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Abstract

Priming of mice with intact, heat-killed cells of Gram-negative Neisseria meningitidrs, capsular
serogroup C (MenC) or Gram-positive group B Streptococcus, capsular type 11 (GBS-I11)
bacteria resulted in augmented serum polysaccharide (PS)-specific IgG titers following booster
immunization. Induction of memory required CD4* T cells during primary immunization. We
determined whether PS-specific memory for 1gG production was contained within the B cell
and/or T cell populations, and whether augmented 1gG responses following booster immunization
were also dependent on CD4* T cells. Adoptive transfer of purified B cells from MenC- or GBS-
I11-primed, but not naive mice resulted in augmented PS-specific IgG responses following booster
immunization. Similar responses were observed when cotransferred CD4* T cells were from
primed or naive mice. Similarly, primary immunization with unencapsulated MenC or GBS-IlI,
to potentially prime CD4* T cells, failed to enhance PS-specific IgG responses following booster
immunization with their encapsulated isogenic partners. Furthermore, in contrast to GBS-III,
depletion of CD4* T cells during secondary immunization with MenC or another Gram-negative
bacteria, Acinetobacter baumannii, did not inhibit augmented PS-specific 1gG booster responses
of mice primed with heat-killed cells. Also, in contrast with GBS-III, booster immunization of
MenC-primed mice with isolated MenC-PS, a Tl Ag, or a conjugate of MenC-PS and tetanus
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toxoid elicited an augmented PS-specific 1gG response similar to booster immunization with intact
MenC. These data demonstrate that memory for augmented PS-specific 1gG booster responses

to Gram-negative and Gram-positive bacteria is contained solely within the B cell compartment,
with a differential requirement for CD4* T cells for augmented IgG responses following booster
immunization.

Infections with extracellular, polysaccharide (PS)-encapsulated bacteria are major sources
of global morbidity and mortality among infants, the elderly, and the immunosuppressed,
causing sepsis, pneumonia, and meningitis (1-4). Capsular PS serves as a major virulence
factor by impeding phagocytosis and masking opsonins bound to underlying surface
bacterial Ags (5). Isolated PS, with the exception of those that are zwitterionic (6), elicit
Abs ina T cell-independent (TI) fashion (7, 8) due to their inability to associate with
MHC-II on APCs for presentation to cognate CD4* T cells (9, 10). However, immunization
with a soluble conjugate vaccine formed by covalent attachment of PS with an immunogenic
carrier protein facilitates recruitment of CD4* T cell help for PS-specific 1gG responses (11,
12). Thus, unlike isolated PS, conjugate vaccines can elicit robust germinal center reactions,
class switching, somatic hypermutation, and immunologic memory (13).

The presentation of PS expressed by intact bacteria differs from the isolated PS or
conjugate vaccines as they are coexpressed, noncovalently with proteins within a particulate
framework, along with multiple TLR, NOD-like receptors, and scavenger receptor ligands
(14). In this regard, we previously demonstrated that representative intact, heat-inactivated
Gram-positive (GP) and Gram-negative (GN) extracellular bacteria elicit augmented and
more rapid IgG responses following booster immunization of primed mice, similar to
conjugate vaccines (14, 15). Induction of PS-specific B cell memory is dependent on
CD4* T cell interactions with APC through costimulatory molecules, such as B7 and
ICOS-L during the primary response. PS-specific IgG responses to intact bacteria are most
likely dependent on coexpressed bacterial proteins recognized by CD4* T cells (16). These
data further suggested a general dichotomy between GP and GN bacteria, in which GP
bacteria (i.e., Streptococcus pneumoniae and group B Strepfococcus) elicited relatively
rapid (peak day 7) CD4* T cell-dependent primary PS-specific 1gG responses, whereas
GN bacteria (i.e., Neisseria meningitidis and Acinetobacter baumannif) developed primary
PS-specific 1gG responses that developed more slowly (peak day 21) and were independent
of T cell help (15). Immunity induced by intact bacteria also showed distinct response
differences from soluble conjugate vaccines. For example, systemic immunization with
intact S. pneumoniae induced PS-specific 1gG that derived from splenic marginal zone

B cells and expressed a distinct idiotype, whereas a pneumococcal conjugate vaccine of
the same PS serotype (type 14) induced PS-specific IgG largely lacking this idiotype and
derived from splenic follicular B cells (17-19).

The general consensus regarding elicitation of memory 1gG responses is that the memory B
cells generated in the presence of CD4* T cell help during the primary response proliferate
robustly upon re-exposure to Ag and generate plasma cells expressing high-affinity 1gG
that is dependent on help from cognate memory CD4* T cells (20). However, most of

these conclusions have been derived from studies carried out with isolated proteins that left
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unresolved whether PS-specific memory for IgG in response to intact GP and GN bacteria
was similarly contained within both the B cell and CD4" T cell compartments. Additionally,
it was not determined whether the augmented PS-specific 1gG responses following booster
immunization with intact bacteria were also dependent on the presence of CD4* T cells.

