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Infant rats inoculated intraperitoneally with Haemophilus influenzae type b
develop bacteremia and meningitis. Rats were infected at 10 to 12 days of age and
studied for the development of serum anticapsular antibody and bactericidal and
opsonizing activity. Seven and 11 weeks after inoculation, convalescent animals
showed a higher frequency of anticapsular antibody responses than uninfected
controls, but 35 to 40% of the infected group had undetectable levels of anticap-
sular antibody (<0.10 Atg/ml). In contrast, all of the convalescent animals, but
none of the controls, showed moderate titers of serum bactericidal activity; and
bactericidal activity persisted after absorption of the convalescent sera with type
b capsule. Bactericidal activity was detected primarily in the eluted fraction
corresponding to a molecular weight of 150,000 and was present in the offspring
of convalescent females. Offspring of convalescent females were protected against
challenge with H. influenza type b, and control offspring could also be protected
by passive immunization with convalescent serum which lacked detectable anti-
capsular antibody. Convalescent serum samples efficiently opsonized H. influ-
enzae type b, and this activity persisted after absorption of the serum with
capsular antigen. These data are consistent with the hypothesis that antibody to
the noncapsular surface antigens of H. influenzae type b play an important role
in host defenses.

Haemophilus influenzae type b (Hib) is the
most frequent cause of childhood bacterial men-
ingitis in the United States (16). Previous studies
conducted in both humans and other animals
have shown the importance of anticapsular (AC)
antibody in host defenses against this organism
(1, 2, 17, 20, 25). Less information is available
concerning other immunological factors, such as
antibody to the other surface antigens of Hae-
mophilus. The recent failure of the experimental
type b polysaccharide vaccine to elicit AC anti-
body and protect infants under 15 months of age
from invasive Haemophilus infection (15, 22)
emphasizes the need for additional information
concerning alternative immunological defenses
against this organism.

Infant rats infected intraperitoneally (i.p.) or
intranasally with Hib develop bacteremia and
meningitis (11, 18, 27). Convalescent sera from
surviving animals have been reported to be bac-
tericidal (BC) (27). In a preliminary communi-
cation, this laboratory reported that many con-
valescent animals had low or undetectable levels
(<0.07 pg/ml) of AC antibody (11). In contrast,
in similar experiments, Myerowitz and Norden
reported that uninfected rats and rats surviving

neonatal Hib infection both showed age-related
increases in serum AC and BC antibody (20).

In other studies of the infant rat model, Smith
et al. (27) and Weller et al. (29) reported that
rats showed a marked age-dependent suscepti-
bility to Haemophilus infection. Older rats were
found to be more resistant to infection and
cleared type b encapsulated strains from the
bloodstream more rapidly than younger animals.
The mechanisms responsible for the increased
clearance and greater resistance of older rats to
Haemophilus infection remain undefined, but in
these two studies, the age-dependent suscepti-
bility was found to be unrelated to serum BC
activity. Furthermore, in our earlier report, we
noted that uninfected rats 60 days of age also
lacked detectable AC antibody (11). Thus, older
rats resist Hib infection despite the absence of
serum AC or BC antibodies.

In the studies cited above, the possible role of
serum factors which promote phagocytosis of
Hib were not investigated. The present investi-
gation was undertaken, in part, to examine the
role of serum-opsonizing activity to Hib in ex-
perimental infection, and also to resolve some of
the discrepancies among the published obser-
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vations concerning the BC and AC antibody
responses of neonatal rats to Haemophilus in-
fection (11, 20, 27).

MATERIALS AND METHODS
Animals. Suckling albino rats from an outbred

strain of Sprague-Dawley rats originally obtained from
Charles Rivers Laboratory, Wilmington, Mass. were
used. Some rats were also obtained from Sprague-
Dawley Farms, Madison, Wis., and were used in the
third protection experiment and as a source of conva-
lescent sera for the fractionation experiment. Food
and water were available ad libitum, and infant ani-
mals were maintained with nursing mothers. Infected
and uninfected litters were housed separately to pre-
vent cross-infection.

Bacteria. The test organism (b3a) has been de-
scribed previously (10, 11). It consisted of a type b
encapsulated strain obtained from the cerebrospinal
fluid of a patient with H. influenzae meningitis. The
organism was passed three times in 14-day-old rats
and stored frozen at -70'C in multiple aliquots of
sterile skim milk.

