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Pneumococcal capsular polysaccharide (PPS) vaccines are less immunogenic in immunocompromised than
immunocompetent individuals. However, neither the efficacy of PPS vaccines in immunocompromised indi-
viduals nor the host cellular subsets required for vaccine efficacy against pneumococcal disease have been
directly investigated. In this study, we vaccinated CD4-deficient (CD4~/~), CD8-deficient (CD8~/~), and
secretory immunoglobulin M-deficient (sIgM™~'~) mice and wild-type C57BL/6 (Wt) mice with a conjugate of
PPS of serotype 3 and tetanus toxoid (PPS3-TT) and determined the antibody response and efficacy of
vaccination against systemic and pulmonary challenge with serotype 3 pneumococcus in immunized and
control mice. Our results showed that the isotype and predominant IgG subclass of the PPS3 response differed
between immunodeficient mouse strains and between immunodeficient and Wt mice, with CD8 ™'~ mice having
the most robust response. Vaccination protected Wt, CD4~'~, and sIgM /'~ mice from death resulting from
both systemic and pulmonary challenge, whereas CD8 ™'~ mice were protected only from systemic and not from
pulmonary challenge. Passive vaccination with PPS3-TT-induced sera from Wt, CD4~/~, CD8/~, and
sIgM '~ mice protected naive Wt mice from death due to pulmonary challenge; however, CD8~/~ mice were
not protected by sera from Wt or CD8™/~ mice. Our findings suggest that PPS-based vaccines can be effective
in the setting of CD4 T-cell deficiency but that CD8 T cells could be required for vaccine-mediated protection
against pulmonary challenge with serotype 3 pneumococcus.

Pneumococcus is the most common identifiable cause of
pneumonia in the United States and many other countries (4,
7, 27, 47). The incidence of pneumococcal disease remains
high, despite the fact that pneumococcal vaccines have been in
use in adults in the United States for over 20 years (25).
Alarmingly, there are more deaths due to pneumococcal dis-
ease in the United States than to any other vaccine-prevent-
able illness (37). Initial studies of pneumococcal capsular poly-
saccharide (PPS)-based vaccine efficacy demonstrated the
ability of such vaccines to prevent bacteremic pneumonia in
individuals who were at risk for disease by virtue of their
employment as miners (31, 78). However, subsequent efforts to
establish PPS-based vaccine efficacy against pneumonia have
proven to be inconclusive. Uncertainty regarding the efficacy of
these vaccines against pneumonia has been attributed to mul-
tiple factors, include the difficulty in making a definitive diag-
nosis of pneumococcal pneumonia in the absence of positive
blood cultures; the relatively low prevalence of disease, which
rendered prospective trials unfeasible; and the varied study
designs used to address this question (22, 23, 34, 85). In addi-
tion, there are no universally accepted surrogates for vaccine
efficacy, although the use of a standardized opsophagocytic
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assay to assess serum antibody biological activity has been
advocated in recent years (9, 32, 70, 71). The use of this or
related assays was invaluable in establishing the efficacy of a
PPS-based protein conjugate vaccine in infants and young chil-
dren (21, 79, 83). At present, in the United States, this 7-valent
PPS-based conjugate vaccine is recommended for infants and
young children, while 23-valent unconjugated PPS-based vac-
cines are recommended for adults (16, 17).

The burden of pneumococcal pneumonia in the United
States and the developing world, particularly in human immu-
nodeficiency virus (HIV)-infected children, cannot be over-
stated (43). Therefore, children are a major target population
for PPS-based vaccines in the United States and globally, and
there is evidence that the use of these vaccines in infants and
children protects adults through herd immunity (18). Despite
the success of conjugate vaccines in children, concerns about
serotype replacement remain. A serotype of potential concern
is serotype 3, as it is not included in the conjugate vaccine used
in the United States and is an important cause of adult pneu-
mococcal disease. It is possible that future PPS-based conju-
gate vaccines will include the PPS of serotype 3 (PPS3), which
is included in vaccines under investigation outside the United
States (64). Conjugate vaccination may also be useful in certain
adult populations, particularly those with immune deficiency
(19, 51, 55). In addition to questions regarding PPS-based vac-
cine efficacy against pneumonia, it has been recognized for more
than 2 decades that PPS-based vaccines are less effective in im-
munocompromised adults (13, 24, 62), but vaccine efficacy in
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immunocompromised individuals has not been directly evaluated.
This study was undertaken to investigate this question. We deter-
mined the cellular subsets required for efficacy of an experimental
PPS3-protein conjugate vaccine against pulmonary and systemic
infection with serotype 3 pneumococcus in mice.