To begin addressing these questions, we demonstrated that mice primed with intact group B
Streptococcus, capsular type 111 (GBS-111) elicited an augmented PS-specific 1gG response
only if CD4" T cells were present during both the primary and booster immunizations
(21). This augmented response in GBS-I11-primed mice did not occur following booster
immunization with the corresponding isolated PS. In this study, we have extended

these initial observations utilizing intact GBS-I11, N. meningitidis, capsular serogroup C
(MenC), and A. baumannii expressing the surface PS, poly-A-acetylglucosamine (PNAG)
to determine the cellular nature of PS-specific memory for IgG and whether CD4* T cells
are uniformly required for augmented 1gG responses following booster immunization. In
contrast to what has been previously observed for isolated proteins, which depend on both
memory B cells and memory CD4* T cells for augmented anti-protein IgG responses, we
now show that PS-specific memory for GP and GN bacteria is contained solely within the
B cell compartment. Furthermore, CD4* T cells are required during booster immunization
for augmented PS-specific 1gG responses for GP, but not for GN bacteria. For this reason,
PS-specific 1gG responses to GN-primed, but not GP-primed mice can be augmented using
only isolated PS from the priming bacteria. These observations may have relevance for
future vaccine design.

Materials and Methods

Mice

Bacteria

Athymic nude (BALB/c background), SCID/NCr (BALB/c background; strain code. 561)
mice and BALB/c mice were purchased from the National Cancer Institute (Frederick, MD).
Mice used were between 7 and 10 wk of age. These studies were conducted in accordance
with the principles set forth in the Guide for Care and Use of Laboratory Animals (Institute
of Laboratory Animal Resources, National Research Council, revised 1996), and were
approved by the Uniformed Services University of the Health Sciences Institutional Animal
Care and Use Committee.

GBS-111 (strain M781; ATCC BAA-22) and MenC (strain M1883; ATCC 53414) were
obtained from American Type Culture Collection (Manassas, VA). COH1, a different strain
of GBS-111 expressing the same capsular type 111 PS, and COH1-13, an isogenic COH1
mutant lacking a capsule, were used in this study. The COH strains were a gift of C. Rubens
of Children’s Orthopedic Hospital (Seattle, WA). The encapsulated and unencapsulated
MenC strains, FAM18 C* and FAM18 C~, respectively, were used (22). Both M1883 and
FAM18 C* were similarly O-acetylated. Lyophilized or frozen stocks of bacteria were
grown overnight on BBL blood agar plates (VWR International, Bridgeport, NJ). Isolated
colonies of MenC or GBS-111 on blood agar were grown to midlog phase in brain-heart
infusion media or Todd-Hewitt broth media (BD Biosciences, San Jose, CA), respectively.
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Harvested cells were heat killed by incubation at 65°C for 2 h. Sterility was confirmed by
subculture on blood agar plates. After extensive washings, the bacteria were suspended in
PBS and adjusted to give an absorbance reading at 650 nm of 0.6, which corresponded to
10% CFU/mI. Bacteria were then aliquoted at 1010 CFU/ml and frozen at —20°C until their
use for mouse immunizations. A. baumannii strain S1Apga-¢c was constructed, as described
(23), by first deleting the chromosome pga locus (Apga) encoding PNAG biosynthetic
proteins and then complementing the deletion in trans (Apga-c) to achieve over-expression
of PNAG on the cell surface. The frozen stocks of bacteria were grown overnight on
lysogeny broth (LB) agar plates. Isolated colonies were grown in LB media to mid-log
phase, collected, and heat killed by incubation at 65°C for 2 h. After thorough washings,
bacteria were suspended in PBS and adjusted to give an absorbance reading of 0.4 at 600
nm, which corresponded to 108 CFU/mI. Bacteria were aliquoted at 10° CFU/ml and frozen
at -20°C.

Purified serogroup C capsular PS of N. meningitidis (MCPS) was a gift of A. Lees

(Fina BioSolutions, Rockville, MD). A covalent conjugate of MCPS and tetanus toxoid
(MCPS-TT) was prepared, as previously described (24). Purified type 14 capsular PS of

S. pneumoniae (PPS14), which is structurally related to GBS-I11 PS but lacks the terminal
sialic acid component (25), was purchased from American Type Culture Collection. Rat
1gG2b anti-mouse CD4 mAb (clone GK1.5) was purchased from BioXcell (West Lebanon,
NH). Purified polyclonal rat IgG was purchased from Sigma-Aldrich (St. Louis, MO). Alum
(Allhydrogel 2%) was obtained from Brenntag Biosector (Frederikssund, Denmark). A
stimulatory 30-mer CpG-containing oligodeoxynucleotide (CpG-ODN) was synthesized, as
previously described (26). B and T cell isolation kits were purchased from Miltenyi Biotec
(Auburn, CA).