Radioisotope-labeled Hib were prepared by inocula-
tion of a single colony from an overnight growth of the
organism on chocolate agar into 5 ml of RPMI 1640
medium without leucine (Grand Island Biological Co.,
Grand Island, N.Y.) to which was added 2.5 /iCi of L-
['4C]leucine (New England Nuclear, Boston, Mass.)
and 0.05 ml of Fildes extract (Difco Laboratories,
Detroit, Mich.). The culture was incubated for 8 h at
370C on a shaker to a density of 109 bacteria per ml
and harvested by centrifugation at 12,000 x g for 10
min at 40C in a model IEC B20A centrifuge (Demon
Corp., Needham Heights, Mass.). The sedimented bac-
teria were washed three times in cold phosphate-
buffered saline (PBS) containing 0.3% bovine serum
albumin (PBS-A) without added preservative (Ar-
mour Pharmaceutical, Kankakee, Ill.) and resus-
pended in the original volume of PBS-A. Bacterial
purity and colony counts were ascertained by culturing
appropriate dilutions of the bacterial suspension on
chocolate agar. The radiolabeled bacteria were rapidly
frozen, using liquid nitrogen, and stored at -70'C in
multiple aliquots. In preliminary phagocytosis experi-
ments using -, wide range of test antisera, opsonization
of freshly prepared and thawed 14C-labeled Hib was
similar.
Animal inoculation. The test organism was inoc-

ulated into brain heart infusion broth supplemented
with 1% Fildes extract and incubated for 4 to 6 h at
370C in a shaker to a density of 10' colony-forming
units/ml. The organism was harvested as described by
Smith et al. (27), except that PBS-A was used instead
of PBS containing 0.1% gelatin.

Infant rats, 12 to 14 days old from six litters, were
randomly divided and reassigned to nursing mothers.
Blood was obtained from 14 of the infants by rapid
exsanguination by cardiac puncture. The remaining 43
pups were divided into two groups and were inoculated
i.p. either with 0.1 ml of PBS-A or PBS-A containing
104 resuspended bacteria. Forty-eight hours later, 0.01
ml of blood was obtained from the tail artery and
cultured on chocolate agar, showing Hib bacteremia

in all but one of the experimental animals and in none
of the controls.

Groups of 14 to 21 animals were anesthetized with
ethyl ether and bled by cardiac puncture at 3, 7, and
11 weeks after inoculation. Most animals were bled on
more than one occasion, but the size of the groups
decreased because of mortality associated with the
procedure. Blood samples were cultured by spreading
100 ul directly on chocolate agar, and the remaining
blood was allowed to clot at room temperature and
immediately refrigerated for 1 h at 4°C. Serum was
separated by centrifugation in the cold at 4°C and
stored at -70°C in multiple vials for subsequent im-
munological studies.

Passive protection experiments were performed by
administration of 0.1 ml of test or control sera to
groups of 10 to 13 infant rats 7 days of age. In the
initial experiment, the animals received the serum i.p.
One day later they were challenged intranasally with
107 Hib in 0.01 ml of PBS-A, using techniques de-
scribed by Moxon et al. (18). In subsequent experi-
ments, we administered dilutions of serum or physio-
logical saline subcutaneously, and 1 day later the
animals were infected i.p. with 3 x 102 Hib in 0.1 ml of
PBS-A. Seventy-two hours after bacterial challenge,
blood was obtained by cardiac puncture, and quanti-
tative counts of viable bacteria were obtained by
spreading 0.01 and 0.1 ml, respectively, of undiluted
and 10' dilutions of heparinized blood (25 U/ml)
directly on chocolate agar.
Immunological methods. Antibody to the cap-

sular antigen of Hib was measured by radioimmu-
noassay according to the methods of Robbins et al.
(23). The 12"I derivative of the type b polysaccharide
and samples of pooled human plasma containing 1.1
,ug of AC antibody per ml (accuracy control) were
kindly supplied by John Robbins and Rachel Schneer-
son of the Bureau of Biologics. Adult human serum
(DG immunized twice with 50 ,g of Hib vaccine) (4)
was used as the reference standard and contained 210
,tg of antibody per ml, as determined by quantitative
precipitin analysis (23). This serum was diluted in
gamma-globulin-free fetal calf serum (Grand Island
Biological Co.), which had been assayed by electro-
phoresis on cellulose acetate to ensure absence of
gamma globulin (13). The lowest concentration of
antibody detected was 0.10 ,ug/ml. Serum samples
were studied in duplicate, and all samples from control
and experimental animals of different ages were stud-
ied simultaneously in the same assay.
BC activity was measured utilizing the homologous

test organism (b3a). The source of complement con-
sisted of serum obtained from a 24-h-old calf which
had been denied colostrum (3). This complement
source lacked detectable AC antibody, and opsonizing
and BC activity, and was stored in multiple vials at
-70°C. BC activity was measured as previously de-
scribed (3, 10), except that 0.1 ml of serial twofold
dilutions of sera were incubated with 0.03 ml of com-
plement and 0.01 ml of bacteria (approximately 1,000
organisms) of a log-phase broth culture of Hib resus-
pended in PBS-A. The BC titer was defined as the
serum dilution which resulted in a >90% decrease of
bacterial growth. In some experiments, BC activity
was also measured using bacteria which had been
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rendered "resistant" to bacteriolysis by preincubation
of the test organism for 30 min at 37"C in heat-inac-
tivated normal rat serum, according to the methods of
Shaw et al. (26).

