
Antigen-specific B memory cell responses to lipopolysaccharide
(LPS) and invasion plasmid antigen (Ipa) B elicited in volunteers
vaccinated with live-attenuated Shigella flexneri 2a vaccine
candidates

J.K. Simona,*, R. Wahida, M. Maciel Jr.a, W.L. Pickingb, K.L. Kotloffa, M.M. Levinea, and M.B.
Szteina

J.K. Simon: jsimon@medicine.umaryland.edu; M.B. Sztein: msztein@medicine.umaryland.edu
aDivision of Infectious Disease and Tropical Pediatrics, Department of Pediatrics, Center for
Vaccine Development, University of Maryland School of Medicine, 685 W. Baltimore Street, Suite
480, Baltimore, MD 21201, United States
bDepartment of Molecular Biosciences, University of Kansas, United States

Abstract
We evaluated B memory responses in healthy adult volunteers who received one oral dose of live-
attenuated Shigella flexneri 2a vaccine. LPS-specific BM cells increased from a median of 0 at
baseline to 20 spot forming cells (SFC)/106 expanded cells following vaccination (p = 0.008). A
strong correlation was found between post-vaccination anti-LPS BM cell counts and peak serum
anti-LPS IgG titers (rs = 0.95, p = 0.0003). Increases in BM specific for IpaB approaching
significance were also observed. In sum, oral vaccination with live-attenuated S. flexneri 2a elicits
BM cells to LPS and IpaB, suggesting that BM responses to Shigella antigens should be further
studied as a suitable surrogate of protection in shigellosis.
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1. Introduction
Each year 600,000 children less than 5 years of age living in developing countries are
estimated to die from shigellosis [1]. Increased resistance to antimicrobials [2] and potential
use of Shigella as a bioterror agent [3] are also of concern. Development of live-attenuated
oral Shigella vaccines represents one approach to controlling this disease. Two vaccine
candidates, designated CVD 1204 and CVD 1208, were constructed by creating rational
deletions in the wild-type Shigella flexneri 2a strain 2457T. CVD 1204 is deleted in guaA
(encoding a guanosine monophosphate synthase) and guaB (encoding an inositol
monophosphate dehydrogenase), effectively impairing the biosynthesis of guanine
nucleotides; CVD 1208 has additional deletions of set and sen genes (that encode Shigella
enterotoxins 1 and 2, respectively). Both strains were shown to be safe and immunogenic in
Phase 1 trials involving healthy North American adults [4]. Correlates of protection against
shigellosis described, heretofore, include serum IgG antibodies [5,6] and peripheral IgA
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antibody secreting cells (ASC) to serotype specific to lipopolysaccharide (LPS) O-antigen
[7,8]. Other antibody responses as well as cell-mediated immunity (CMI) that target
conserved antigens such as invasion plasmid antigen (Ipa) B may also contribute to
protective immunity [9–12]. A vaccine’s usefulness as a public health tool is strongly
influenced by its ability to induce enduring systemic and mucosal antibody responses and to
respond anamnestically at later times after antibody titers have fallen. These anamnestic
immune responses are generally faster and of higher magnitude than primary responses and
depend largely on the presence of B memory (BM) cells [13]. Although relatively long-term
humoral and secondary secretory IgA immune responses to LPS in stools have been
described in natural Shigella infection as well as in recipients of a live-attenuated Shigella
vaccine [14], the presence of BM responses have not been reported. It is important to address
this gap in knowledge because of the recently recognized key roles that BM play not only in
antibody production to T-cell dependent and independent antigens, but also because of their
regulatory and effector functions (e.g., antigen presentation and cytokine production) [15].
In this paper, we evaluate the hypothesis that BM cell responses specific to LPS and IpaB are
elicited in volunteers that had seroresponses to CVD 1204 and CVD 1208 live-attenuated
Shigella vaccines.