MATERIALS AND METHODS

Streptococcus pneumoniae and PPS. S. pneumoniae serotype 3 strain WU2
(kindly provided by Susan Hollingshead, University of Alabama at Birmingham,
Birmingham, AL) has been used extensively in studies of antibody immunity
against pneumococcus (67, 82). Pneumococci were grown in tryptic soy broth
(Difco Laboratories, Detroit, MI) to mid-log phase at 37°C in 5% CO, as
described previously (74). Aliquots were frozen in tryptic soy broth-10% glycerol
at —80°C for use as needed. Purified PPS3 (6303) was obtained from the ATCC.
PPS3 conjugated to tetanus toxoid (PPS3-TT), the conjugate used for mouse
immunization (obtained from the University of Massachusetts Biologic Labora-
tories, Worcester, MA), was described previously (20).

Mouse strains and vaccination protocols. Breeding pairs of secretory immu-
noglobulin M-deficient (sIgM /™) mice were bred at the Albert Einstein College
of Medicine Animal Facility. CD4" T-cell knockout (CD4 /") mice and CD8*
T-cell knockout (CD8 /) mice were also bred at the Albert Einstein College of
Medicine Animal Facility. These mice were all on a C57BL/6 background.
C57BL/6 mice were obtained from the National Cancer Institute (Charles River
Labs, Wilmington, MA). The sIgM '~ mouse does not secrete [gM but expresses
membrane-bound IgM and IgD and undergoes class switching to express other Ig
isotypes (8). The CD4~/~ mouse lacks CD4" T cells but can perform certain
T-cell functions, including generating T killer cells and T helper function with
non-CD4™ cells (65). The CD8 ™/~ mouse is deficient in functional cytotoxic T
cells with normal T helper cell development and function (29). Overall, 5 or 10
mice per group (depending on mouse strain availability) were vaccinated with a
total dose of 2.5 ug of PPS3-TT with alhydrogel (Brenntag Biosector, Fred-
erikssund, Denmark) as described previously (20). The vaccinations were admin-
istered subcutaneously at the base of the tail. The mice were boosted twice on
days 14 and 28 after primary immunization. Phosphate-buffered saline (PBS) and
TT were used as control immunogens.

Serological studies of immunized mice. The mice were bled from the retro-
orbital sinus at 7 days after the last immunization; the sera were separated by
centrifugation and stored at —20°C until analyzed. Titers of PPS3-specific anti-
bodies were determined by an antigen capture enzyme-linked immunosorbent
assay (ELISA) as described elsewhere (20, 74). Briefly, 96-well polystyrene
ELISA plates (Corning Glass Works, Corning, NY) were coated with 10 pg/ml
PPS3 in PBS for 3 h at room temperature, washed with PBS-0.05% Tween using
a SkanWasher 400 (Molecular Devices, Sunnyvale, CA), and blocked with 1%
bovine serum albumin-PBS. After washing, the titers of the serum samples,
which were preadsorbed at 37°C for 30 min with 50 wg/ml purified pneumococcal
cell wall polysaccharide (Statens Seruminstitut, Copenhagen, Denmark), were
determined starting at a 1:10 dilution, and the samples were incubated at 37°C
for 1 h. After further washing, the plates were incubated at 37°C for 1 h with
alkaline phosphatase-conjugated goat antibodies to mouse IgG, IgM, IgGl,
1gG2c, IgG2b, and I1gG3 (Southern Biotechnology, Birmingham, AL). IgG2c was
examined because in C57BL/6 mice, the IgG2a gene is deleted and an IgG2c
isotype is expressed (54). Antibody binding was detected with p-nitrophenyl
phosphate substrate (Sigma) in diethanolamine buffer (pH 9.8). Optical densities
(ODs) were measured at 405 nm with a Sunrise absorbance reader (Tecan US,
Durham, NC). Antibody levels were defined as the average OD of duplicate wells
of the samples minus the background. The background for each plate was
defined as the OD of the detection antibody alone. The titers of TT-specific
antibodies were determined by ELISA as described above, except that the plates
were coated with 10 pg/ml TT in PBS.