Preparation of PNAG

PNAG was prepared as previously described (23). Briefly, A. baumannii strain S1Apga-c
was grown in LB media containing 1% glucose. Bacterial cells were treated with lysozyme,
followed by DNase | and RNase A, and the cells were then removed by centrifugation,
with the resulting supernatant precipitated with ethanol. The ethanol-insoluble material was
collected by centrifugation, suspended in water, dialyzed against water, and freeze dried
until use. Before use, PNAG was dissolved at a concentration of 5 mg/ml in 5 M HCI. An
equal volume of NaOH was added to neutralize the solution by keeping the vial on ice.

Immunizations

Groups of seven mice each were immunized i.p. with 2 x 108 CFU intact, heat-killed MenC
in PBS; 2 x 10° CFU intact, heat-killed GBS-111 in PBS; 1 x 108 CFU intact, heat-killed A.
baumanniiin PBS; 5 g purified MCPS; or 1 ug MCPS-TT, both adsorbed on 13 pug alum
mixed with 25 ug CpG-ODN. Serum samples were prepared at different time points from
blood obtained through the tail vein.

Adoptive transfer of B and T lymphocytes into scid mice—BALB/c mice were
immunized i.p. with MenC or GBS-III, as above. A separate control group was injected with
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PBS only. At day 21 postimmunization, spleen cells were obtained from immunized and
naive mice. B and T cells were separately isolated by magnetic sorting using B and T cell
isolation kits, respectively (Miltenyi Biotec). Isolated cells were analyzed by flow cytometry
and determined to be 96-98% pure, with no detectable cross-contamination of B and T cells.
The purified cells were adoptively transferred into scid mice at 2 x 107 B cells/mouse and

1 x 107 T cells /mouse in four different combinations, as follows: 1) naive (n)B + nT, 2) nB
+ primed (p)T, 3) pB + nT, and 4) pB + pT. The recipient scid mice were immunized with
MenC or GBS-III, as above, a day later (d0), and sera were obtained on day 7.

For measurement of serum titers of PPS14-specific 1gG, Immulon 4 ELISA plates

were coated overnight at 4°C with purified PPS14 (5 pg/ml, 100 ml/well) in PBS. For
measurement of serum titers of MCPS-specific or PNAG-specific IgG, Immulon 4 ELISA
plates were precoated with poly-L-lysine (Sigma-Aldrich) (5 pg/ml, 100 pl/well) in PBS
for 1 h at 37°C. The plates were then washed three times with PBS plus 0.1% Tween 20
and then coated overnight at 4°C with purified MCPS (10 ug/ml, 100 pl/well) or PNAG (3
pg/ml 100 pl/well) in PBS. Plates were then washed three times with PBS plus 0.1% Tween
20 and were blocked with PBS plus 1.0% BSA for 1 h at 37°C. Three-fold dilutions of
serum samples, starting at a 1/50 serum dilution, in PBS plus 1.0% BSA, were incubated
overnight at 4°C, and plates were then washed three times with PBS plus 0.1% Tween 20.
Alkaline phosphatase-conjugated polyclonal goat anti-mouse 1gG Abs (200 ng/ml) in PBS +
1.0% BSA were then added, and plates were incubated at 37°C for 1 h. Plates were washed
three times with PBS plus 0.1% Tween 20. Substrate (p-nitrophenyl phosphate, disodium;
Sigma-Aldrich) at 1 mg/ml in 1 M Tris plus 0.3 mM MgClI, (pH 9.8) was then added for
color development. Color was read at an absorbance of 405 nm on a Multiskan Ascent
ELISA reader (Labsystems). Serum titers were determined as described previously (27).

Serum titers of Ag-specific IgG were expressed as the geometric means + SEM of

the individual serum IgG titers. Significance was determined by performing comparative
analysis of data using a one-way ANOVA test, followed by Tukey’s multiple comparisons
(Fig. 1), and repeated-measures two-way ANOVA, followed by Tukey’s multiple
comparisons (Figs. 3, 5, 6) or Sidak multiple comparisons (Figs. 2, 4). The pvalues <0.05
were considered statistically significant. All statistical tests were performed using GraphPad
Prism 6.0 software. All experiments were performed at least two times.

