolated from
ascites fluid by ammoniumsulfate fractionation and ion exchange chro-
matography. Alkaline phosphatase was coupled to LuCOusing glutar-
aldehyde.

Characterization of mAb LuC10. A previously described ELISA
was used to assess the binding of LuC1O to human Ig (23). Briefly,
wells of microtiter plates were coated with either human anti-Hib PS
mAbs, human myeloma proteins (provided by Dr. Hans Spiegelberg,
University of California, San Diego), or Hib PS-absorbed pooled intra-
venous gammaglobulin. Wells were blocked with albumin, washed,
and then reacted with varying concentrations of LuC 10-alkaline phos-
phatase. After several hours of incubation, bound LuC10 was detected
with p-nitrophenyl phosphate solution.

The ability of Hib PS to inhibit the reaction between LuC1O and
LSF-2 was measured in ELISA (23). Solid phase adsorbed LSF-2 was
reacted with varying concentrations of Hib PS, followed by addition of
LuC10-alkaline phosphatase. Bound LuC0 was detected using appro-
priate substrate, and optical density determined after - 30 min. The
percent inhibition of LuC1Obinding by Hib PSwas calculated as previ-
ously described (22).

The reaction between mAbLuC10 and human Ig was also exam-
ined by ELISA. Microtiter wells were coated overnight with LuC0 ( 10
qg/ml PBS), blocked with albumin, and then reacted with postvaccin-
ation serum samples that had been absorbed with either Hib PS-Seph-
arose or unmodified Sepharose. The wells were washed and alkaline
phosphatase conjugated antiisotypic antibodies were added for 3 h.
After washing, substrate solution was added and absorbance at 405 nm
was measured after - 30 min.
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Assays of anti-Hib PS Hibld-J and Hibld-2 expression by LuC9
and LuC10 inhibition of Hib PSbinding. Hibld- I and Hibld-2 expres-
sion by total serum anti-Hib PS antibodies was quantified by measur-
ing the degree to which the respective monoclonal antiidiotypic anti-
body inhibited the binding of 1251I-Hib PS in the RABA. This assay has
been described previously in detail (22, 23). Briefly, a dilution of
serum or anti-Hib PS mAb, equivalent to an anti-Hib PSconcentration
between 0.8 and 2.0 gg/ml, was mixed with an equal volume of either
LuC9 (60 ,g/ml), LuC1O (60 ug/ml), or diluent. After incubation,
the Hib PS binding activity was determined by addition of - 0.1 nM
'251I-Hib PS, followed by addition of 50% saturated ammonium sulfate.
Inhibition of '251I-Hib PS binding by the anti-Id was determined as
described previously (23). An ELISA was used to measure CRI expres-
sion by K and X anti-Hib PS antibodies. Postvaccination sera were
screened for K and X anti-Hib PS antibodies using microtiter plates
coated with Hib PS-poly-L-lysine and alkaline phosphatase coupled
goat antibodies specific for human K or X chains (Tago Inc., Burlin-
game, CA). 46 sera were selected for idiotypic analysis based on suffi-
cient quantity, and the presence of 2 2.0 Mg/ml of K- and/or X-specific
anti-Hib PS antibody. 19 of these sera had sufficient K and A anti-Hib
PS antibody to measure CRI expression in relation to each L chain; an
additional 16 had sufficient K antibody but not A, and 11 had sufficient
A but not K antibody. This assay, which has been described previously
for measurement of IgG I and IgG2-specific CRI (23), entails incubat-
ing dilutions of human sera with a fixed concentration of LuC9 or
LuC10, and then transferring these sera to microtiter wells coated with
Hib PS-poly-L-lysine. Bound antibody was detected with alkaline phos-
phatase coupled goat antibodies specific for either human K or A chains
(Tago, Inc.), and inhibition of Hib PS binding by the anti-Id was calcu-
lated as previously described (23).