Mouse pneumococcus challenge experiments. Two experimental challenge
models were used: (i) an active challenge model to evaluate the efficacy of
PPS3-TT against intraperitoneal (i.p.) and intranasal (i.n.) challenge in immu-
nodeficient mice and (ii) a passive immunization model to evaluate the efficacy
of PPS3-TT-elicited sera against i.n. challenge in naive mice. In the first model,
PPS3-TT-, TT-, or PBS-treated mice were injected with 100 CFU 1i.p. or 2 X 107
CFU i.n. at 7 days after the last immunization. In the second model, sera from
10 to 15 mice in each group of mice were pooled 7 days after the last immuni-
zation, diluted 1:10 in PBS, and heat inactivated for 30 min at 56°C. One hundred
microliters of the diluted sera was given to groups of eight 6- to 8-week-old
female C57BL/6 mice i.p. at 1 h before i.n. infection with 10® pneumococci. The
same model was used to determine the efficacy of immune sera (IS) from
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FIG. 1. Serum isotype and IgG subclass profiles of PPS3-TT-im-
munized mice. Inverse titers to PPS3, determined by ELISA, are plot-
ted on the y axis for the mouse strains indicated on the x axis. Mean
values and standard deviations are shown for the indicated groups of
five mice. Asterisks indicate P values of <0.05 by one-way ANOVA
followed by Bonferroni’s multiple-comparison test, comparing IS ob-
tained 35 days after primary immunization from immunodeficient
(CD47/~, CD8™'~, or sIgM /) mice to IS from Wt (C57BL/6) mice.
The data shown are from a representative experiment that was re-
peated three times, with similar results.

sigM-/-

C57BL/6 or CD8 /™ mice in naive CD8 /" mice. Preimmune serum (PS) from
the relevant mouse strain was used as the control for each infection group in the
passive challenge experiments. The number of live bacteria used was confirmed
by counting the CFU on blood agar plates immediately before and after the
mouse inoculations. The mice were monitored twice daily, and survival was
recorded. Here we report the results of three independent experiments in the
passive immunization model with naive wild-type (Wt) mice, two independent
experiments in the passive immunization model with CD8 /= mice, and one
experiment in the active immunization model. The number of mice used in each
experiment is indicated in the figure legends.

Opsonophagocytic killing assay. The capacity for the sera from PPS3-TT-
immunized and control mice to enhance phagocytosis and the killing activity of
mouse polymorphoneutrophils (PMNs) was determined using an opsonophago-
cytic killing assay as described previously (56). Briefly, healthy C57BL/6 mice
were bled, and PMNs were isolated from whole blood by using a Ficoll-Paque
gradient as described previously (89). Sera from PPS3-TT-immunized immuno-
deficient mice were heat inactivated for 30 min at 56°C. Then, 2 X10° CFU of
serotype 3 pneumococcus were combined with 10 pl of the sera, and the volume
was adjusted to 50 pl with Hanks balanced salt solution (Cambrex, Walkersville,
MD). After incubation for a total of 30 min at room temperature, 40 pl of PMNs
at a concentration of 2.5 X 107 cells/ml and 10 ul of mouse serum (Sigma-
Aldrich, St. Louis, MO) used as a complement source were added, and the
mixture was allowed to incubate for 1 h at 37°C with shaking. The ratio of PMNs
to pneumococci for all experiments was 500:1. This effector-to-target ratio has
previously been reported as effective for mediating opsonophagocytosis of sero-
type 3 pneumococcus (28). After incubation, Hanks balanced salt solution was
added to the samples to bring the volume up to 1 ml, and immediately thereafter
50 pl of the solution was plated onto blood agar plates (Becton Dickinson,
Franklin Lakes, NJ) in triplicate. The plates were incubated overnight at 37°C
with 5% CO,, and then the colonies were counted.