Serum-opsonizing activity to Hib was assayed by
the method of Anthony, using rabbit macrophage cells
adhered to glass cover slips (5). Briefly, test or control
sera were diluted 1:5 in McCoy medium with 10%
gamma-globulin-free fetal calf serum and incubated in
a stationary water bath at 37"C for 15 min with an

equal volume of an appropriate dilution of '4C-labeled
Hib in PBS-A. The bacteria-serum mixture was fur-
ther diluted 1:10 in McCoy medium with 10% fetal calf
serum. One milliliter of this mixture was added to each
Leighton tube containing a cover slip with 105 cells for
a bacteria-macrophage ratio of 100:1. The Leighton
tubes were incubated at 37"C and rocked gently on a

platform (Bellco Glass, Inc., Vineland, N.J.). Cover
slips were removed at 0, 30, 60, and 120 min and were

washed three times with McCoy medium with 10%
fetal calf serum. They were air dried and placed in a

scintillation vial containing Ready-Solv HP (Beckman
Instruments, Fullerton, Calif.). Counts per minute
were determined in an LS-330 liquid scintillation
counter (Beckman Instruments).
The number of sera tested in a single assay was

limited by the number of available macrophage cells
harvested from each rabbit (range, 40 x 10" to 60 x

106 cells). For interassay comparisons, we included a

negative and a positive control consisting of, respec-

tively, bacteria preincubated with media and bacteria
preincubated with a convalescent serum pool obtained
from previously infected 60-day-old rats. The media
control was assumed to have 0% activity, and the
convalescent pool was assigned a value of 100%. The
percent activity for the unknown test serum was cal-
culated according to the following formula: [(X - M)/
(P -A)] x 100, where X = counts per minute for the
test serum, M = counts per minute for the media
control, and P = counts per minute for the convales-
cent pool. For the results reported, the variation in
counts per minute among duplicate or triplicate cover

slips was <15%.
Gel filtration of rat serum. A 10-ml amount of

pooled convalescent sera from 60-day-old, previously
infected rats (n = 9) was precipitated with an equal
volume of 3.2 M (NH4)2SO4, resuspended in distilled
water, and dialyzed against PBS. This serum fraction

was further concentrated to 3 ml and applied to a

Sephadex G-200 column eluted with a buffer composed
of 0.1 M tris(hydroxymethyl)aminomethane and 0.2
M NaCl at pH 8.1. Three-milliliter fractions were

collected, and protein concentrations were determined
by the optical density at 280 nm. The fractions in each
peak were pooled and assayed for protein content
(Lowry method [14]), using bovine serum albumin as

a standard. BC activity was measured after sterilizing
the fraction by membrane filtration and adjusting the
concentration of each pool to 10 mg of protein per ml.
Absorption of antisera. Serum samples were ab-

sorbed for AC antibody by the addition of 50 ,ug of
purified capsular antigen (Hib vaccine) (4) to 0.5 ml of
serum and incubation for 30 min at 37°C and then
overnight at 4°C (24). Unabsorbed control sera were

treated similarly, but received PBS. Adequacy of se-

rum absorption of AC antibody was monitored by
radioimmunoassay. Sera were absorbed with washed,
viable Hib, using 1 volume of serum and 1 volume of
packed bacteria. These were mixed and incubated at
37°C for 1 h and then overnight at 4°C. Sterilization
was accomplished by membrane filtration.

Statistical analysis. We performed statistical
comparisons with an Olivetti P652 programable cal-
culator. The exact probability of the distribution of
the AC antibody responses was determined using the
program for a 2 x 3 contingency table. We performed
other statistical comparisons by using a chi-square test
and a t test for unpaired samples. Logarithmic trans-
formations were used for comparison of bacterial
counts in blood.

RESULTS
AC antibody. There was no detectable AC

antibody (<0.10 ,Ig/ml) in the mother rats (n =
6) or in their 12- to 14-day-old infants (n = 14),
which were studied prior to inoculation (Table
1). In contrast, 7 weeks after inoculation (61 to
63 days of age), convalescent sera from the ex-

perimental animals showed significantly higher
levels of antibody than control, uninfected lit-
termates (P < 0.009). Shailar increases in anti-
body were observed in experimental rats at 91
days of age (P = 0.05). However, 35 to 40% of
the infected group had undetectable AC anti-
body.

TABLE 1. Experimental Hib infection: AC antibody
No. (%) of rats with AC antibody (,ug/ml):

Rats Age (days) n
<0.10 0.10-0.5 >0.5

Uninfected
Mothers 120-150 6 6 (100) 0 (0) 0 (0)
Offspring 12-14 14 14 (100) 0 (0) 0 (0)

61-63" 21 17 (80.9) 4 (19.1) 0 (0)
91-93 15 12 (80) 3 (20) 0 (0)

Infected
Offspring 61-63a 20 8 (40) 7 (35) 5 (25)

91-93b 14 5 (35.7) 3 (21.4) 4 (28.6)