Results

mAbLuC10 reacts with a combining site-associated idiotypic
determinant of human mAbLSF-2. As described in Methods, a
murine mAb designated LuC10 (IgG1, K) was isolated that
inhibited the binding of human mAbLSF-2 (IgAj, X) to 125I-
Hib PS in a solid phase radioimmune assay. Fig. 1 shows the
dose-dependent inhibition of 1251-Hib PS binding by LuC 10 in
a conventional liquid phase RABA. For comparison, previ-
ously published inhibition data with mAbLuC9 are also shown
(22). In this assay a fixed concentration (0.2 ,g/ml) of anti-
Hib PS mAbs LSF-2 or ED8.4, was reacted with varying con-
centrations of LuCI 0 or LuC9, followed by addition of radiola-

LUC9

.01 .1 1

mAb (ug/ml)

Figure 1. mAbLuC1O and mAbLuC9 inhibition
of '25I-Hib PS binding by human mAbs LSF-2
(o) and ED8.4 (A) as determined in the radioan-

___0_0 tigen binding assay. A fixed concentration (0.2
1g/ml) of anti-Hib PS mAbs, LSF-2 or ED8.4, was

10 100 reacted with varying concentrations of anti-Ids,
LuclO or Luc9 (x-axis).
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beled Hib PS and determination of binding activity. LuC10
inhibited 100% of LSF-2 Hib PS binding activity at concentra-
tions as low as 0.1 tg/ml. In contrast, no inhibition of ED8.4
(IgM, K) Hib PS binding was observed. ED8.4 is a human mAb
specific for Hib PS and expresses the CRI, Hibld- 1, associated
with K L chains having the A2 V region (22). With LuC9, the
reverse pattern was observed: > 90% inhibition of ED8.4 Hib
PS binding but no inhibition of LSF-2 Hib PSbinding. Consid-
erably higher concentrations of LuC9 were needed to inhibit
ED8.4 compared to that of LuC IO needed to inhibit LSF-2.

The specificity of LuC10 was examined by direct ELISA,
where LuC10-alkaline phosphatase was incubated in micro-
titer wells that had been coated with either LSF-2, ED8.4, hu-
man myeloma proteins (representative of the IgM, IgG1,2,3,4,
IgA1, and IgD H chain isotypes, and K and X L chain types), or
pooled normal y-globulin absorbed with Hib PS. LuC10
bound only to wells coated with LSF-2 (data not shown). Fig. 2
shows that the binding of LuC 10 to solid phase adsorbed LSF-2
was inhibited 90% by 10 ,g/ml Hib PS, and that 50% inhibi-
tion was achieved between .01 and 0.1 og/ml of Hib PS.

Collectively, these data indicate that mAb LuC10 reacts
with an idiotope (Id) on human mAbLSF-2 that is associated
with the Hib PS-binding site, and that is distinct from the
previously described major CRI, Hibld-1. Hereafter we will
refer to this new Id as Hibld-2.

HibId-2 is a cross-reactive idiotype associated with anti-
Hib PSantibodies having X L chains. Hibld-2 is not a private Id
restricted to mAbLSF-2, but is expressed by heterologous anti-
Hib PS antibodies having only X L chains. This finding was
demonstrated in an ELISA where LuC10 was tested for its abil-
ity to inhibit the binding of either K or X serum antibodies to
Hib PS evoked by vaccination of infants with different conju-
gate vaccines. In this assay, > 20% inhibition is considered to
be positive for idiotype expression (> 3 SDabove background
inhibition). As shown in Fig. 3 A, LuC10 variably inhibited
only X anti-Hib PS antibodies. This result implies that a subset
of X-bearing serum anti-Hib PS antibodies express Hibld-2. In
contrast, as previously described (22), Hibld-l (as defined by
LuC9 inhibition of Hib PS binding) was confined to a subset of
anti-Hib PS serum antibodies having K L chains (Fig. 3 B).

Further evidence that Hibld-2 was restricted to X-bearing
anti-Hib PS antibodies was obtained using an ELISA where
wells coated with mAbLuC10 were reacted with six postvac-
cination sera that had been absorbed with either Hib PS-Seph-
arose or as a negative control, unmodified Sepharose. The
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Figure 2. Hib PS inhibi-
tion of the reaction be-
tween mAbLuClO and
human mAbLSF-2.
Microtiter wells, coated
with mAbLSF-2, were
reacted with alkaline
phosphatase-coupled
LuClO in the absence
or presence of various
doses of Hib PS, and the
percent inhibition was

10 determined as described
(22).
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Figure 3. Light chain restriction of cross-reactive idiotypes. Percent
inhibition of K or X anti-Hib PS binding by LuC 0 (A) or LuC9 (B)
was determined by ELISA as described in Methods. Postvaccination
sera from infants immunized with different Hib PS conjugates (Table
I) were selected based on the presence of 2 2.0 kog/ml of K and/or
X-specific anti-Hib PS antibody as determined in ELISA.