Statistics. Mouse survival was statistically evaluated by the Kaplan-Meier log
rank test. Differences in antibody titers were determined using a one-way anal-
ysis of variance (ANOVA). If ANOVA indicated a group difference, then
Bonferroni’s multiple-comparison test was used to test for a significant difference
among groups. Comparisons between the effects of the IS and PS in the op-
sonophagocytosis were performed with an unpaired ¢ test. Statistical comparisons
were not made among IS from different immunodeficient mice strains because
these sera were not standardized. All statistical analyses were performed using
Prism (v.4.02 for Windows; GraphPad Software, San Diego, CA). A P value of
<0.05 was considered statistically significant.

RESULTS

Serological studies. The titers of PPS3-specific IgM and IgG
in the sera of PPS3-TT immunized mice were determined by
ELISA (Fig. 1). PPS3-TT induced an antibody response in all
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FIG. 2. (A) Survival of PPS3-TT-immunized mice after i.p. challenge with serotype 3 pneumococcus. PS3, mice immunized with PPS3-TT; TT.
mice treated with TT. Survival of all PS3 mouse groups (C57BL/6 [Wt], CD4/~, CD8 /", and sIgM /") was significantly prolonged compared to
that of TT- and PBS-treated mice (P < 0.015 [asterisk]; Kaplan-Meier log rank survival test [# = 5 mice per group]). (B) Survival of
PPS3-TT-immunized mice after i.n. challenge with serotype 3 pneumococcus. Survival of PS3-immunized C57BL/6, CD4 /", and sIgM /'~ mice
was significantly prolonged compared to that of the corresponding TT- and PBS-treated mice (P < 0.006 [asterisk]; Kaplan-Meier log rank survival
test). There was no significant difference in survival for PS3- and control-treated CD8 ™/~ mice (P = 0.08 compared to PBS; P = 0.17 compared
to TT) (n = 5 mice per group for PPS3-TT-immunized mice; n = 10 mice per group for TT-treated mice). Survival of the PPS-treated mice is not
shown, as there was no statistical difference between the survival of mice that received TT alone or PBS.

mouse strains, but the isotype and IgG subclass distribution
differed as a function of the mouse strain. In C57BL/6 (Wt)
mice, the Ig subclasses were, in decreasing order, IgG1 > IgM >
IgG2b > 1gG3 > 1gG2c. In CD4 ™/~ mice, they were IgG1 >
I1gG3 > IgM > IgG2b > IgG2c; in CD8 ™/~ mice, they were
IgGl > IgM > IgG2c > IgG2b > IgG3; and in slgM ™/~
mice, they were IgG3 > IgG2b > IgG1 ~ IgG2c. IgGl titers
were the highest in C57BL/6, CD4~/~, and CD8 /™ mice and
the lowest in sIgM /~ mice. Overall, the highest titers were
found among CD8 '~ mice. The titer of IgG2c was highest in
CD8 7/~ mice, being more than 100-fold higher than that
among Wt, CD4~/~, and sIgM '~ mice. Titers of IgA were
determined but were below the level of detection in most mice.
All mice produced antibody to TT. The predominant IgG
subclass of these antibodies was IgG1 in all the mouse strains.
The titers of TT-specific IgG1 in Wt, CD4~/~, CD8 ', and
sIgM ™'~ mice were 1,450, 1,080, 420, and 220, respectively.

Active protection experiments. (i) Systemic infection. All
PPS3-TT-immunized Wt, CD4/~, and CD8 /™ mice and 80%
of PPS3-TT-immunized sIgM ~’~ mice survived i.p. challenge,
whereas no TT- or PBS-immunized control mice survived after
4 days (Fig. 2A). The survival of each strain of PPS3-TT-
immunized mice was significantly longer than that of PBS- or
TT-treated mice (P < 0.05) (Fig. 2A).

(ii) Pulmonary infection. The survival of PPS3-TT-immu-
nized Wt, CD4/~, and sIgM '~ mice was significantly longer
than that of both control groups, but the survival of PPS3-TT-
immunized CD8/~ mice was not prolonged compared to that
of either control group (Fig. 2B).