Adoptive transfer of B cells and CD4+ T cells from naive and/or MenC- or GBS-llI-primed
mice into scid recipients for induction of PS-specific IgG responses

Intact, heat-killed MenC (28) and GBS-I111 (21) both elicit augmented PS-specific 1gG
responses following booster immunization of primed mice, which required CD4* T cells
during the primary immunization. These data demonstrated that both MenC and GBS-I1I
induce a state of CD4* T cell-dependent memory for PS-specific 1gG responses, but left
unresolved whether the specific memory was contained within the B cell and/or CD4* T cell
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populations. To determine this, we purified B cells or CD4* T cells 21 d after immunization
of BALB/c mice with MenC or GBS-III. B cells or CD4™ T cells were also purified from
unprimed (naive) mice for control purposes. Four separate combinations of B cells plus

T cells were injected into B cell/T cell-deficient BALB/c-scid mice, as follows: 1) naive
(n)B plus nT, 2) nB plus primed(p)T, 3) pB plus nT, and 4) pB plus pT, followed by
corresponding immunization with MenC or GBS-II1. The number of B and CD4* T cells
adoptively transferred per mouse was based on an earlier study on T cell-dependent IgG
responses in reconstituted B cell/T cell-deficient mice (29). A separate group of scid mice
received neither B or T cells as a negative control. Sera were obtained 7 d postimmunization
to measure PS-specific IgG titers to determine whether a memory PS-specific 1gG response
occurred. The MenC PS is the capsular PS referred to as MCPS, whereas the GBS-II1 PS
used is actually the core component of this Ag lacking a terminal sialic acid rendering the
Ag structurally identical to the pneumococcal serotype 14 PS (PPS14) (30) (Fig. 1). As
expected, scid mice receiving neither B cells nor CD4" T cells failed to elicit a detectable
MCPS-specific 1gG response following immunization with MenC cells (Fig. 1A) nor a
PPS14-specific 1gG response following immunization with GBS-111 cells (Fig. 1B). Scid
mice receiving B cells from naive BALB/c mice also failed to elicit a detectable MCPS- or
PPS14-specific 1gG response on day 7 following either MenC (Fig. 1A) or GBS-III priming
(Fig. 1B). In contrast, transfer of B cells, but not CD4* T cells, from primed mice was
sufficient to elicit a substantial MCPS-specific 1gG response or PPS14-specific 1gG response
on day 7 following immunization with MenC (Fig. 1A) or to GBS-111 (Fig. 1B). Thus,
these data strongly suggest that priming of B cells, but not CD4* T cells, is critical for
generating an augmented PS-specific 1gG response following a booster immunization with
intact bacteria.

Primary immunization with unencapsulated isogenic mutants of MenC or GBS-IIl does
not augment PS-specific 1gG responses following booster immunization with the
corresponding PS-encapsulated strains

In the next experiment, we wished to further test the hypothesis that CD4™ T cells

from primed mice are no more effective than naive CD4* T cells in promoting a

boosted, PS-specific 1gG response to secondary bacterial challenge (see Fig. 1). Thus,

we immunized mice with unencapsulated isogenic mutants of MenC (MCPS™) or GBS-III
(GBS-111/PPS147) to activate protein-specific CD4* T cells, without priming PS-specific
B cells. Mice were then boosted 14 d later with encapsulated (MCPS*) MenC or (GBS-III/
PPS14*%) GBS-III, respectively. In this regard, we previously provided evidence that CD4*
T cells specific for bacterial protein can provide help for PS-specific and protein-specific
1gG responses to intact bacteria (16). Positive control mice received both a primary and
booster immunization with MCPS* MenC or GBS-I11/PPS14* GBS-I1l. As expected, mice
primed with MCPS™ MenC (Fig. 2A) or GBS-111/PPS14~ GBS-IlI (Fig. 2B) made no
detectable primary MCPS- or PPS14-specific 1gG responses on either day 7 or day 14
postimmunization, whereas substantial primary MCPS- and PPS14-specific 1gG responses
were induced by the encapsulated bacteria. Upon booster immunization with MCPS*
MenC (Fig. 2A) or GBS-I11/PPS14* GBS-111 (Fig. 2B), mice primed with MCPS™ MenC
or PPS14~ GBS-I11, respectively, elicited MCPS- and PPS14-specific 1gG responses that
were not significantly different from the primary responses induced by the corresponding
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encapsulated bacteria. In contrast, mice primed and rechallenged with MCPS* MenC or
PPS14* GBS-III elicited highly augmented MCPS- and PPS14-specific 1gG responses
following booster immunization. These data complement the observations shown in Fig.

1, by demonstrating that CD4* T cells following primary immunization by themselves do
not enhance subsequent PS-specific 1gG responses following an initial immunization with an
intact bacterium.

CD4* T cells are not required during booster immunization with MenC for augmented
MCPS-specific IgG responses