"P = 0.009 (exact probability for a 2 X 3 contingency table).
P = 0.050.
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BC activity. BC activity was absent in serum
from the mother rats (n = 6), their 12- to 14-
day-old suckling infants (n = 14), and the unin-
fected control rats studied at 61 to 63 days of
age (n = 21). Two of 15 control animals studied
at 91 to 93 days of age had BC activity detected
in undiluted sera. In contrast, all of the conva-
lescent serum samples from the experimental
group obtained 7 and 11 weeks after infection
(n = 20 and 14 animals, respectively) were BC
and had titers ranging from 1:2 to 1:16. The
difference between control and experimental an-
imals at each age was significant at P < 0.0001.
(X2 = 41 and 22).
There was no significant decrease in BC activ-

ity after absorption of the convalescent rat se-
rum with purified type b capsule. This was true
even in the serum samples from four of the
experimental animals with the highest levels of
antibody to the capsular antigen (Table 2).
Thus, BC activity persisted after serum absorp-
tion of AC antibody, and it would appear that
bacteriolysis may result from serum factors
other than AC antibody.
As previously reported by Shaw and co-work-

ers (26), significant decreases in BC titer resulted
when the test organism was rendered resistant
to serum bacteriolysis by preincubation with
normal rat serum which lacked AC or BC anti-
body (Table 2). A decrease in BC titer occurred
with all ofthe convalescent sera tested, including
those preabsorbed with type b capsule. How-
ever, even using the resistant test organism, low
levels of BC activity were detected in convales-
cent serum which lacked detectable AC anti-
body.

Convalescent serum samples from nine previ-
ously infected animals were obtained at 60 days
of age and pooled and fractionated on a Sepha-
dex G-200 column. BC activity was found pri-
marily in the eluted fraction corresponding to a
molecular weight of 150,000 (immunoglobulin G

TABLE: 2. BC activity of convalescent rat serum:"
effect of absorption of serum with capsular antigen

Unabsorbed serum Absorbed serum

Rat no. BC tit AC t BC titer AC anti-

(reciprocal) body (reciprocal) body(pg/mi) (pg/mi)
1 8 (1)b 0.54 8 (1) <0.10
2 8 (2) <0.10 8 (1) <0.10
4 4 (1) 1.90 4 (1) 0.22
5 16 (2) 1.80 8 (2) 0.13
6 4 (1) 1.20 4 (1) <0.10

"Serum obtained at 7 weeks postinoculation (age,
61 to 63 days).

b Titer obtained with organisms rendered resistant
to bacteriolysis by preincubation in normal rat sera.

class), and a minor peak of activity was present
in the high-molecular-weight fraction. Signifi-
cantly, there was complete absence of activity in
the fraction corresponding to the peak contain-
ing immunoglobulin A.

In other experiments, BC activity was also
present in the sera of the offspring of 120- to
150-day-old convalescent female rats who sur-
vived neonatal infection. Ten first-generation
rats from three litters were tested. We detected
serum BC activity in all of the infants studied
up to 21 days of age, with titers ranging from 1:2
to 1:8.
Opsonizing activity. Figure 1 illustrates the

results of a typical experiment measuring the
uptake of '4C-labeled Hib pretreated with var-
ious test sera and incubated with rabbit pulmo-
nary macrophage cells adhered to glass cover
slips.

Sera from rats 2 and 3 were obtained 7 weeks
after inoculation and contained <0.10,ug of AC
antibody per ml. Both convalescent sera caused
progressive enhancement of the uptake of "C-
labeled organisms. This increase was less than
that observed with hyperimmune rabbit serum

104

- UNABSORSED SERUM
0-- 0 ABSORBED SE"

SERUM

"A RABBIT (IMMUNE)

10~~~~
/L RAT 3,/'

/ _RAT 2,> 10-/ A

102

NORMAL RAT

NORMAL RAT

MEDIUM

TIME (Minutes)

FIG. 1. Uptake of radiolabeled Hib by macro-
phage cultures. Rats 2 and 3 were infected ip. at 12
days of age. Convalescent serum samples obtained 7
weeks later contained <0.10 jig of AC antibody per
ml but resulted in significant enhancement ofphag-
ocytosis. Opsonizing activity was unaffected by ab-
sorption of serum with capsular antigen.
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(AC antibody, 1,400 jig/ml) but was greater than
that observed with normal rat serum obtained
from uninfected control littermates. Further-
more, as indicated by the dashed lines in Fig. 1,
opsonizing activity in the convalescent rat sera

persisted after absorption with purified capsular
antigen.
When other convalescent rat sera were se-

lected with higher titers of AC antibody, signif-
icant decreases in opsonizing activity were ob-
tained after absorption with capsular polysac-
charide (Fig. 2). Sera from rats 4 and 6 were

obtained 7 weeks after inoculation and contained
1.9 and 1.2 jig of AC antibody per ml, respec-

tively. Absorption effectively lowered the titers
ofAC antibody in these sera and also resulted in
decreased opsonizing activity. Although the dif-
ferences between absorbed and unabsorbed sera

were small, decreased opsonizing activity was a

consistent finding in these and other absorbed
sera with high AC titers.
To further study the effect of serum absorp-

tion on opsonization of Hib, convalescent rat
serum samples were pooled and absorbed with
PBS, purified capsular antigen, intact Hib, and
Neisseria gonorrhoeae. The convalescent serum
pool contained 0.37 ,ug of AC antibody per ml.
Absorption with purified capsular antigen or

intact Hib organisms lowered the AC antibody
level to <0.10 ug/ml and resulted in decreased
uptake of opsonized 14C-labeled Hib (71.3 and
32.2%, respectively). In contrast, preabsorption
of convalescent serum with PBS or N. gonor-
rhoeae caused no significant loss of opsonizing
activity to Hib (102.5 or 92.6%, respectively).