Passive immunization/challenge experiments. IS from Wrt,
CD4 /7, sIgM/~, and CD8 /" mice significantly prolonged
survival of naive Wt mice compared to PS from each respective
mouse strain (Fig. 3). PPS3-TT-elicited sera from each mouse
strain protected naive Wt mice compared to PS from the re-
spective mouse strain (Fig. 3). Sera from CD4 '~ mice pro-
tected 75% of naive Wt mice (P < 0.001 compared to PS) (Fig.
3A), and sera from CD8 '~ mice (P < 0.001 compared to PS)

(Fig. 3B) and sIgM '~ mice (P < 0.05 compared to PS) (Fig.
3A) protected 63% of naive Wt mice against i.n. challenge.
Since active challenge studies showed that PPS3-TT immuni-
zation did not significantly prolong survival of CD8 ™/~ mice
against i.n. challenge (Fig. 2B) but sera from CD8 ™/~ mice
protected naive Wt mice, we investigated whether sera from
PPS3-TT-immunized CD8 /~ and Wt mice could protect
CD8 /" mice using the same passive protection protocol. IS
from CD8 "/~ and Wt mice protected naive Wt mice compared
to PS (Fig. 3B and C), but neither IS prolonged survival of
naive CD8 ™/~ mice after a lethal i.n. challenge (Fig. 3B and C).

Opsonophagocytic killing assay. The ability of sera from
PPS3-TT-immunized mice to promote killing of type 3 pneu-
mococcus by mouse PMNs was evaluated. There was a statis-
tically significant reduction in the number of CFU with sera
from Wt, CD4~/~, and CD8 '~ mice (Fig. 4). Sera from
sIgM™'~ mice did not promote killing. The data shown are
from a representative experiment that was repeated three
times with similar results.

DISCUSSION

PPS-based vaccines have been shown to be less immuno-
genic in the setting of immune impairment (33, 39, 52, 59, 62),
but their efficacy against pneumococcal disease in immuno-
compromised patients has not been established. Our results in
this study show that although the isotype and IgG subclass
response to immunization with a PPS3-TT conjugate differed
between immunodeficient and normal mice, immunization
protected mice with CD4 and CDS8 T-cell deficiency and se-
cretory IgM deficiency against a lethal systemic challenge with
serotype 3 pneumococcus. PPS3-TT-immunized Wt, CD4 /",
and sIgM ™/~ mice were also protected from a lethal pulmo-
nary challenge, but CD8™/~ mice were not. The lack of pro-
tection in CD8 ™/~ mice was a function of CD8 deficiency,
rather than the nature of the antibody response per se, be-
cause passive immunization with PPS3-TT-elicited sera from
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FIG. 3. Efficacy of passive transfer of IS from PPS3-TT-immunized
mice against in. challenge with pneumococcus in naive mice. IS,
pooled sera obtained on day 35 after primary immunization of the
indicated mice. All survival comparisons were done with the Kaplan-
Meier log rank test (n = 8 mice per group for naive Wt [C57BL/6]
mice; n = 16 mice per group for naive CD8 '~ mice). (A). Efficacy of
IS from PPS3-TT-immunized Wt (C57BL/6), CD4™/~, or slgM ™/~
mice against i.n. challenge with serotype 3 pneumococcus in naive Wt
mice. For the PPS3-TT-immunized CD8 /™ mice data, see panel B. Wt
IS denotes IS from PPS3-TT-immunized Wt mice, etc. Survival of mice
receiving sera from each PPS3-TT immunized group was significantly
prolonged compared to that for PS-treated mice (P < 0.05). The data
shown are from a representative experiment that was repeated three
times with similar results. (B). Efficacy of IS from PPS3-TT-immunized
CD8/~ mice against i.n. challenge with serotype 3 pneumococcus in
naive Wt and CD8 7/~ mice. ISinWt denotes passive transfer of the IS
into naive Wt mice, etc. (P = 0.6, comparing survival in CD8 ™/~ mice
treated with IS to those treated with PS; P < 0.001, comparing survival
in Wt mice treated with IS to those treated with PS and CD8 ™/~ mice
treated with IS). (C). Efficacy of IS from PPS3-TT-immunized Wt mice
against i.n. challenge with serotype 3 pneumococcus in naive Wt and
CD8 '~ mice. ISinCD8 '~ denotes passive transfer of the IS into naive
CD8 /" mice, etc. (P = 0.1, comparing survival in CD8/~ mice
treated with IS to those treated with PS; P < 0.002, comparing CD8 "/~
to Wt mice treated with IS).