We previously demonstrated that depletion of CD4" T cells during booster immunization
with GBS-I11 completely inhibits the augmented PPS14-specific 1gG response in GBS-111-
primed mice (21). In this regard, we wished to determine whether there was a similar
requirement for CD4* T cells during secondary immunization with MenC for boosted
MCPS-specific 1gG responses in MenC-primed mice. To determine this, we injected a
depleting anti-CD4 mADb or negative control rat IgG, 1 d prior to secondary immunization
with MenC, into BALB/c mice that received MenC 21 d earlier, in the absence of any
additional Ab treatments. As a control, separate groups of mice received anti-CD4 mAb

or rat 1gG, 1 d prior to primary immunization with MenC, followed by boosting with
MenC, 21 d later in the absence of Ab. These latter two groups were included to confirm
functionally that anti-CD4 mAb was effective in depleting CD4* T cells by blocking the
development of MCPS-specific memory for 1gG, as previously described (28). Injection

of anti-CD4 mADb depleted CD4* T cells by >95%, as determined 24 h later by flow
cytometry, whereas rat 1gG had no effect (data not shown). As illustrated in Fig. 3, injection
of anti-CD4 mAb prior to secondary immunization with MenC had no effect on the
boosted MCPS-specific 1gG response, whereas, as expected, injection of anti-CD4 mAb
prior to primary immunization with MenC completely inhibited the boosted MCPS-specific
1gG response following secondary challenge. Thus, MenC differs from GBS-I11 (21) in
exhibiting no apparent requirement for CD4* T cells during secondary challenge, to elicit
boosted PS-specific 1gG responses.

The requirement for CD4* T cells during primary and booster immunization for elicitation
of PS-specific IgG responses to A. baumannii, another GN bacteria, is similar to that for

MenC

We next wished to determine whether the dichotomy between GBS-111 (GP bacterium) and
MenC (GN bacterium) for CD4* T cell help during primary and secondary PS-specific
1gG responses might reflect a more general distinction between GP and GN bacteria. Thus,
we used a strain of A. baumannii, a GN bacterium that was engineered to overexpress

the PS PNAG on its surface. In a first set of experiments, BALB/c mice were immunized
with intact, heat-killed A. baumanniiin the presence of either depleting anti-CD4 mAb or
negative control rat 1gG and then boosted 21 d later with A. baumanniiin the absence

of additional Ab treatments. Complementary studies were performed in which BALB/c

or athymic nude (BALB/c background) mice, which lack T cells, were immunized with

A. baumannii and boosted 21 d later. As shown in Fig. 4A, depletion of CD4* T cells
prior to primary immunization with A. baumanniihad only a minimal effect on primary
PNAG-specific IgG response, similar to MenC (Fig. 3), and in contrast to GBS-I11 (21).
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However, similar to both MenC (Fig. 3) and GBS-111 (21), CD4" T cells were required
during primary immunization for induction of an augmented PNAG-specific 1gG response
following booster immunization (day 28 > day 21, p < 0.05). Immunization of athymic nude
mice with A. baumannii confirmed the essentially Tl nature of the primary PNAG-specific
1gG response, but the requirement for T cells to elicit a boosted PNAG-specific 1gG response
following secondary challenge (Fig. 4A). In a second set of experiments, BALB/c mice were
immunized with A. baumannii alone, and then boosted 21 d later with A. baumannii 1 d
following injection of depleting anti-CD4 mAb or negative control rat IgG. As indicated

in Fig. 4B, anti-CD4 mADb injected prior to a booster immunization had no effect on the
augmented PNAG-specific 1gG response, similar to MenC and in contrast to GBS-1I1. These
data thus lend support to the notion of a potential, general dichotomy in the role of CD4* T
cells during primary and secondary PS-specific 1gG responses to GP versus GN bacteria.

Mice primed with MenC elicit augmented MCPS-specific IgG responses following booster
immunization with isolated MCPS

The lack of a requirement for CD4* T cells following booster immunization with MenC for
induction of boosted PS-specific 1gG suggested the possibility that a boosted PS-specific
1gG response could be elicited in MenC-primed mice, by isolated MCPS, a Tl Ag. To
determine this, mice were primed with MenC and boosted with either MCPS or MenC

as a positive control. Because MCPS is a Tl Ag that does not by itself elicit memory
MCPS-specific IgG responses (28), as further controls, separate groups of mice were also
primed with MCPS and then boosted with either MCPS or MenC. MCPS was injected

with alum plus CpG-ODN. As depicted in Fig. 5, in MenC-primed, but not MCPS-primed
mice, booster immunization with either MCPS or MenC elicited augmented MCPS-specific
1gG responses. We previously reported that contaminating TLR ligands in preparations

of isolated pneumococcal PS were critical for induction of PS-specific 1gG in vivo (31).
We also previously demonstrated that the preparation of MCPS used in this study elicited
PS-specific 1gG in vivo, when injected in saline only, thus suggesting the possibility of
contaminating TLR ligands also playing a stimulatory role (28). To determine whether
contaminating TLR ligands might be critical for the augmented PS-specific IgG response
following booster immunization with isolated MCPS in MenC-primed mice, we used a
second MCPS preparation that was unable to elicit MCPS-specific 1gG responses in vivo
(32) and was confirmed to lack innate stimulating activity on macrophages in vitro (data
not shown). Using this MCPS preparation, which was injected only in saline for booster
immunization, a similar level of augmentation in the MCPS-specific 1gG response was
observed in MenC-primed mice (data not shown), strongly arguing against a critical role
for contaminating TLR ligands in eliciting an augmented booster 1gG response from primed
MCPS-specific B cells.