Figure 3 illustrates the results from a series of
experiments in which we measured serum-op-
sonizing activity to Hib in experimental and
control rats of different ages. The data shown
represent the 2-h incubation period of labeled
bacteria with macrophage cells and are ex-

pressed as percent activity compared to the lev-
els measured in a convalescent serum pool,
which served as a positive control in each assay.
There was little or no opsonizing activity in

serum samples from animals 12 to 14 days of age
obtained prior to inoculation. In older animals,
the levels of opsonizing activity increased with
age in both the experimental and control groups.
However, the levels found in the experimental
group were significantly greater than those
found in the age-matched, uninfected littermates
(P < 0.001 for each age).
The age-related increase in serum-opsonizing

activity among the normal rats is of particular
interest since these animals lacked serum BC
activity and had undetectable or low levels of
AC antibody (Table 1). Furthermore, an in-
crease in serum-opsonizing activity with age was

IME (MWnhus)

FIC. 2. Uptake of radiolabeled Hib by macro-

phage cultures. Rats 4 and 6 were infected i.p. at 12
days ofage. Convalescent sera obtained 7 weeks later
contained 1.9 and 1.2 pg of AC antibody per ml,
respectively. Considerable opsonizing activity re-

mained after removal ofAC antibody by absorption
of serum with capsular antigen.

80

F 60

v

z

v 40
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0i

AGE O RATS (Weeks)

FIG. 3. Effect of convalescent rat serum on uptake
of radiolabeled Hib by macrophage culture. Rats
were infected i.p. at 12 days of age and were bled
before injection and at 5, 9, and 13 weeks. Convales-
cent animals (0) showed higher levels of serum-op-
sonizing activity to Hib than uninfected littermate
controls (O). The age-related increase in serum-op-
sonizing activity in the normal rats is also of interest
since these animals lacked detectable AC and BC
antibodies. Data shown are the means + standard
deviation (brackets) for groups of 15 to 20 animals.

not observed when heat-killed, '4C-labeled group
B Streptococcus (kindly provided by Bascom
Anthony, Harbor General Hospital, Torrance,
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Calif. [5]) was used as the test organism.
Protection. Convalescent serum from previ-

ously infected animals which lacked capsular
antibody, but which exhibited BC and opsoniz-
ing activity for Haemophilus, was next tested
for protection in 8-day-old infant rats challenged
by sublethal doses of the homologous organism.
The results of two such experiments are shown
in Table 3. Bacteremia was detected less fre-
quently and in lower levels in the animals pre-
treated with the convalescent serum pool as
compared with the animals which received sa-
line or normal serum. Lower levels of bacteremia
were also present in the animals pretreated with
convalescent serum diluted 1:2.5, but at higher
dilutions the apparent decreases in quantitative
bacterial counts were not significant.

In another experiment, 12- to 14-day-old off-
spring of two surviving females previously in-
fected during the neonatal period with Hib were
inoculated i.p. with 103 colony-forming units of
the homologous organism. Serum samples from
the mothers and infants were BC for Hib but
contained no detectable AC antibody (<0.10
tg/ml). Twenty-four hours after inoculation,
bacteremia was detected in four of eight off-
spring of the previously infected mothers com-
pared to 15 of 15 surviving offspring from three
mothers with no previous exposure to Haemo-
philus (Xe2 = 5.93, P < 0.02). The offspring of
the previously infected females also had lower

geometric mean bacterial counts per microliter
of blood (0.216 compared to 18.6 in the control
offspring; t = 5.05, P < 0.001).

