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Abstract

Vaccination against drugs of abuse shows efficacy in animal models, yet few subjects achieve
effective serum antibody titers in clinical studies. A barrier to translation is the lack of pre-
vaccination screening assays that predict the most effective conjugate vaccines or subjects
amenable to vaccination. To address this obstacle, we developed a fluorescent antigen-based
enrichment method paired with flow cytometry to characterize hapten-specific B cells. Using this
approach, we studied naive and activated B cells specific for structurally-related model haptens
based on derivatization of the morphinan structure at the C6 position on oxycodone or at the C8
position on hydrocodone, and showing different pre-clinical efficacy against the prescription
opioid oxycodone. Prior to vaccination, naive B cells exhibited relative higher affinity for the
more effective C6-derivatized oxycodone-based hapten (60XY) and the 60XY -specific naive B
cell population contained a higher number of B cells with greater affinity for free oxycodone.
Higher affinity of naive B cells for hapten or oxycodone reflected greater efficacy of vaccination
in blocking oxycodone distribution to brain in mice. Shortly after immunization, activated hapten-
specific B cells were detected prior to oxycodone-specific serum antibodies and provided earlier
evidence of vaccine failure or success. Analysis of hapten-specific naive and activated B cells may
aid rational vaccine design and provide screening tools to predict vaccine clinical efficacy against
drugs of abuse or other small molecules.
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1. INTRODUCTION

Drug abuse is a worldwide public health threat [1]. Current drug addiction
pharmacotherapies exhibit limitations and side effects. Medications for cocaine and
methamphetamine abuse are lacking and those for treatment of nicotine and opioid addiction
exhibit suboptimal clinical efficacy [2-5]. While vaccines are typically utilized to prevent
infection, vaccination against drugs of abuse may offer an alternative to pharmacotherapy
for treatment of drug dependence [6,7]. Active immunization against drugs of abuse is
achieved by conjugating the target drug to a larger immunogenic carrier of bacterial, viral or
other foreign origin [6]. Vaccine efficacy is based on the ability of generating drug-specific
serum antibodies that retain drugs in serum, preventing distribution to the brain and
subsequent rewarding effects.

Despite promising animal studies, vaccines against drugs of abuse have not yet met clinical
expectations because few subjects achieved effective serum antibody titers [8-14].
Evaluation of vaccines against nicotine or cocaine showed that only ~30% of immunized
subjects developed clinically effective drug-specific serum IgG antibodies concentrations of
at least 40 ug/ml necessary to achieve smoking cessation or abstinence from cocaine [10,11].
It is not understood why current immunization strategies only achieve clinically effective
antibody levels in a small subset of vaccinated people. A main barrier to translation is the
lack of pre-vaccination screening assays that would predict the most effective vaccines or
subjects amenable to vaccination. The goal of this study was to develop a pre-immunization
B cell-based screening assay and to test if the pre-immunization naive B cell repertoire
correlates with vaccine efficacy against drugs of abuse.