Mice primed with either MenC or a soluble conjugate of MCPS-TT elicit augmented MCPS-
specific IgG responses following booster immunization with either MenC or MCPS-TT

Previous studies using intact heat-killed S. pneumoniae and a soluble pneumococcal
conjugate vaccine strongly suggested that PS-specific 1gG responses were derived from
marginal zone and follicular B cells, respectively (18, 19), with elicitation of distinct
idiotypes on the PS-specific (serotype 14) 1gG (17). Indeed, mice primed with intact
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serotype 14 S. pneumoniae do not elicit an augmented PS-specific 1gG response following
booster immunization with a soluble type 14 pneumococcal conjugate vaccine, in which the
carrier protein is pneumococcal surface protein A (33), but do elicit an augmented response
following booster immunization with intact GBS-111 expressing type 14 PS (21). These
findings suggested that mice primed with a MCPS conjugate vaccine might not elicit an
augmented MCPS-specific IgG response following booster immunization with MenC, and
vice versa, because these responses might be derived from distinct B cell subsets. However,
as illustrated in Fig. 6, augmented MCPS-specific IgG responses were observed regardless
of whether MenC or MCPS-TT was used for priming and regardless of whether MenC

or MCPS-TT was used for booster immunization. Of interest, of the four groups, mice
primed with MenC and subsequently challenged with MCPS-TT or primed with MCPS-TT
and subsequently challenged with MenC gave significantly higher secondary serum titers
of MCPS-specific IgG compared with the other two groups. In addition, mice primed with
MenC and subsequently challenged with MCPS-TT demonstrated a significantly higher
MCPS-specific IgG titer compared with mice primed with MCPS-TT and challenged with
MenC. Because boosted MCPS-specific 1gG responses in primed mice do not require CD4*
T cells following booster immunization (see Fig. 3), the presence of TT in the MCPS-TT
conjugate, but not in intact MenC, should not preclude augmented MCPS-specific 1gG
responses when using MenC and MCPS-TT for immunization in sequence. These data
demonstrate further potential differences between GP and GN bacteria that may have
important implications for future vaccine design.

Discussion

We previously demonstrated that capsular PS-specific 1gG responses to intact extracellular
bacteria in vivo are markedly influenced by the architecture and/or the composition of the
underlying subcapsular domain (15, 21, 24, 28). Thus, the primary PS-specific 1gG response
to intact S. pneumoniae peaks relatively early (by day 7) is dependent on CD4* T cells, and
demonstrates no augmentation following booster immunization (24). In contrast, the primary
PS-specific 1gG response to intact MenC peaks relatively late (day 14-21) is independent of
CD4* T cells, and demonstrates substantial augmentation following booster challenge (28).
Moreover, the primary PS-specific 1gG response to GBS-I11 that expresses PS biochemically
similar to PS expressed by S. pneumoniae (capsular type 14), in which there is a shared

core structure, also peaks by day 7 and is dependent on CD4* T cells, like S. pneumoniae,
but in contrast demonstrates a highly augmented PPS14-specific 1gG booster response (21).
This demonstrates that structurally similar capsular PS expressed by two distinct bacteria
may be associated with different PS-specific 1gG responses to their shared epitopes, in vivo.
The induction of memory for PS-specific IgG in response to GBS-I11 and MenC requires
CD4* T cells during the primary immunization. These data left unresolved whether memory
for PS-specific 1gG was contained within the B cell and/or memory T cell population,
whether CD4* T cells were required for boosted 1gG responses during secondary challenge,
and whether a more general dichotomy might exist in how induction of PS-specific IgG is
regulated in response to GP versus GN bacteria.

In this study, we demonstrate that induction of memory for PS-specific I1gG in response to
either MenC or GBS-11 is contained within the B cell, but not CD4* T cell population. We
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demonstrated earlier that the augmented PPS14-specific 1gG response to the GP bacterium,
GBS-111 expressing PPS14 as its core capsular component also requires CD4* T cells

during the booster immunization (21). This is consistent with the lack of an augmented
PS-specific 1gG response in GBS-I1I-primed mice following booster immunization with
isolated PPS14, a Tl Ag. By contrast, in this study, we show that the augmented MCPS-
specific 1gG response to MenC is independent of CD4* T cells following the booster
immunization. This is consistent with the augmented MCPS-specific IgG response observed
in MenC-primed mice following booster immunization with isolated MCPS, also a Tl Ag, or
a soluble covalent conjugate of MCPS and TT. Results similar to that obtained with MenC
are also observed using another GN bacteria, A. baumannii expressing PNAG, that is, a
primary PNAG-specific 1gG response that peaks relatively late (by day 14-21) and that is
independent of CD4" T cells, and an augmented PNAG-specific I1gG response following
booster immunization with A. baumanniithat requires CD4* T cells during the primary,

but not during the booster immunization. These data further support the notion that the
regulation of capsular PS-specific 1gG responses to intact bacteria is dependent on the nature
of the subcapsular domain, and suggest a potential, general dichotomy between GP and GN
bacteria.