2. Materials and methods
2.1. Specimens

Clinical specimens were obtained from healthy adult volunteers 18–45 years of age from the
Baltimore–Washington area that received a single oral dose of S. flexneri 2a ΔguaBA
(Center for Vaccine Development [CVD] 1204) or S. flexneri 2a ΔguaBA Δsen Δset (CVD
1208) as previously described [4]. In brief, volunteers received 107, 108, and 109 of each
vaccine strain or placebo and had serum obtained on days 0, 7, 14, 28, and 42 as well as
peripheral blood mononuclear cells (PBMC) obtained on days 0 and 28 after vaccination.
All specimens were cryopreserved as previously described [16] and stored in liquid nitrogen
until use. Seroresponse, measured following standard techniques [4], was defined as ≥4-fold
rise of antigen-specific antibody pre- to peak post-vaccination. Serum was available to assay
nine seroresponders, three non-seroresponders, and two placebo recipients from subjects
immunized with 109 cfu of the Shigella strains. For BM assays, 12 LPS seroresponders and
12 non-seroresponders from all three dose cohorts were assayed. All protocols were
approved by the Institutional Review Board (IRB) and Good Clinical Practices (GCP) were
followed.

2.2. Antigen preparation
LPS and IpaB antigens were prepared from S. flexneri 2a strain 2457T. LPS was purified by
the hot aqueous phenol extraction method of Westphal [17]. IpaB was prepared as
previously described [18]. Briefly, coding sequences of ipaB were amplified using PCR and
inserting into the plasmid vector pACYC-Duet (Novagen, Madison, WI) and co-expressed
with its cognant chaperone IpgC on pET15b in Escherichia coli BL21(DE3) as described by
Birket et al. [19]. The IpaB was released from IpgC with 1% OPOE.

2.3. PBMC expansion
PBMC expansion was performed as described by Crotty et al. [20]. In brief, PBMC were
thawed, washed with complete RPMI 1640 (cRPMI) containing 100 IU/mL penicillin + 100
μg/mL streptomycin (CellGro, Manassas, VA), 2 mM L-glutamine (HyClone, Logan, UT),
and 10% heat-inactivated fetal bovine serum (FBS) (BioWhit-taker, Walkersville, MD), and
expanded for 5 days in 6-well sterile plates (1 million cells/well) in the presence of
1/100,000 pokeweed mitogen (PWM) (kindly provided by Dr. S. Crotty), 6 μg/mL
CpG-2006 (Qiagen/Operon, Huntsville, AL), and 1/10,000 Staphylococcus aureus Cowan
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(SAC) (Sigma–Aldrich, St. Louis, MO) in cRPMI in a total volume of 2 mL/well. Cells
were fed by adding an additional 2 mL of cRPMI after 2–3 days of incubation.

2.4. BM assays
96-Well ELISPOT MAHA (Millipore, Billerica, MA) plates were coated in triplicate with
LPS 5 μg/mL, IpaB 0.5 μg/mL, and total goat anti-human IgG 5 μg/mL in phosphate
buffered saline (PBS) overnight at 4 °C, blocked with 1% bovine serum albumin (BSA)
(Sigma) in RPMI for 2 h at 37 °C, washed with PBS, and incubated with 105 expanded
PBMC per well for wells coated with LPS and IpaB. Dilutions for total IgG wells were
performed starting with 25,000 cells/well and continuing with serial twofold dilutions to 391
cells. Cells were incubated for 6 h at 37 °C and 5% CO2, washed with PBS + 0.05% Tween
20 (PBST) followed by PBS and incubated with mouse anti-human PAN IgG biotin
conjugated antibody (Hybridoma Reagent Laboratory, Baltimore, MD) overnight at 4 °C,
washed with PBST and PBS, and labeled with horseradish peroxidase (HRP) conjugated
Avidin D (Vector Laboratories, Burlingame, CA) for 1 h at room temperature (RT). 50 μl
true blue peroxidase substrate (KPL, Gaithersburg, MD) was added per well for 8 min at RT
before the reaction was stopped with ddH2O. ELISPOTs were read using an automated
ELISPOT reader (BioReader 3000, Immunobiosys, The Colony, TX) by a blinded
investigator. The final results are presented as numbers of spot forming cells (SFC)/106

expanded cells, as well as % SFC/total IgG SFC.