LuC10-reactive Ig was detected with enzyme-conjugated anti-
bodies specific for K or X L chains or IgG, IgA, or IgM. The
results obtained with two serum samples are shown in Fig. 4.
MAbLuC10 reacted exclusively with X Ig and this reactivity
was removed by absorption with Hib PS-Sepharose. In addi-
tion, the LuC 10-reactive Ig of these infant sera was of the IgG
and IgM classes, with no detectable IgA. This isotype pattern
reflects the isotype distribution of total anti-Hib PS antibodies
in these samples as determined by ELISA using Hib PS coated
wells, i.e., predominantly IgG with some IgM and little or no
IgA (data not shown). The same pattern of idiotype and iso-
type reactivity was observed with the other four serum samples.
Thus, Hibld-2 is restricted to X anti-Hib PS antibodies, and is
expressed by IgG or IgM antibodies.

mAbLuC10 reactivity with sequence-defined human mAbs
indicates that HibId-2 is a marker for a VXVII subset of anti-
Hib PSantibodies. This L chain reactivity pattern was also seen
with LuC10 inhibition of Hib PS binding by X chain bearing
human mAbs. In addition to LSF-2, the Hib PS-specific mAbs
SB5 / D6 (IgA1, X) and RAY4 (IgA2, X) were inhibited 65 and
100%, respectively, by LuC 10 when tested in the RABAinhibi-
tion assay. However, the Hib PS binding of three other mAbs
also having X L chains, JB2 1, JB32, and CB6, was not inhibited
by Luc 10. Also, in keeping with the lack of LuC 10 inhibition of
serum K antibodies in ELISA (Fig. 3) and the lack of inhibition
of mAbED8.4 (Fig. 1), Luc IO did not inhibit Hib PS binding
of five other human K chain containing mAbs: ED6. 1, CB1,
ANN23, ANN2, and CA4, representative of antibodies having
KI, KII, or KIII L chains (reference 26, and authors' unpublished
observations). Thus, consistent with the L chain restriction
observed with the serum antibodies, these inhibition data with
the human mAbs indicate that Hibld-2 is a CRI expressed by a
subset of X anti-Hib PS antibodies.

The nucleotide sequences of the VHand VL regions have
been determined for five of the six anti-Hib PS mAbshaving X
chains, including the three expressing Hibld-2 (18, 26). All five
antibodies use VH segments that are 93-98% homologous to
the candidate germline gene 9.1 (18, and authors' unpublished
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Figure 4. MAbLuC lO reacts with IgG and IgM anti-Hib
PS antibodies having X L chains. Two sera (29039 and
29790) obtained 1 moafter the third vaccination with
Hib PS-OMPC, were absorbed with either Hib PS-Seph-
arose or unmodified Sepharose. Serial dilutions of the
absorbed sera were then incubated in microtiter wells
coated with LuCI0. LuC10-reactive Ig was detected using
enzyme-conjugated antibodies specific for IgG (o), IgM
(i), IgA(n), K (A), or X (.).

observations). One mAb, JB2 1, is encoded by a VXII gene

family member, and this antibody was negative for Hibld-2.
The remaining four antibodies use VXVII segments that are

96-98% homologous to each other and that may originate
from a single germline gene (26). Three of these four antibod-
ies, LSF2, RAY4, and SB5 /D6, were positive for Hibld-2, and
the fourth antibody JB32, was negative. The VX amino acid
sequences of RAY4and SB5/D6 are 100 and 98%homologous
in the framework regions with LSF-2 (the immunogen used to
prepare the anti-Id), and they each differed from LSF-2 by
only three amino acid residues in the complementarity deter-
mining residues (CDRs) (26). For comparison, JB32, the
HibId-2-negative mAb, is 98% homologous to LSF-2 in the
framework regions, and differs from LSF-2 in eight CDR
amino acid residues (26). Whether these amino acid differ-
ences account for the differences in Hibld-2 expression has yet
to be determined. Nonetheless, the data indicate that HibId-2
serves as a serologic marker for a subset of VXVII anti-Hib PS
antibodies.