The distinct structural and compositional differences between GP and GN bacteria may play
an important role in distinguishing anti-PS Ab responses among these two subgroups of
pathogens. Thus, PS expressed by GP bacteria are covalently linked to a thick, underlying
cell wall peptidoglycan, to which a number of proteins are also covalently attached (34,

35). PS expressed by GN bacteria, which express a thin peptidoglycan cell wall, is
covalently attached to the acyl glycerol moiety of the outer membrane, which contains
highly immunogenic proteins, including porins, and LPS, a potentially potent stimulator of
the innate immune system depending on its biochemical composition (36, 37). Shedding of
vesicles containing the outer membrane/PS complex is a unique property of GN bacteria that
may have distinct immunologic consequences for the anti-PS response (38, 39). How these
structural and biochemical differences between GP and GN bacteria lead to differences in
the cellular regulation of PS-specific 1gG responses remains to be determined. One possible
difference may lie in the different TLR ligands expressed by these two classes of bacteria.

In this regard, previous studies from our laboratory demonstrated a key role for endogenous
TLR2 and TLR4 in augmenting 1gG responses to S. pneumoniae (40) and N. meningitidis
(28), respectively.

Early studies using isolated haptenated PS observed that booster immunization fails to
augment specific serum Ab titers unless primed B cells are first adoptively transferred

into a naive host (41, 42). The requirement for adoptive transfer to observe an augmented
Ab response from TI-specific memory B cells was subsequently shown to be due to an
inhibitory effect of circulating Ag-specific 1gG induced during primary immunization (43).
TI, in contrast to T cell dependent, memory B cells are derived from the B-1b subset, and
memory is manifested by rapid induction of specific IgM, but not 1gG following secondary
immunization (44, 45). In the current study, the PS-specific B cells isolated following
immunization with intact bacteria, in contrast to TI memory B cells, mediate augmented
PS-specific 1gG responses following booster immunization without the need for adoptive
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transfer to circumvent inhibitory Ag-specific IgG, and require CD4* T cell help for their
generation, thus strongly suggesting their derivation from a different mechanistic pathway.

Our current data in mice may have relevance for vaccination of humans with PS-based
vaccines. IgG*CD27* human memory B cells specific for MCPS have been demonstrated
following vaccination with a MenC-TT vaccine. These memory B cells can be subsequently
triggered by intact MenC to differentiate into plasma cells, similar to our data, although

in this case requiring contact-dependent (in part through CD40) but noncognate help from
bystander CD4* T cells specific for MenC proteins (46). Meningococcal, Haemaophilus
influenzae type b, and pneumococcal conjugate vaccines also induce memory B cells that
can be subsequently triggered for PS-specific 1gG responses by the respective unconjugated
PS, implying that only memory B cells, and not T cells, play a key role in these IgG
responses (47-53). It has been proposed that natural priming of humans by exposure to
PS-encapsulated bacteria may induce memory B cells that can be subsequently triggered in
a Tl manner, because vaccination of adults with capsular PS vaccines shows features of a
secondary Ab (i.e., hypermutated 1gG) (54-58).

Our data using intact MenC are similar to a previous study on the CD4" T cell requirements
for eliciting a secondary, memory response to human CMV (HCMV) or tick-borne
encephalitis virus. Thus, transfer of B cells from virus-primed mice into B cell/T cell-
deficient RAG-17/" recipients resulted in an Ag-specific memory response, including rapid
IgG induction with long-term persistence, that was independent of CD4" T cells during the
secondary challenge (59). Furthermore, transfer of memory B cells into immunocompetent
mice demonstrated no evidence of Th cell-mediated enhancement of the memory IgG
response. Finally, similar to our study with MenC, secondary immunization with HCMV,

of mice primed with a soluble HCMV-derived protein (i.e., glycoprotein B), elicited a
gB-specific memory response. A more recent study also demonstrated that secondary 19G
anti-Env responses to virus-like particles of SIV or adenoviral vectors expressing Env were
TI1 (60). These data are in contrast to experimental models using soluble proteins and hapten-
carrier conjugates, in which CD4* T cells are required during secondary immunization

to activate specific memory B cells for IgG production (61). In contrast, an earlier study
using vesicular stomatitis virus or lymphocytic choriomeningitis virus (62) demonstrated a
requirement for T cells for elicitation of the secondary response, although this may have
reflected the brief time (20 min) after which virus was injected following adoptive transfer
of memory B cells (59).
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FIGURE 1.