2.5. Flow cytometry
Expanded and unexpanded PBMC were washed with 1% FBS in PBS and labeled with
fluorochrome-labeled monoclonal antibodies as follows: IgG-FITC (clone G18-145, BD
Pharmingen, Franklin Lakes, NJ), CD19-PE-Cy5 (clone J4.119, Beckman Coulter,
Fullerton, CA), CD27-PE (clone M-T271, BD Pharmingen), and CD3-PE-Cy7 (clone
UCHT1, Beckman Coulter) in volumes of 50 μl for 20–30 min at 4 °C, washed with 1%
FBS in PBS, and fixed in 300 μl of 1% formaldehyde. Events were acquired on a MoFlow
flow cytometer/cell sorter (Beckman Coulter) and analyzed using WinList 5.0 (Verity
Software House, Topsham, ME) software.

2.6. Avidity assays
Two 96-well U-bottom ELISA plates (Thermo Labsystems, Franklin, MA) were coated in
triplicate in carbonate coating buffer, pH 9.6 with 5 μg/mL LPS and 0.5 μg/mL IpaB at 37
°C for 3 h, washed with PBST, blocked with 10% Carnation instant non-fat dry milk
overnight at 4 °C, washed with PBST, incubated with serially diluted serum specimens for 1
h at 37 °C, and washed with PBST. One plate was treated with PBST and one with 6 M urea
in PBST for 1 h. Both plates were subsequently washed with PBST, incubated with goat
anti-human HRP-labeled antibody (MP Biomedicals, Solon, OH) 1:5000 for 1 h at 37 °C,
washed with PBST, and developed with TMB microwell peroxidase substrate system (KPL)
for 15 min at RT. Development was stopped by the addition of 1 M phosphoric acid. Plates
were read using the Multiskan Ascent Microplate Reader (Thermo Labsystems) at 450 nm.
Linear regression curves were calculated for each serum sample and titers were determined
as the reciprocal of the serum dilution that produces an optical density (OD) of 0.2 above the
blank, and reported as ELISA units (EU)/mL. Results are expressed as avidity index (AI),
which was calculated by dividing the EU/mL of specimens incubated with urea divided by
the EU/mL of specimens in the absence of urea [21].

2.7. Statistical analysis
To ensure that the expansion of PBMC was adequate to allow for the detection of low
numbers of antigen-specific BM cells, we performed preparatory optimization experiments
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and determined that it was important to include as an exclusion criterion the presence of
≤20,000 total IgG SFC/106 expanded cells detected by ELISPOT after incubation with SAC,
PWM, and CpG-2006. Thus, expanded PBMC preparations that did not fulfill this criterion
were excluded from analysis. The median number of SFC from triplicate runs was used in
the statistical analyses; SFC over negative control wells were included in the analysis. In our
assays the limit of detection of antigen-specific/total expanded cells was 1 in 100,000
(0.001%), whereas the limit of detection of antigen-specific/total IgG secreting cells was
determined by the maximum number of total IgG SFC for each individual volunteer in anti-
IgG coated ELISPOT plates. The latter ranged from an acceptable minimum of 0.005% (i.e.,
1 specific SFC in the 20,000 total IgG SFC/106 expanded cell cutoff) to 0.0005% in a
volunteer that had 214,186 total IgG SFC/106 expanded cells.

Microsoft® Office Excel 2003, Sigmastat Version 9.0, and STATA Version 9.0 were used
for statistical analysis. All hypotheses were evaluated using non-parametric two-sided tests.
Pre- and post-vaccination results were paired. Antigen-specific SFC/106 expanded cells
were divided by total IgG SFC as well as adjusted for defined cell populations including
CD19+ CD3− [total B] and CD19+ CD27+ CD3− [BM] by multiplying the SFC/total IgG by
the percent CD19+ CD3− cells or CD19+ CD27+ CD3−cells. The Wilcoxon signed rank test
was used to assess continuous pre- to post-vaccination antigen-specific BM responses among
all cell populations. Receiver operator curve (ROC) analysis was used to optimally
dichotomize BM responses. Correlations between seroresponse and BM response were
performed using Spearman ρ for continuous variables and Fisher’s exact test for
dichotomous variables.