INFECT. IMMUN.

2500+

2000

1l

FIG. 4. IS-mediated opsonophagocytic killing of type 3 pneumo-
coccus. The numbers of CFU after incubation of serotype 3 pneumo-
coccus with C57BL/6 mouse neutrophils and IS from PPS3-TT-immu-
nized C57BL/6, CD4~/~, CD8 ', or slgM '~ mice were compared in
an opsonophagocytic killing assay. Mean values and standard devia-
tions are shown for the indicated groups of 10 mice. Asterisks indicate
P values of <0.05, comparing IS to PS, (unpaired ¢ test); P < 0.02,
comparing IS to PS for Wt mice; P < 0.01, comparing IS to PS for
CD4~/~ and CD8 '~ mice; and P = 0.40, comparing IS to PS for
sIgM ™/~ mice. The data shown are from a representative experiment
that was repeated three times with similar results.
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CD8™/~ mice protected Wt but not CD8™/~ mice from death
due to i.n. challenge.

PPS3-TT was immunogenic in each mouse strain. Other
studies have shown that the predominant IgG subclass elicited
by PPS-based vaccines in normal mice is IgG3 (60, 73). IgG3 is
considered representative of a T-cell-independent (TI) im-
mune response. In contrast, the response to PPS when conju-
gated to a protein carrier is dominated by IgG1 in mice and
humans (45, 50, 63, 80), and this is considered representative
of a T-cell-dependent (TD) response. Although the T-cell re-
sponse to PPS-based conjugate vaccines has been shown to
have TD features, the response can also have characteristics of
a TI or an “incomplete” TD response (3, 30, 38, 49, 76). The
antibody response of Wt mice to PPS3 in our study was con-
sistent with a TD response, with IgG1 as the predominant IgG
subclass. The most robust response was observed in CD8 /"~
mice. Compared to Wt mice, CD8 /" mice produced signifi-
cantly higher titers of IgG1, IgG2c, IgG2b, and IgG3. The
response of the CD8 ™/~ mice is consistent with and extends to
a new serotype previous studies showing that the magnitude of
the PPS antibody response in CD8-deficient mice is higher than
that in normal mice, a finding which has been attributed to CD8™"
T-lymphocyte suppression of the PPS response (6, 36).

CD4 '~ mice produced an IgG1 response similar in magni-
tude to that of Wt mice. This is not unexpected, since CD4 /'~
mice are not completely deficient in helper cell function (5).
Although the CD4~/~ mouse strain we used does not express
CD4, these mice have normal cytotoxic T-lymphocyte (CTL)
responses and a population of major histocompatibility com-
plex (MHC) class I-restricted CD4~ CD8~ TcRaf™ T cells
that have the potential for helper function (66). Previous stud-
ies of the response to other antigens have shown that the
response of CD4 ™/~ mice to TD antigens is more robust than
that of MHC class II-deficient mice (44). Studies of MHC class
II-deficient mice were beyond the scope of this study. Never-
theless, although their response could be less than that of
CD4~/~ mice, CD4~/~ mice are a plausible model of HIV-
associated T-cell deficiency, since CD4" T lymphocytes are
depleted in HIV infection. We found that vaccination induced
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high titers of TT-specific IgG1, even in CD4~/~ mice. Al-
though it is possible that CD4/~ mice produced IgGl via
non-CD4™ helper cells (see above), it is also possible that these
mice generated IgG1 by mechanisms that do not depend en-
tirely on CD4 " T helper cell function. For example, CD8" and
CD4™" T cells have redundant abilities to produce cytokines,
particularly gamma interferon (IFN-vy) (86). The predominant
IgG subclass of sigM '~ mice was IgG3, the major subclass of
TT type 2 responses. These mice produced low levels of IgG1
and IgG2c and no detectable IgM. These findings are consis-
tent with their inability to produce a robust response to a TD
antigen and decreased antigen trapping, which have been de-
scribed previously (8). Since sIgM ™/~ mice produced only
small amounts of IgG1 and IgG2c, our data suggest that the
regulatory properties of natural IgM are important for the
generation of a TD response to PPS3.