Different Hib PS conjugate vaccines induce different idio-
typic expression after vaccination at 2, 4, and 6 moof age. To
examine the effect of vaccine formulation on idiotypic expres-

sion, infants were immunized with either Hib PS-OMPC,
Oligo-CRM, or Hib PS-T at 2, 4, and 6 moof age, and HibId- 1

and HibId-2 were measured in sera obtained moafter the

third injection (Table II). A serum was considered positive for
idiotype if > 20% of 1251-Hib PS binding was inhibited by the
respective mAbanti-Id. A highly significant difference was ob-
served in the frequency of expression of the two idiotypes
among, the recipients of the different vaccines. Hibld- was
detected in 33%of the Hib PS-OMPCgroup, as compared with
68 and 64% of infants immunized with either Oligo-CRM or
Hib PS-T, respectively (P = 0.001). The reverse pattern was
seen with Hibld-2; 47%of the Hib PS-OMPC-immunized sub-
jects expressed Hibld-2, whereas 18 and 10% of subjects vacci-
nated with either Oligo-CRM or Hib PS-T were positive for
Hib Id-2, respectively (P = 0.001). Thus, significant differ-
ences are observed in the frequency of Hibld- and HibId-2
expression in infants immunized with different vaccine formu-
lations at 2, 4, and 6 mo of age. However, among subjects
positive for HibId- or Hibld-2, the respective mean idiotype
levels were not significantly different among the different vac-
cine groups, and on average, Hibld- or Hibld-2 accounted for
- 50% of the total serum anti-Hib PS antibody.
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Table II. Effect of Vaccine Formulation on CRI Expression after Vaccination of Infants at 2, 4, and 6 MoofAge

Serum cross-reactive idiotype expression*

Hibld- 1 Hibld-2

Percent inhibition Percent inhibition
Subject by LuC9 by LuC10
group Vaccine No. positivet/total mean±SDO No. positivet/total mean±SDO

1 Hib PS-OMPC 14/43 (33)" 63±22 20/43 (47)' 47±17
2 Oligo-CRM 45/66 (68)" 55±22 12/66 (18)' 44±22
3 Hib PS-T 51/80 (64)" 53±21 8/80 (10)' 43±12

* Serum was obtained I mo after the third injection. Hibld-I and HibId-2 were measured using RABAinhibition assay with mAbs LuC9 and
LuC10, respectively. $ A serum was considered positive for Hibld-I or Hibld-2 if > 20% of the Hib PS binding activity was inhibited by the
respective mAb. § Of subjects positive for HibId- 1 or Hibld-2. 11 X2 = 15; df = 2; P < 0.001. I X2 = 22; df = 2; P < 0.001.

Irrespective of vaccine formulation, both idiotypes were in-
frequently expressed in the same individual (Table III). Thus,
the effect of vaccine formulation on Hibld-2 expression is seen
principally in subjects who did not express HibId- 1. Amongthe
Hibld- 1 negative subjects, Hibld-2 was detected in 66% of
those given Hib PS-OMPCvaccine (Group 1) as compared
with 29% and 17% of children given Oligo-CRM or Hib PS-T
(Groups 2 and 3), respectively (P < 0.001 ).

Associations between idiotype expression and anti-Hib PS
antibody avidity. Recently we reported that the different Hib
PS conjugate vaccines elicit serum antibodies of different aver-
age avidities ( 11). To determine whether idiotype expression
might be correlated with these differences in avidity, we strati-
fied the previously determined antibody avidity values by vac-
cine group and idiotypic profile (Table IV). By measuring two
idiotypes, we can stratify the vaccinees into four categories
based upon HibId-l /Hibld-2 expression: +/+, +/-, -/+,
and -/-. Since overall only 5% of subjects were positive for
both idiotypes (+ / +), there were too few subjects in this group
for statistical analysis. Wetherefore restricted our comparisons

Table III. Relation Between Hibld-J and HibId-2 Expression
in Infants Immunized with Different Hib PS Conjugate
Vaccine Formulations

No. of Percent
subjects inhibition

Subject No. of positive by LuC10
group Vaccine HibId- * subjects for Hibld-2 mean±SEY

1 HibPS-OMPC + 14 1 (7) 46
- 29 19 (66)§ 47±17

2 Oligo-CRM + 45 6 (13) 36±19
- 21 6 (29)§ 51±25

3 Hib PS-T + 51 3 (6) 35±10
- 29 5 (17)§ 48±11

Subjects were vaccinated at 2, 4, and 6 mo of age. HibId- 1 and
HibId-2 were measured in sera obtained 1 mo after the third injec-
tion. * Criterion for Hibld- 1 and HibId-2 positivity is indicated in
legend to Table II. t Of subjects positive for Hibld-2. § X-= 15; df
= 2; P<0.001.