3. Results
To determine if BM cells are present in seroresponders and correlate with the magnitude of
the seroresponse we determined the presence or absence of BM cells among volunteers that
received oral live Shigella vaccines CVD 1204 and CVD 1208 and either did
(seroresponders) or did not (non-seroresponders) mount fourfold or higher increases in
serum IgG antibody recognizing LPS or IpaB-post-vaccination, when compared to baseline.
Because IgG+ BM cells represent only ~1% of all freshly collected PBMC and antigen-
specific IgG+ BM cells comprise only ~1% of all IgG+ BM cells, expansion of PBMC with
mitogens including (PWM and SAC) and CpG is necessary to induce antibody secretion and
to detect at least 10 SFC when 100,000 PBMC are plated [20]. As described in Section 2, to
ensure the integrity of data and to optimize the sensitivity and reproducibility of the assay to
identify antigen-specific BM cells, specimens that did not show adequate numbers (at least
20,000 total IgG SFC/106 expanded cells) were eliminated from analyses.

3.1. Flow cytometric analysis of expanded cells
We collected flow cytometry data in 22 of the volunteers. The proportions of CD19+ CD3−

[total B] cells, CD19+ CD27+ CD3− [BM] cells, and CD19+ CD27+ IgG+ CD3− [IgG+ BM]
cells pre- and post-vaccination were similar (~11%, ~3%, and ~0.7%, respectively). In vitro
expansion resulted in ~3-fold increase in total B cells, ~5-fold increase in BM and ~10-fold
increase in IgG+ BM cells (Table 1 and Fig. 1). As can be seen in Fig. 1, expansion resulted
in a marked increase in the proportions of BM (i.e., CD19+ CD27+ CD3− cells) and in those
BM expressing IgG. Of the subjects studied, nine LPS seroresponders and eight non-
seroresponders had evidence of adequate expansion and were analyzed for the presence of
specific BM cells; of the nine LPS seroresponders, seven were also IpaB seroresponders.
Specimens that were excluded due to inadequate numbers of expanded cells (<20,000 total
IgG SFC/106) by the ELISPOT had similar proportions of total B, BM and IgG+ BM cells
before expansion as volunteers who were included in the analysis. However, they had
considerably fewer PBMC numbers before and after expansion, as well as a suboptimal
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expansion (~2-fold increase in total B, ~3-fold increase in BM, and ~5-fold increase in IgG+

BM cells; data not shown), indicating that these cells were not functionally optimal.

3.2. Evaluation of total and specific ASC after expansion of BM cells
BM cells increased from a median of 0 SFC/106 expanded cells pre-vaccination to a median
of 20 SFC/106 expanded cells post-vaccination for LPS seroresponders (p = 0.008 by
Wilcoxon signed rank) and a median of 0 SFC/106 expanded cells pre-vaccination to a
median of 23 SFC/106 expanded cells post-vaccination for IpaB seroresponders (p = 0.062
by Wilcoxon signed rank). The median percentages of antigen-specific SFC as a proportion
of median total IgG SFC showed increases from 0% pre-vaccination to 0.02% post-
vaccination for LPS and 0% pre-vaccination to 0.03% post-vaccination for IpaB (Fig. 2).
The observed p-values were similar to those recorded when analyzing the numbers of SFC/
106 expanded cells (data not shown). A representative example of ELISPOT data is shown
in Fig. 3. Individuals who were not seroresponders did not exhibit a statistically significant
increase in antigen-specific BM responses pre- to post-vaccination (data not shown). BM
responses were seen exclusively among seroresponders irrespective of whether they
received CVD 1204 or CVD 1208 (data not shown).