The efficacy of PPS-based vaccines against bacteremic pneu-
mococcal disease was established in the first half of the 20th
century (31) but has not been determined in immunodeficient
individuals. Currently available PPS-based vaccines are known
to be less immunogenic in patients with immunodeficiency (26,
35, 46). Our data show that CD4" and CD8" T cells and
natural IgM were each dispensable for PPS3-TT-elicited pro-
tection from death due to i.p. (systemic) challenge. Based on
previous studies with a similar model, the cause of death in our
model is almost certainly bacteremia (11). Since the antibody
responses of the mouse strains were different, our findings
suggest that there is redundancy in the antibody isotypes and
T-cell subsets that protect against death due to systemic dis-
ease in our model. The ability of IS from CD4~/~, CD8 /",
and sIgM /'~ mice to protect naive Wt mice from a lethal
systemic challenge suggests that CD4" and CD8" T cells and
natural IgM are dispensable for the induction of a protective
PPS3-elicited antibody response. However, further studies are
required to determine which cellular subset(s) is required to
mediate the response when one of the foregoing is absent.

Since IgG3 was produced by each mouse strain, whereas the
other IgG subclasses either were not present or were present in
very small amounts, our findings appear to implicate IgG3 in
protection against systemic disease. PPS-IgG3 was shown to
mediate protection against systemic challenge with another
serotype (11), and phosphorylcholine-reactive IgG3 was pro-
tective against systemic challenge with serotype 3 pneumococ-
cus (10). Determination of the identity of the actual antibody
mediator(s) of protection in our model requires further study.
Nonetheless, our findings hold promise for the ability of PPS-
based vaccines to prevent systemic pneumococcal disease in
the setting of certain immunodeficiencies.

There is a large body of information that opsonic IgG me-
diates protection against encapsulated microbes, including
pneumococcus (41, 48, 58, 68, 89). In fact, the opsonophago-
cytic activity of vaccine-elicited antibody in a pneumococcal
killing assay has been proposed as a suitable surrogate for
vaccine efficacy (9, 70). Our data show that IS from Wt,
CD4/~, and CD8 /~ mice promoted PMN-mediated killing
of serotype 3 in vitro. In contrast, IS from sIgM '~ mice did
not. This suggests that IgM or IgG1 or IgG2c, the IgG sub-
classes that sigM '~ mice did not produce, is required for
antibody-dependent PMN-mediated killing in vitro, with the
caveat that the overall antibody levels of sigM ~/~ mice could
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have been less than those of the other mice. However, the role
of defined antibody isotypes/subsets is difficult to dissect with
polyclonal serum (15). The nature of the protective antibodies
that were produced by sIgM '~ mice requires further investi-
gation with monoclonal or highly purified agents, which were
not produced as part of this study. Nonetheless, the protection
we observed against systemic and pulmonary challenge in
IgM ™/~ mice demonstrates that the induction of antibodies
that are opsonic in vitro may not be required for vaccine
efficacy against bacteremia or pneumonia in our model, with
the caveat that sera that are not opsonic in vitro could contain
antibodies that promote effector cell killing in vivo by PMNs or
other cell types. The relevance of our findings to human dis-
ease requires further study.