DISCUSSION
The infant rat model for systemic Hib infec-

tion simulates disease in humans with respect to
a number of factors including hematogenous-
spread, pathological lesions induced in the cen-
tral nervous system and other organs, and the
marked age-related susceptibility to infection
(11, 17, 18, 27). Previous studies have provided
ample evidence that older rats require a higher
mean lethal dose of Hib and also more rapidly
clear type b encapsulated strains from the blood
stream than do younger animals (27, 29).
The mechanisms responsible for increased re-

sistance of older rats to Hib infection remain
unknown. Our present data confirm earlier ob-
servations that serum BC activity is absent in
most normal rats up to 91 to 93 days of age (27).
Thus, the enhanced resistance of older animals
to Haemophilus infection appears to be unre-
lated to the presence of serum BC activity. It
also appears to be unrelated to antibody to the
capsular antigen of Haemophilus, since nearly
all of the uninfected control rats we studied at
different ages lacked detectable AC antibody
(Table 1). Despite the absence of BC and AC
antibodies, control rats showed an age-related
increase in serum-opsonizing activity to Hib

TABLE 3. Experimental challenge of 8-day-old rats with Hib: effect ofpretreatment with serum to
development of bacteremia

Survivors (72 h)
No. of

Expt' Source of serum rats chal- No. with bac- Bacteria/,l Significance'
lenged No. No.miW' a-of blood (geo-

teremiNo.(%) metric mean) P (t)

1. 0.1 ml of serum i.p. fol- Normal rat" 11 I1 10d (91) 4.51
lowed by 107 Hib i.n. Convalescent 13 13 4d (30.7) 0.0063 <0.001 (4.9)

rat (undi-
luted) e

2. 0.1 ml of serum s.c. fol- Saline control 10 8 8 (100) 86.0 NSf (0.11)
lowed by 3 x 102 Hib Normal rat" 10 8 8 (100) 77.0
i.p.

Convalescent
rate
Undiluted 11 8 19 (12.5) 0.0002 <0.0001 (11.4)
1:2.5 10 9 8 (88.9) 1.56 <0.027 (2.48)
1:5 10 8 8 (100) 4.31 NS (1.46)
1:10 10 7 7 (100) 7.09 NS (1.22)

i.n., Intranasally; s.c., subcutaneously.
bData for each group are compared to bacterial counts in animals pretreated with normal serum.
' AC antibody, <0.10 ,g/ml; BC titer, <1.
dX = 8.87; P < 0.005.
'AC antibody, <0.10 ttg/ml; BC titer, 1:4.
f NS, Not significant.
X2 = 12.2; P < 0.001.
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(Fig. 3). The factors responsible for this increase
remain to be determined. In addition, other po-
tential mechanisms responsible for enhanced re-
sistance of the older animals, such as macro-
phage function (6, 7), need to be explored.

Infant rats infected with Hib developed higher
levels of AC antibody than uninfected control
animals (Table 1), and convalescent animals also
developed serum BC activity. These results are
different from those of Myerowitz and Norden,
who detected no differences in AC and BC an-
tibodies among control and infected rats studied
8 weeks after inoculation (20). In their experi-
ments, both control and infected rats had higher
levels of AC antibody than our animals, and
serum BC activity was present in approximately
20% of the groups.
There were a number of differences in exper-

imental design between our study and that of
Myerowitz and Norden. However, it would ap-
pear that the most important factor contributing
to the higher AC antibody levels in their report
relates to a recent observation made by the same
investigators (20) that rat sera may nonspecifi-
cally bind some lots of radiolabeled capsular
antigen, resulting in the measurement of falsely
elevated AC antibody. Therefore, we utilized
absorbed and unabsorbed serum samples as con-
trols in our assay, and the results indicated that
antigen-binding activity was effectively blocked
by unlabeled antigen.
Myerowitz and Norden also reported that BC

activity was absent from most of their previously
infected rats (19), whereas it was present in 100%
of the convalescent animals we studied. In this
instance the different results may be explained
by their use of a heterologous test Hib strain for
measurement of BC activity (Myerowitz, per-
sonal communication), whereas we used the ho-
mologous strain. Further studies are needed to
clarify the significance of these observations, but
they support the existence of possible subtypes
of Hib, capable of being defined by the BC
reaction (21).

It was interesting that the BC activity in our
convalescent rats was found predominantly in
the serum fraction corresponding to a molecular
weight of 150,000 (immunoglobulin G class) and
was present in the serum of offspring of previ-
ously infected mothers. Since pregnant rats pass
virtually no antibody to their infants via the
placenta (28), serum BC activity in the suckling
offspring was probably derived from colostrum
passing into the infant's circulation via the
highly permeable neonatal rat gastrointestinal
tract. However, we have no direct evidence for
this hypothesis, such as data from experiments
utilizing cross-fostering.

A number of investigators have recently ques-
tioned the protective role of serum BC activity
in immunity to Hib (8, 26). Feigin et al. detected
BC activity in admission serum samples of 92%
of patients with Hib meningitis and concluded
that serum BC activity was not protective (8).
Shaw et al. studied infected infant rats and noted
that Hib bacteremia coincided for several days
with an elevated BC titer (26). In these and
other reports (9) serum BC activity was mea-
sured using Hib grown in broth culture. In ad-
ditional experiments, Shaw et al. reported that
Hib grown in vivo, or incubated in the presence
of a serum factor, were more resistant to serum
bacteriolysis (26). When resistant Hib were used
as the test organism in the BC assay, serum
activity was no longer detected in their bacter-
emic rats. Thus, the results of BC assays which
use resistant Hib may correlate better with im-
munity.
When we used resistant (serum-incubated) or-