3.3. Correlation of BM responses with seroresponses
The correlation coefficient comparing antigen-specific SFC/106 expanded cells on day 28 to
peak seroresponse post-vaccination was 0.95 (p = 0.0003 by Spearman ρ) for LPS and 0.67
(p = 0.2 by Spearman ρ) for IpaB (Table 2). Correlations were not significant on day 0.
Analyzing the data using the numbers of LPS-specific BM cells among total IgG+ BM cells
or adjusting for specific cell populations, including CD19+, CD19+ CD27+, and CD19+

CD27+ IgG+ BM cells did not significantly alter the correlations (Table 2). Interestingly,
adjusting for CD19+ cells slightly reduced the correlation for LPS and improved the
correlation for IpaB (Fig. 4). The likely explanation for this effect is that one outlier for LPS
(very strong responder) exhibited fewer CD19+ B cells resulting in a higher percentage of
specific SFC/CD19+ cells, thereby decreasing the correlation. Excluding this volunteer (who
was an LPS seroresponder, but not an IpaB responder) from the analysis and adjusting for
subpopulations had a small positive effect on the observed IpaB correlations. ROC analysis
utilizing maximal correct classification to compare BM response to ≥4-fold seroresponse
revealed optimal cutoffs of ≥10 SFC/106 expanded cells and ≥0.006% antigen-specific SFC/
total SFC for LPS as well as ≥20 SFC/106 expanded cells and ≥0.01% antigen-specific SFC/
total SFC for IpaB.

3.4. Avidity maturation
An important hypothesis to evaluate is whether the volunteers who seroresponded to LPS or
IpaB produced antibody that possessed increased avidity over time and to determine whether
increases in avidity correlate with the presence of BM cells. To this end, we measured
avidity of the anti-LPS and anti-IpaB antibody responses by measuring the ability of urea, a
chaotropic agent, to dissociate antibody binding [21]. Preliminary optimization experiments
indicated that treatment with 6 M urea for 1 h resulted in the dissociation of 30–70% of
bound antibody, suggesting that this assay was appropriate to detect changes in avidity over
time (data not shown). However, antibody avidity remained unchanged from day 0 (pre-
vaccination) through days 7, 14, 21, 28 and 42 post-vaccination (Fig. 5).

4. Discussion
Vaccination with one dose of an oral live-attenuated Shigella vaccine results in antigen-
specific BM responses among subjects who mount fourfold or higher specific antibody
responses, with a high degree of correlation between specific BM cells and serum antibody
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titers. While the median BM response to LPS 28 days post-vaccination is significantly
increased over baseline, the response to IpaB only exhibited a trend approaching
significance. The small number of IpaB seroresponders likely contributed to a diminished
ability to demonstrate statistical significance.

The presence of a B memory response can be assessed by documenting: (1) an anamnestic
secondary immune response which occurs more quickly and reaches a higher titer than the
primary response, (2) avidity maturation, and (3) the presence of BM cells [22]. BM cells
have been described in humans who have received vaccines known to induce a T-cell
dependent response such as viral vaccines including smallpox [23] and rotavirus [24] as well
as vaccines that have had a bacterial polysaccharide conjugated to a protein, such as
pneumococcal [25] and meningococcal [26] conjugate vaccines. The techniques utilized to
study BM cells include ELISPOT, where PBMC are expanded ex vivo to increase the
number of BM cells and to induce antibody secretion [20], as well as flow cytometry by
which fluorochrome-labeled antigen as well as cell surface markers allow the identification
of antigen-specific BM cells [24]. In the present studies we used flow cytometry to
determine the proportions of phenotypically defined total B, BM and IgG+ BM cell
populations before and after expansion. This information helped to validate the BM cell
ELISPOT assays and provided the rationale for limiting the analyses to specimens that
showed evidence of appropriate expansion. By documenting a 10-fold increase in expanded
CD19+ CD27+ IgG+ BM cell populations and eliminating specimens that exhibited
suboptimal expansion of functional cells (defined as ≤20,000 total IgG SFC/106 expanded
cells), we were able to report BM responses as low as 0.02% antigen-specific SFC/total IgG
SFC post-vaccination for the LPS polysaccharide antigen (i.e., 1:5000) and 0.03% for the
protein antigen IpaB (i.e., 1:3333). These proportions of antigen-specific BM cells are
similar to those previously reported in vaccines who received parenteral viral vaccines such
as the highly immunogenic and efficacious recombinant hepatitis B vaccine, which elicited a
median of 0.07% hepatitis B surface antigen-specific IgG secreting cells over the total IgG
secreting cells [27] as well as the diphtheria and tetanus toxoids, which elicited specific B
cells in the range of 0.01–1% [28]. To our knowledge, this is the first report of a BM cell
response to LPS in recipients of an oral live-attenuated bacterial vaccine.