Our data demonstrate that CD4" T cells and secreted IgM
are dispensable for vaccine efficacy against a lethal pulmonary
challenge with pneumococcus in our model. Notably, although
CD4™" T-cell counts predict the magnitude of PPS-based con-
jugate vaccine responses in HIV-infected children, particularly
those on highly active antiretroviral therapy (2), the response
to PPS-based vaccines in HIV-infected adults is not a function
of the CD4" T-cell count (69). Our group has shown that
reduced PPS-based vaccine responses in the setting of HIV
infection are most likely due to an HIV-associated B-cell rep-
ertoire defect (1, 81). This defect does not exist in the mice.
Hence, our findings with CD4 /" mice raise the hope that
appropriately immunogenic vaccines could be effective in pa-
tients with CD4™" T-cell deficiency. The requirement for CD4™
T lymphocytes in antibody-mediated immunity against other
microbes has been shown to be a function of CD4™" T-lympho-
cyte-derived cytokines (14, 87). However, since our mice were
likely to have non-CD4" T lymphocyte-mediated helper func-
tion, further studies are needed to ascertain whether T helper
functions mediated by non-CD4 " T lymphocytes are required
for antibody immunity against either pneumonia or systemic
infection in our model.

Protection in our in. model was almost certainly antibody
mediated, since passive transfer of heat-inactivated IS from
each mouse strain was protective in naive Wt mice. Although
immunized CD8 ™/~ mice were protected against systemic chal-
lenge, CD8 '~ mice were not protected against active pulmo-
nary challenge after immunization with PPS3-TT or passive
administration of IS from Wt or CD8 /" mice. Nonetheless,
our data show that CD8 ™/~ mice had the highest titers of
PPS3-reactive antibodies and that IS from these mice was
opsonic in vitro and protective in naive Wt mice. Hence, our
findings suggest that although CD8™ T lymphocytes are essen-
tial for antibody-mediated protection against pulmonary chal-
lenge, they are dispensable for protection against systemic
challenge. An important caveat to the foregoing is that our
data do not rule out the possibility that antibodies of a defined
specificity, affinity, or isotype or in a certain amount could
mediate protection in the setting of CD8" T-cell deficiency.
Studies to identify such antibodies require the use of defined
antibody agents, which are currently under development by our
group. Nonetheless, it is interesting to note that vaccine-me-
diated protection against Ebola virus infection in mice re-
quired both antibody and CD8" T lymphocytes (84). In addi-
tion, CD8™ T lymphocytes were required for clearance of West
Nile virus from mouse tissues, but antibody was sufficient to
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abrogate viremia (77). Interestingly, the latter observation par-
allels our finding that CD8" T lymphocytes were dispensable
for protection against systemic disease, which involves a reduc-
tion in bacteremia (12, 88), but not against tissue-specific dis-
ease (e.g., pneumonia). Our data implicate CD8" T lympho-
cytes in protection against pneumonia. Although it is possible
that PPS3-induced antibodies are detrimental in CD8 ™/~ mice,
our findings that IS from CD8 /" mice protected Wt mice and
that Wt IS was not protective in CD8 '~ mice make this
possibility unlikely.

To our knowledge, our finding that CD8" T lymphocytes are
required for antibody immunity to pulmonary challenge with
pneumococcus is novel. At present, we do not know the mech-
anism by which CD8" T lymphocytes could contribute to or
enhance antibody immunity. This question is currently a sub-
ject of investigation in our laboratory. One possibility is that
CD8™" T cell-derived IFN-y is required for antibody efficacy.
Interestingly, and similar to our findings for CD8" T lympho-
cytes, IFN-y was required for protection against pulmonary but
not systemic challenge with another bacterium, Klebsiella pneu-
moniae (53). Along the same lines, CD8" T-lymphocyte-
derived IFN-y was essential for CD4" T-lymphocyte-inde-
pendent control of experimental Cryptococcus neoformans
pneumonia (42). Since IFN-y was previously shown to be
important for clearance of pulmonary infection with pneu-
mococcus (72) and IFN-y-mediated activation of phagocytes
is a common mechanism of host defense, our data suggest
the possibility that activated CD8* T lymphocytes produce
IFN-v that contributes to protection against pneumococcal
pneumonia. However, CD8 '~ mice are also deficient in
CTL function (5). Hence, our data also raise the possibility
that CTLs could also be required for protection in the lung.
There is ample precedent for this for other pulmonary
pathogens (40, 57, 61, 75). Studies to evaluate CD8" T-
lymphocyte production of IFN-y and CTL function in our
model were beyond the scope of this study but are now
under way in our laboratory.
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