to the other three idiotypic categories. Among infants given
three injections of Hib PS-OMPCvaccine, those who were Hib-
Id- 1 + /HibId-2 - had significantly higher mean antibody avid-
ity than those who were either HibId- - /Hibld-2 + or Hibld-
1 - / Hibld-2 - (P < 0.00 1). In contrast, when the same analysis
was performed for the infants given three injections of Oligo-
CRMvaccine, there were no significant differences in the re-
spective mean avidities of the groups with different idiotypic
profiles (P > 0.27). Further, in all three idiotypic categories
analyzed, infants given Oligo-CRM showed higher mean avid-
ity than children with the respective idiotypic categories given
Hib PS-OMPC(P < 0.05). Previously we found that when
analyzed as a group, infants given Oligo-CRM had higher
mean avidity than those vaccinated with either Hib PS-OMPC
or Hib PS-T ( 11). The present analysis indicates that this dif-
ference between the mean avidity of antibodies elicited by
Oligo-CRM and Hib PS-T can be accounted for by the lower
avidity antibodies in the Hib PS-T-vaccinated children who
were negative for Hibld-l (P < 0.001). In contrast, the major-
ity of infants responded to Hib PS-T vaccination by producing
Hibld- 1 antibodies, and these subjects had nearly identical
mean antibody avidity as the corresponding infants given
Oligo-CRM (2.55 nM-' vs. 2.73 nM', P = 0.6).

Discussion

Molecular characterization of clonally purified serum anti-Hib
PS antibodies ( 17, 20, 21 ), and nucleic acid sequence analyses
( 18, 26) indicate that the antibody response to the Hib PS
antigen is quite restricted with respect to V region gene utiliza-
tion. The H chains generally use genes homologous to one of
two germline sequences from the VHIII family ( 18-21 ), and
the L chains are characterized by selective expression of a lim-
ited number of K and X V region genes ( 19-22). Sequencing of
antibody V genes provides important information on the po-
tential genetic repertoire of an immune response, and on the
possible relationship between antibody function and structure.
However, this approach is not practical for investigation of
factors such as vaccine formulation, that may influence the
expressed immune repertoire of populations. To address this
question, we have employed anti-Id reagents of defined specific-
ity to extend our previous analysis of the idiotype expression of
serum antibodies evoked by different Hib PS vaccines. Previ-
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Table IV. Anti-Hib PS Idiotype and Avidity after Immunization with Conjugate Vaccine

Hib PS-OMPC Oligo-CRM Hib PS-T

Avidity Avidity Avidity
mean±s.e., mean±s.e., mean±s.e.,

Hibld-1/Hibld-2 No. nM No. nM- No. nM-

+/- 10 1.76±0.16a * 20 2.73±0.31d 22 2.55±0.249
-/+ 16 0.84±0.12 4 1.89±0.69e 1 1.07
-/- 10 0.94±0.16c 9 2.79±O.46' 13 1.26±0.31
+/+ 1 2.23 1 1.71 2 1.52±0.14

Infants were immunized at 2, 4, and 6 moof age. Avidity and idiotype expression were measured in sera obtained -1 moafter the third injec-
tion. Of the 189 infants in the present study, avidity had been previously measured in sera on 109 of these subjects as part of a separate study
(1 1). Because of insufficient quantities of sera, the avidity and idiotype analyses were limited to these samples. * Significance testing by analysis
of variance: a vs. b, P <0.001; a vs. c, P <0.001; g vs. h, P = 0.002. a vs. d, P = 0.05; b vs. e, P = 0.003; c vs. f, P < 0.001; f vs. h, P <0.001.

ously, we found that antibodies to Hib PS frequently express
Hibld-1, a CRI which is localized to the VKIIA2 light chain
(22). Indeed, Hibld- l is a highly prevalent CRI, and is detected
in the sera of - 80%of subjects vaccinated at 1.7 to 57 y of age
with Hib PS or Hib PS coupled to diphtheria toxoid. HibId- 1
comprises on the average more than 50%of the serum antibody
of children and adults (22, 23). However, most of the subjects
in these studies had anti-Hib PS antibody in prevaccination
sera, presumably as a result of natural exposure to Hib or other
bacteria that elaborate polysaccharides cross-reactive with Hib
PS(29). Therefore, the antibody repertoire expressed after vac-
cination may have been affected by prior environmental expo-
sures.