ganisms to measure serum BC activity in our
animals, the titers present in the experimental
group were lower, but we could still detect BC
activity in convalescent serum which lacked an-
ticapsular antibody (Table 2). Thus, even when
we used more stringent conditions of testing,
serum bacteriolysis in the convalescent rats ap-
peared to depend on factors other than AC
antibody.
For most bacterial pathogens, phagocytosis by

leukocytes and fixed macrophages is a critical
defense against invasive infection. Whereas our
opsonizing data are relevant to macrophage
function, it is possible that an additional set of
opsonic factors may be responsible for opsoni-
zation of Hib by leukocytes. Nevertheless, our
studies of convalescent sera from rats previously
infected with Hib provide evidence that opsoniz-
ing activity may also result from serum factors
other than AC antibody. Convalescent sera
which lacked detectable AC antibody efficiently
opsonized Hib. Furthermore, serum-opsonizing
activity to Hib persisted after absorption with
capsular antigen but was markedly lowered by
absorption with intact organisms. These data
are consistent with the hypothesis that serum
opsonization of Hib may result from antibody
directed at the noncapsular surface constituents
of the organism.
There is little data available to indicate

whether noncapsular antibodies are also protec-
tive. Alexander et al. studied hyperimmune rab-
bit serum prepared to Formalin-killed Hib and
concluded that the protective factor was AC
antibody, and that somatic antibodies were not
protective (1). In contrast, Myerowitz and Nor-
den reported that rabbit antisera raised against
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Formalin-killed, unencapsulated H. influenza
were weakly protective (20). Our data indicate
that convalescent rat serum, with a BC titer of
1:4 but which lacked detectable AC antibody
(>0.10 ,tg/ml) and had a BC titer of 1:4, could
passively protect infant rats against intranasal
or i.p. challenge by the homologous organism
(Table 3). It remains to be determined whether
similar protection will occur in animals chal-
lenged by heterologous Hib.

Studies in humans indicate that young infants
convalescing from systemic Hib infection may
possess serum BC activity in the absence of AC
antibody (2, 10, 21). Johnston et al. also studied
opsonization of Hib by adult human sera and
reported that significant levels of opsonizing ac-
tivity remained after absorption of the sera with
capsular antigen (12). These observations in hu-
mans and our data from the experimental rat
model suggest that the noncapsular surface an-
tigens of Hib might be promising components
for a future immunizing agent if they should also
prove to be nontoxic. Finally, our data also sug-
gest that the infant rat model may be useful for
future assessment of the immunogenicity of iso-
lated, noncapsular, outer cell wall constituents
of Hib, since the antibody responses of the ani-
mals to neonatal infection appear to be primarily
directed at these antigens.

ACKNOWLEDGMENTS
We are indebted to Bascom Anthony, Harbor General

Hospital, Torrance, Calif., who taught us the phagocytosis
assay, and to Michael E. Miller and Eli Gold, who provided
critical comments.

LITERATURE CITED
1.. Alexander, H. E., M. Heidelberger, and G. Leidy.

1953. The protective or curative element in type b H.
influenza rabbit serum. Yale J. Biol. Med. 16:425-434.

2. Anderson, P., R. B. Johnston, Jr., and D. H. Smith.
1972. Human serum activities against Hemophilus in-
fluenzae, type b. J. Clin. Invest. 51:31-38.

3. Anderson, P., R. B. Johnston, Jr., and D. H. Smith.
1973. Methodology in detection of human serum anti-
bodies to Hemophilus influenzae, type b, p. 87-94. In
S. H. W. Sell and D. T. Karzon (ed.), Hemophilus
influenzae. Vanderbilt University Press, Nashville,
Tenn.

4. Anderson, P., G. Peter, R. B. Johnston, Jr., L. H.
Wetterlow, and D. H. Smith. 1972. Immunization of
humans with polyribophosphate, the capsular antigen
of Hemophilus influenza, type b. J. Clin. Invest.
51:39-44.

5. Anthony, B. F. 1976. Immunity to the group B strepto-
cocci: interaction of serum and macrophages with types
Ia, Ib, and Ic. J. Exp. Med. 143:1186-1198.

6. Argyris, B. F. 1968. Role of macrophages in immunologic
maturation. J. Exp. Med. 128:459-467.

7. Blaese, R. M., and E. C. Lawrence. 1977. Development
of macrophage function and the expression of immu-
nocompetence, p. 201-211. In M. D. Casper and D. H.
Dayton (ed.), Development of host defenses. Raven
Press, New York.

8. Feigin, R. D., B. W. Stechenberg, M. J. Chang, L. M.

Dunkle, M. L. Wong, H. Palkes, P. R. Dodge, and
H. Davis. 1976. Prospective evaluation of treatment of
Hemophilus influenza meningitis. J. Pediatr.
88:542-548.

9. Fothergill, L. D., and J. Wright. 1933. Influenzal men-
ingitis: the relation of age incidence to bactericidal
power of blood against the causal organism. J. Immunol.
24:273-284.