Evidence of BM cells specifically recognizing LPS in this setting suggests that the immune
system processes LPS, a type 1 T-cell independent antigen, differently when presented in the
context of a live-attenuated bacterial vaccine than when presented in the context of a
parenteral polysaccharide vaccine not conventionally thought to induce BM. Another
explanation for the presence of BM cells specific to LPS is that they are indeed T-
independent. Despite the long held belief that B cell memory does not occur without T-cell
help, recent evidence suggests that phenotypically distinct subsets of BM cells are generated
in response to carbohydrates in a T-cell independent manner [22,29]. Interestingly, the BM
cells generated independently of T-cells do not undergo high-level somatic hypermutation
and avidity maturation [30], which may help explain the lack of avidity maturation seen in
our study. The possibility that vaccination with a live-attenuated Shigella vaccine resulted in
a polyclonal stimulation of BM cells [31] is less likely, as the total IgG SFC would be
expected to increase with polyclonal stimulation.

Reports of correlations between antigen-specific serum titers and antigen-specific BM cells
have not been consistent. Leyendeckers and colleagues did not find a correlation between
IgG specific to tetanus toxin and CD19+ IgG+ cells in humans at various time points after
vaccination [32] whereas Crotty and Tuaillon reported a moderate correlation between
antigen-specific serum IgG and antigen-specific BM cells in humans at various time points
after receiving smallpox or hepatitis B vaccines [23,27]. We believe that the reason for a
very high correlation between the peak antigen-specific serum IgG and antigen-specific BM
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cells is the timing at which the BM cells were collected and the exclusion of specimens that
did not reveal evidence of optimal expansion. The kinetics of antigen-specific BM cells
suggest that their presence in the peripheral circulation is higher at 1 month than at 7 days or
1 year [26]. Thus, attempts to correlate antigen-specific serum anti-body responses with
antigen-specific BM cells at time points other than day 28 are likely to reveal lower
correlations. Additionally, including specimens that show evidence of inadequate expansion
would decrease the sensitivity of identifying antigen-specific BM cells, also decreasing the
correlation with antigen-specific antibody responses. Of note, in spite of the strong
correlations observed between antibody levels and BM responses, not every seropositive
subject exhibited a specific BM response. This is likely the result of methodological
shortcomings, notably the inability to plate more than 100,000 expanded cells/well. Future
studies in which sufficient cells are available to Plate 200,000 or higher cell numbers/well,
as well as the development of better methods of expanding BM cells and their measurement
at several time points will allow us to establish the validity of this hypothesis. Interestingly,
adjusting for phenotype of the antigen-specific SFC detected by ELISPOT by multiplying
the 100,000 expanded cells by the percent CD19+ cells, CD19+ CD27+ cells, or CD19+

CD27+, IgG+ cells did not have a major effect on the correlations as all (CD19+, CD19+

CD27+, and CD19+ CD27+ IgG+) subsets of antigen-specific SFC were increased 28 days
post-vaccination and correlated with seroresponses.