Adoptive transfer of B cells and CD4* T cells from naive and/or MenC- or GBS-111-primed
mice into scid recipients for induction of PS-specific 1gG responses. BALB/c mice were
immunized with (A) 2 x 108 CFU/mouse of intact heat-inactivated MenC or (B) 2 x 10°
CFU/mouse of intact heat-inactivated GBS-I11. At day 21 postimmunization, spleen cells
were obtained from immunized and unimmunized (naive) mice, and B and CD4" T cells
were isolated by magnetic sorting and then adoptively transferred into scid mice (7 per
group), as follows: 1) naive (n) B and naive (n) T cells, 2) nB and primed (p) T cells, 3) pB
and nT, and 4) pB and pT. One day following adoptive transfer, scid recipients were boosted
with (A) MenC (2 x 108 CFU/mouse) or (B) GBS-I11 (2 x 10° CFU/mouse), respectively.
Serum titers of (A) MCPS-specific or (B) PPS14-specific 1gG were determined by ELISA.
*p<0.05.

J Immunol. Author manuscript; available in PMC 2024 October 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kar et al.

Page 17
A MenC B GBS-llI
IgG anti-MCPS lgG anti-PPS14
100,000
1,000 - boost *
10,000 -
100 -
- x < 1,000 -
- (7]
S 10 - =
.E | = 100 -
1 1 T T T T 10 T
0 7 14 21 28 O 7 14 2
Days post-immunization
o PS p— PS +
oPS-— PSSt
FIGURE 2.

Primary immunization with unencapsulated isogenic mutants of MenC or GBS-I1l does not
augment PS-specific 1gG responses following booster immunization with the corresponding
PS-encapsulated strains. BALB/c mice (7 per group) were immunized i.p. with (A) 2 x 108
CFU/mouse intact, heat-inactivated PS* (strain FAM18C™) MenC or PS™ (strain FAM18C")
and boosted on day 14 with the same dose of PS* MenC, or (B) with 2 x 10° CFU/mouse
PS™* (strain COH1) GBS-IlI or PS™ (strain COH1-13) GBS-IIl and boosted on day 14 with
the same dose of COH1. Serum titers of (A) MCPS-specific or (B) PPS14-specific 1gG were
determined by ELISA. *p < 0.05 (significance between primary and secondary titers of PS*
versus PS™ primary groups.
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CD4* T cells are not required during booster immunization with MenC for augmented
MCPS-specific IgG responses. BALB/c mice (7 per group) were immunized i.p. with 2 x
108 CFU/mouse of intact heat-inactivated MenC (day 0) and boosted i.p. with the same

dose of MenC on day 21. Depleting anti-CD4 mAb (clone GK1.5, 0.5 mg/mouse) or

control rat 1gG (0.5 mg/mouse) were injected on either day —1 or day 20. Serum titers of
MCPS-specific 1gG were determined by ELISA (*p < 0.05) (significance between secondary
titers of rat 1gG-injected versus anti-CD4 mAb-injected groups).
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The requirement for CD4* T cells during primary and booster immunization for elicitation
of PS-specific 1gG responses to A. baumannii, another GN bacteria, is similar to that for
MenC. (A) BALB/c (/ef?) or athymic mice (right) (7 per group) were immunized i.p. (day

0) with 1 x 108 CFU/mouse of intact, heat-inactivated A. baumannii and boosted i.p. with
the same dose of A. baumanniion day 21. For BALB/c mice (/ef?), anti-CD4 mAb (clone
GK1.5, 0.5 mg/mouse) or control rat 1IgG (0.5 mg/mouse) were injected on day —1. (B)
BALB/c mice (7 per group) were immunized as in (A), except that anti-CD4 mAb and rat
IgG were injected on day 20. Serum titers of PNAG-specific 1gG were determined by ELISA
(*p < 0.05) (significance between rat 1gG-injected versus anti-CD4 mAb-injected groups or
between wild type [WT] versus athymic groups). Acbh, A. baumannii.
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FIGURE 5.
Mice primed with MenC elicit augmented MCPS-specific 1gG responses following booster

immunization with isolated MCPS. BALB/c mice (7 per group) were immunized i.p. with
2 x 108 CFU/mouse of intact heat-inactivated MenC or 5 ug MCPS adsorbed on 13 g
alum mixed with 25 pg CpG-ODN and were boosted i.p. with the same dose of MenC or
MCPS, on day 21. Serum titers of MCPS-specific IgG were determined by ELISA (*p<
0.05) (significance between serum titer on day 21 [preboost] versus day 28 [postboost]).
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Mice primed with either MenC or MCPS-TT elicit augmented MCPS-specific 1gG responses
following booster immunization with either MenC or MCPS-TT. BALB/c mice (7 per
group) were immunized i.p. with 2 x 108 CFU/mouse of intact, heat-inactivated MenC or 1
ug MCPS-TT adsorbed on 13 pg alum mixed with 25 pg CpG-ODN, and then boosted i.p.
with the same dose of MenC or MCPS-TT on day 21. Serum titers of MCPS-specific IgG
were determined by ELISA (*p < 0.05) (significant differences in secondary serum titers of
MCPS-specific 1gG between the indicated groups).
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