10. Granoff, D. M., and G. A. Nankervis. 1976. Cellulitis
due to Hemophilus influenzae type b: antigenemia and
antibody responses. Am. J. Dis. Child. 130:1211-1214.

11. Granoff, D. M., and G. A. Nankervis. 1977. Circulating
capsular antigen in infant rats infected with Hemophi-
lus influenza type b. J. Infect. Dis. 136:292-296.

12. Johnston, R. B., Jr., P. Anderson, and S. L. Newman.
1973. Opsonization and phagocytosis of Hemophilus
influenzae type b, p. 99-112. In S. H. W. Sell and D. T.
Karzon (ed.), Hemophilus influenzae. Vanderbilt Uni-
versity Press, Nashville, Tenn.

13. Kohn, J. 1962. Cellulose acetate electrophoresis and im-
munodiffusion techniques, p. 56-90. In I. Smith (ed.),
Chromatographic and electrophoretic techniques, vol.
II. William Heineman Medical Books, Ltd., London.

14. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

15. Makela, P. H., H. Peltola, H. Kayhty, H. Jousimies,
0. Pettay, E. Ruoslahti, A. Sivonen, and 0. V.
Renkonen. 1977. Polysaccharide vaccines of Group A
Neisseria meningitidis and Haemophilus influenzae
type b: a field trial in Finland. J. Infect. Dis.
136:S43-S50.

16. Mortimer, E. A., Jr. 1973. Immunization against He-
mophilus influenza. Pediatrics 52:633-635.

17. Moxon, E. R., M. P. Glode, A. Sutton, and J. B.
Robbins. 1977. The infant rat as a model of bacterial
meningitis. J. Infect. Dis. 136:S186-S190.

18. Moxon, E. R., A. L. Smith, D. R. Averill, and D. H.
Smith. 1974. Hemophilus influenzae meningitis in in-
fant rats after intranasal inoculation. J. Infect. Dis.
129:154-162.

19. Myerowitz, R. L., and C. W. Norden. 1977. Effect of
neonatal gastrointestinal colonization with cross-react-
ing Escherichia coli on anticapsular antibody produc-
tion and bacteremia in experimental Haemophilus in-
fluenzae type b disease of rats. Infect. Immun. 17:83-90.

20. Myerowitz, R. L., and C. W. Norden. 1977. Immunology
of the infant rat experimental model of Haemophilus
influenzae type b meningitis. Infect. Immun. 16:
218-225.

21. Norden, C. W. 1972. Variable susceptibility of Hemoph-
dus influenza, type b strains to serum bactericidal
activity. Proc. Soc. Exp. Biol. Med. 139:59-61.

22. Parke, J. C., Jr., R. Schneerson, J. B. Robbins, and
J. J. Schlesselman. 1977. Interim report of a con-
trolled field trial of immunization with capsular poly-
saccharides of Haemophilus influenza type b and
Group C Neisseria meningitidis in Mecklenburg
County, North Carolina (March 1974-March 1976). J.
Infect. Dis. 136:S51-S56.

23. Robbins, J. B., J. C. Parke, Jr., R. Schneerson, and
J. K. Whisnant. 1973. Quantitative measurement of
"natural" and immunization-induced Haemophilus in-
fluenzae type b capsular polysaccharide antibodies. Pe-
diatr. Res. 7:103-110.

24. Schneerson, R., and J. B. Robbins. 1975. Induction of
serum Haemophilus influenza type b capsular anti-
bodies in adult volunteers fed cross-reacting Esche-
richia coli 075:K100:H5. N. Engl. J. Med. 292:
1093-1096.

25. Schneerson, R., L. P. Rodrigues, J. C. Parke, Jr., and
J. B. Robbins. 1971. Immunity to disease caused by
Hemophilus influenzae type b. II. Specificity and some

INFECT. IMMUN.



H. INFLUENZAE TYPE b MENINGITIS IN INFANT RATS 713

biologic characteristics of "natural," infection-acquired
and immunization-induced antibodies to the capsular
polysaccharide of Hemophilus influenzae type b. J.
Immunol. 107:1081-1089.

26. Shaw, S., A. L Smith, P. Anderson, and D. H. Smith.
1976. The paradox of Hemophilus influenzae type b
bacteremia in the presence of serum bactericidal activ-
ity. J. Clin. Invest. 58:1019-1029.

27. Smith, A. L, D. H. Smith, D. R. Averill, Jr., J. Marino,

and E. R. Moxon. 1973. Production of Haemophilus
influenzae b meningitis in infant rats by intraperitoneal
inoculation. Infect. Immun. 8:278-290.

28. Solomon, J. A. 1971. Foetal and neonatal immunology,
p. 901. North-Holland Publishing Co., London.

29. Weller, P. F., A. L Smith, P. Anderson, and D. H.
Smith. 1977. The role of encapsulation and host age in
the clearance of Haemophilus influenza bacteremia.
J. Infect. Dis. 135:34-41.

VOL. 20, 1978