A weakness of these studies is the small number of volunteers available in this convenience
sample. Although this did not preclude us from observing strong, statistically significant,
specific anti-LPS BM responses and associations with anti-LPS antibody levels, it is likely
that the small sample size provided insufficient power to adequately estimate the presence
and association of anti-IpaB BM cells and seroresponses. This limitation is a function of
utilizing leftover specimens from old clinical trials to test new hypotheses and poses a
problem mainly if the null hypothesis is not rejected. Future studies will address this issue
by evaluating larger numbers of vaccines. In upcoming studies we plan to evaluate the
presence of BM over several months to investigate the longevity of these responses. We will
also undertake more detailed phenotypic flow cytometric analyses involving the use of
monoclonal antibodies to molecules present in the surface and/or intracellularly in BM cells
to further define the effector BM subsets (e.g., IgD, IgA, IgM, activation markers such as
CD38, and gut homing markers such as integrin α4/β7 to start exploring the homing
potential of BM elicited by immunization with attenuated strains of Shigella).

In sum, we observed that oral vaccination with live-attenuated S. flexneri 2a elicits
detectable BM cells to LPS and IpaB 28 days after antigen exposure. A strong correlation
between anti-LPS BM cells and peak anti-LPS antibody responses advances the possibility
that BM cells may be an important indicator for long-term humoral immunity and a
candidate surrogate of protection in shigellosis that merits further study.
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Fig. 1.
Representative flow cytometric analysis pre- and post-expansion. Staining of PBMC
performed before and after expansion in a representative volunteer; gated on the lymphocyte
region as defined by forward versus side light scatter (a); gated on CD19+ CD3− (b); gated
on CD19+ CD27+ CD3− (c); in parentheses under the percentages of cells in selected regions
are the % of positive cells in the corresponding region as related to the number of cells in the
lymphocyte region.
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Fig. 2.
Antigen-specific IgG BM cell responses. Shown are recipients of CVD 1204 (triangles) and
CVD 1208 (open circles) who mounted a ≥4-fold rise of anti-LPS IgG pre- to post-
vaccination and had evidence of appropriate BM expansion in vitro; LPS (a) and IpaB (b)
ELISPOT performed on days 0 and 28; comparisons made by Wilcoxon signed rank test for
1204 and 1208 combined. Results are expressed as the % of specific SFC per total IgG+

expanded cell populations.
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Fig. 3.
Representative ELISPOT analysis pre- and post-expansion. 100,000 expanded PBMC of a
representative volunteer were plated in ELISPOT wells coated with LPS pre-vaccination (a)
and post-vaccination (b). (c) Total IgG spots in a representative well of ELISPOT plates
coated with anti-IgG and seeded with 391 expanded PBMC from a post-vaccination
specimen.
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Fig. 4.
Correlation of anti-LPS SFC versus peak anti-LPS titer. Recipients of CVD 1204 and CVD
1208 who mounted a ≥4-fold rise of anti-LPS IgG pre- to post-vaccination and had evidence
of appropriate BM expansion in vitro were included in the analysis. Peak serum titers to LPS
(a) and IpaB (b) were plotted against the number of specific SFC/106 expanded cells (upper
panels) and the % of specific SFC in CD19+ expanded cell populations (lower panels) from
PBMC obtained 28 days after immunization; dashed lines represent the 95% confidence
interval.

Simon et al. Page 13

Vaccine. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Avidity maturation of IgG anti-LPS and IpaB seroresponses elicited by immunization with
CVD 1204 and CVD 1208 strains. Shown are recipients of CVD 1204 (dotted), CVD 1208
(dashed) and placebo (solid). Sera were drawn before (day 0) and at 7, 14, 21, 28 and 42
days after immunization. IgG titers to LPS (circles) and IpaB (squares) were determined by
ELISA (a). 6 M urea for 1 h was used as a chaotrope agent to measure avidity indices (b);
error bars depict standard errors.