In the present study, we examined the idiotypic expression
of the antibody response to Hib conjugate vaccination of in-
fants 2-6 moof age in whomthe effect of prior environmental
exposures to cross-reactive polysaccharides would be expected
to be minimized because of their young ages. Wealso exam-
ined the idiotypic repertoire induced in response to several
structurally distinctive Hib conjugate vaccines that appear to
elicit antibody responses by different immunologic mecha-
nisms (30-32). Finally, we described a new CRI, HibId-2, that
allowed us to extend our analysis to a subset of non-HibId- 1 V
regions expressed after vaccination. This new CRI, Hibld-2, is
defined by mAbLuC10. This anti-Id reacted specifically with
anti-Hib PS antibodies having X L chains. Further, comparison
between HibId-2 expression and VX nucleotide sequence sug-
gested that Hibld-2 was confined to a subset of VXVII anti-Hib
PS antibodies.

The two anti-Id reagents were used to investigate the effect
of conjugate vaccine formulation on V region expression in
postvaccination sera. After three injections beginning at 2 mo
of age, Hib PS-OMPCevoked very different patterns of idioty-
pic expression than that observed after three injections of
Oligo-CRM and Hib PS-T given at the same ages. With both
Oligo-CRM and Hib PS-T, HibId- 1 was more commonly ex-
pressed, and Hibld-2 was less common, than after vaccination
with Hib PS-OMPCvaccine at this age. Hibld-2 tended to be
more frequently expressed after Oligo-CRM than Hib PS-T but
this difference was not significant (18 vs. 10%, P . 0.15).
These data indicate that the anti-Hib PSVL regions elicited by
Oligo-CRM or Hib PS-T vaccination, appear similar to each
other, but different from those elicited by Hib PS-OMPCvacci-
nation.

Of the three Hib conjugate vaccines used in our studies, Hib
PS-OMPCis unique in that it is able to elicit a primary anti-
body response in 2-mo-old infants (2, 5-7), whereas beginning
at this age, the other two conjugates require two or three injec-
tions to elicit antibody (6-8). This difference in immunogenic-
ity between the three conjugate vaccines is shown by the signifi-
cantly higher antibody levels before the third dose, in the in-
fants who had received the OMPCconjugate than those who
received the other two conjugates (Table I). Recently we ob-
served that Hibld-2 expression following a single injection of
PRP-OMPCtends to diminish with age (33). Thus, the higher
usage of Hibld-2 after three injections of the Hib PS-OMPC
conjugate observed in the present study, may relate to the
unique ability of this conjugate to induce Hibld-2 antibodies in
2-mo-old infants and thereby fix the idiotypic repertoire at this
age. In contrast, the antibody response to the other two conju-
gates occurred at 4-6 mo of age, by which time the potential
idiotypic repertoire may have shifted.

The mechanism(s) by which the Hib PS-OMPCvaccine is
able to induce a primary antibody response in 2-mo-old in-
fants, as well as induce such a distinctive idiotypic profile, is
unknown. This conjugate uses an outer membrane complex
from Neisseria meningiditis, and this carrier protein may
uniquely modulate the infant's immune response. Recently,
this conjugate vaccine was found to be mitogenic for murine B
cells (30-32) and, thus, in addition to having thymic depen-
dent properties, the Hib PS-OMPCconjugate mayhave proper-
ties of a thymic-independent type 1 antigen. Conceivably, the
differences in V region expression evoked by the different Hib
conjugate vaccines may reflect differences in the relative con-
tributions ofthymic-dependent and thymic-independent mech-
anisms operative in the antibody responses to Oligo-CRM or
Hib PS-T compared to those operating with the Hib PS-OMPC
conjugate. Evidence in a murine antihapten antibody response
suggests that different B cell subpopulations are stimulated by
TI and TD forms of hapten (34). Therefore, different Hib PS
conjugate vaccines may stimulate distinctive B cell subsets, and
these subsets could differ in their potential to express Hibld- 1
and/or Hibld-2. The conjugate vaccines may also differ in
their capacity to promote somatic mutation and this property
could affect V repertoire content. For example, the lower fre-
quency of expression of Hibld-2 antibodies after vaccination
with either the tetanus or Oligo-CRM conjugates as compared
to OMPC, could result from the accumulation of mutations
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that extinguish the idiotope. In this case, lack of Hibld-2 ex-
pression would not reflect lack of utilization but rather somatic
modification of the VXVII region. Consistent with this inter-
pretation are the data with the anti-Hib PS mAbs, showing that
Hibld-2 is expressed by a subset (three of four) of antibodies
using VXVII.