Simon et al. Page 14

Vaccine. Author manuscript; available in PMC 2013 August 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Simon et al. Page 15

Ta
bl

e 
1

C
el

l p
op

ul
at

io
ns

 b
ef

or
e 

an
d 

af
te

r 
ex

pa
ns

io
n 

an
d 

va
cc

in
at

io
na

E
xp

an
si

on
 (

n 
= 

22
)

V
ac

ci
na

ti
on

 (
n 

= 
22

)
# 

P
B

M
C

 (
×1

06 )
b

%
 C

D
19

+
%

 C
D

19
+  

C
D

27
+

%
 C

D
19

+  
C

D
27

+  
Ig

G
+

Pr
e

Pr
e

4.
9 

(3
.8

–6
.1

)
11

.4
 (

9–
13

.7
)

2.
8 

(2
.0

–3
.5

)
0.

7 
(0

.4
–1

.0
)

Pr
e

Po
st

4.
6 

(3
.6

–5
.7

)
11

.4
 (

8.
8–

13
.9

)
2.

9 
(2

.1
–3

.8
)

0.
8 

(0
.4

–1
.2

)

Po
st

Pr
e

5.
1 

(3
.6

–6
.7

)
32

.6
 (

27
.9

–3
7.

4)
15

.3
 (

12
.8

–1
7.

9)
7.

2 
(5

.4
–9

.0
)

Po
st

Po
st

4.
1 

(2
.6

–5
.3

)
29

.5
 (

23
.4

–3
5.

6)
15

.2
 (

11
.8

–1
8.

6)
7.

1 
(5

.2
–9

.1
)

a PB
M

C
 f

ro
m

 r
ec

ip
ie

nt
s 

of
 C

V
D

 1
20

4,
 C

V
D

 1
20

8 
or

 p
la

ce
bo

 w
er

e 
co

un
te

d 
an

d 
an

al
yz

ed
 b

y 
fl

ow
 c

yt
om

et
ry

 b
ef

or
e 

an
d 

af
te

r 
ex

pa
ns

io
n 

an
d 

va
cc

in
at

io
n;

 a
ll 

ce
lls

 w
er

e 
ga

te
d 

on
 C

D
3−

. R
es

ul
ts

 a
re

 e
xp

re
ss

ed
as

 m
ea

n 
(9

5%
 C

.I
.)

.

b N
um

be
r 

of
 P

B
M

C
 s

ee
de

d 
fo

r 
ex

pa
ns

io
n 

or
 r

ec
ov

er
ed

 a
ft

er
 e

xp
an

si
on

.

Vaccine. Author manuscript; available in PMC 2013 August 26.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Simon et al. Page 16

Table 2
Correlations of BM assay results with peak serologic responsesa

Day 0 Day 28

ρc pc ρc pc

LPS (n = 8)b

 SFC/106 expanded cells 0.51 0.2 0.95 0.0003

 SFC/total IgG+ 0.55 0.2 0.95 0.0003

 SFC/CD19+ 0.52 0.2 0.90 0.002

 SFC/CD19+ CD27+ 0.55 0.2 0.90 0.002

 SFC/CD19+ CD27+ IgG+ 0.55 0.2 0.93 0.001

IpaB (n = 5)b

 SFC/106 expanded cells 0.67 0.2 0.67 0.2

 SFC/total IgG+ 0.67 0.2 0.8 0.1

 SFC/CD19+ 0.67 0.2 0.8 0.1

 SFC/CD19+ CD27+ 0.67 0.2 0.8 0.1

 SFC/CD19+ CD27+ IgG+ 0.67 0.2 0.8 0.1

Statistically significant differences (p < 0.05) are bolded.

a
Only recipients of CVD 1204 and CVD 1208 who mounted a fourfold or higher rise of anti-LPS IgG pre- to post-vaccination and had evidence of

appropriate BM expansion in vitro were included in this analysis. In these volunteers anti-LPS and anti-IpaB SFC were adjusted for defined B

subpopulations and correlated with the corresponding peak antigen-specific serological response before and after immunization.

b
Flow cytometry data available for 8/9 LPS seroresponders and 5/7 IpaB seroresponders.

c
Determined by Spearman ρ comparing BM response to peak serum titer.
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