Recently we compared the avidities of serum anti-Hib PS
antibodies evoked by vaccination with Oligo-CRM, Hib PS-
OMPC,or Hib PS-T conjugate at 2, 4, and 6 moof age ( 1).
Oligo-CRM stimulated antibodies of higher mean avidity than
those elicited by Hib PS-OMPCvaccination, while the mean
avidity of antibodies evoked by Hib PS-T was intermediate,
being significantly higher than that of the Hib PS-OMPCgroup
but lower than that of the group given Oligo-CRM. Further,
there was an inverse correlation between the serum antibody
concentration required to activate complement-mediated bac-
teriolysis of Hib, and the avidity of the anti-Hib PS antibody, a
finding that suggests that differences in antibody avidity may
play an important role in conferring protection against Hib
disease. These differences in antibody avidity were likely a re-
sult of V region differences and not isotypic differences, since
on average > 90% of the anti-Hib PS antibody responses to
each of the conjugates was IgG and there was no correlation
between the magnitude of the IgM response and avidity ( 11 ).

In the present study, we examined the relationship between
average serum anti-Hib PS antibody avidity and CRI expres-
sion. The data indicate that both immunogen (vaccine formu-
lation) and CRI content correlate with antibody avidity. Sub-
jects who were immunized with either Hib PS-OMPCor Hib
PS-T vaccines and who produced detectable Hibld- 1-positive
antibody, had significantly higher mean avidity than subjects
who did not produce HibId- 1-positive antibodies. Although we
have not measured avidity of clonally purified anti-Hib PSanti-
bodies, this correlation suggests that antibodies expressing Hib-
Id-l, i.e., having the unmutated VKII-A2 region (21, 22, 26),
have higher avidity for Hib PS than the non-Hibld- 1 popula-
tion induced by Hib PS-T or Hib PS-OMPC. This putative
higher avidity of VKIIA2 antibodies may confer a selective ad-
vantage in protection against Hib disease and thereby maintain
the nonpolymorphic A2 gene in the population.

However, the pattern of average antibody avidity and CRI
expression seen after Oligo-CRM vaccination suggests that
non-Hibld- 1 antibodies are not necessarily of lower avidity.
After three injections of Oligo-CRM, the mean antibody avid-
ity in sera not containing HibId- 1 /VKIIA2 was similar to that
of sera having Hibld- 1 antibodies. In addition, vaccination
with Oligo-CRM appeared to induce uniformly higher avidity
anti-Hib PSantibodies than either Hib PS-OMPCor Hib PS-T,
irrespective of the idiotypic profile.

The induction of higher avidity antibodies by the Oligo-
CRMvaccine may result from the presence of Hib PS oligo-
mers in the Oligo-CRM conjugate rather than the higher molec-
ular weight form of Hib PS that is present in the tetanus and
OMPCconjugates. The oligomeric form of Hib PS may selec-
tively activate B cell clones having high affinity receptors. In
addition, the Oligo-CRM conjugate may elicit greater T cell
help compared with the other two conjugates, which may favor
greater affinity maturation of Hibld- I -negative antibody popu-
lations by promoting more extensive somatic mutation during
the secondary immune response. The Hib PS conjugate vac-
cines differ with respect to the type of carrier molecule, the
nature of the chemical linkage between the polysaccharide and

the protein, and molecular size. These factors could affect the
immunological properties of the vaccines, such as clearance,
processing, and retention in reticuloendothelial tissues and,
thus, possibly contribute to both the observed avidity differ-
ences and the distinct idiotype profiles induced by the different
conjugate vaccines.

In previous studies, differences in mean avidities of two- or
threefold were associated with greater than sixfold differences
in the ability of anti-Hib PS antibodies to activate comple-
ment-mediated bactericidal activity ( 11 ) and opsonic activity
(35). Thus, vaccine formulations that evoke higher avidity an-
tibody may offer greater protection against invasive Hib dis-
ease. There are clear differences in V region usage and in the
mean avidities of the anti-Hib PS antibodies in sera of infants
vaccinated with different conjugate vaccines. These factors
may be important in the design of future vaccines aimed at
optimizing protective immunity.
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