Previously, we developed vaccines against prescription opioids, which are amongst the most
commonly abused drugs in the USA [15,16]. To target both oxycodone and hydrocodone,
we generated a series of structurally-related immunogens containing haptens based on
derivatization of the C6 and the C8 position on the morphinan structure, and conjugated to
the keyhole limpet hemocyanin (KLH) carrier protein through amide bond or thioether
linkage [17]. Despite the closely-related structures, a C6-derivatized oxycodone-based
hapten (60XY) conjugated through a tetraglycine linker to KLH was more effective than
immunogens containing C6- and C8-derivatized hydrocodone-based haptens in blocking
both oxycodone and hydrocodone distribution to the brain and their behavioral effects in
mice and rats [17]. The 60XY hapten generated high titers of high affinity serum antibodies
that selectively bound both oxycodone and hydrocodone, while the C8-derivatized
hydrocodone-based hapten (8HYDROC), containing an identical tetraglycine linker,
generated poorly effective antibody responses against oxycodone [17]. In the current study,
we used the 60XY and 8HYDROC model haptens to test if the pre-immunization naive B
cell repertoire correlates with vaccine efficacy against oxycodone in mice.
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After vaccination, antibodies specific for the target drug are produced only after the
successful activation and proliferation of naive B cells [6]. Prior to vaccination the host
immune system contains millions of “naive” B cells circulating in the bloodstream through
the spleen and lymph nodes. Each naive B cell expresses a transmembrane form of antibody
called the B cell receptor (BCR) that is unique to each cell. A small number of naive B cells
express a BCR that is able to bind the drug hapten within the vaccine. Hapten binding to the
BCR on naive B cells is the first step in a complex process of proliferation and
differentiation that generates numerous cell types with different roles in protective immunity
[18,19]. Short-lived plasma cells secrete antibody early in the response and then die.
Germinal center (GC) B cells undergo a process to increase BCR affinity for antigen and
these cells mature into long-lived antibody-secreting B cells that maintain serum
immunoglobulin levels, or memory B cells [19,20]. Memory B cells may also be generated
in a GC-independent pathway [21]. In response to additional vaccinations, the memory B
cells will proliferate and generate more antibody-secreting B cells, which boost drug-
specific serum 1gG antibody levels.

There is little information regarding B cells specific for haptens or immunogens used in
conjugate vaccines against drugs of abuse. Here, we have adapted a fluorescent antigen-
based enrichment approach to study naive B cells specific for morphinan haptens from
candidate vaccines and to understand their relevance to successful vaccination against
prescription opioids. This type of analysis has not been possible until recent development of
a method to concentrate the rare cells of interest into a sample small enough to be analyzed
in its entirety using flow cytometry [18]. The sensitivity of this method is such that the
number and affinity of antigen-specific B cells can be studied in non-vaccinated animals
[22]. Analysis of B cells prior to vaccination showed that naive B cells exhibited relative
higher affinity for the more effective 60XY hapten and that the 60XY -specific naive B cell
population contained a higher number of B cells with greater affinity for free oxycodone
than the 8HYDROC-specific naive B cell subset. Shortly after immunization, activated
hapten-specific B cells were detected earlier than oxycodone-specific serum antibodies and
their analysis showed that 60XY-KLH elicited higher numbers of activated hapten-specific
B cells than 8HYDROC-KLH. These early pre-clinical findings suggest that it may be
possible to identify more effective haptens and immunogens through analysis of their
interaction with naive B cells prior to vaccination. This knowledge would accelerate rational
vaccine design based on generation of haptens with high affinity for naive B cell subsets or
help to identify subjects that will develop clinically effective serum antibody levels.

2. MATERIAL AND METHODS

2.1 Drugs and reagents

All opioids were obtained through the NIDA Drug Supply Program and Sigma (St. Louis,
MO). All drug doses and concentrations are expressed as the weight of the free base.

2.2 Hapten synthesis

The C6- and C8-derivatized morphinan haptens containing an identical tetraglycine linker
(60XY and 8HYDROC) were synthesized as previously described [17,23]. 60XY was
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obtained by the condensation of oxycodone with O-carboxymethoxylamine
hemihydrochloride in refluxing methanol using pyridine as a base. This intermediate was
then coupled to tetraglycine tertbutyl ester (GlytBu) using a N,N’-
Dicyclohexylcarbodiimide/hydroxybenzotriazole (DCC/HOBt) procedure followed by acid
hydrolysis as described previously [23]. 8HYDROC was obtained by addition of
thioglycolic acid to codeinone allowing modification at the C8 position to generate the
corresponding 8-substituted dihydrocodeinone, which consisted of an unresolvable mixture
of 8a- and 8- epimers. This intermediate was then coupled to the tetraglycine linker
resulting in a diastereomeric mixture that was used for conjugation to proteins [17]. The
nicotine-based hapten 6-carboxymethylureido nicotine (CMUNic) was synthesized as
previously described [24] and used as a non-opioid drug hapten control for the B cell affinity
assay. All compounds were previously characterized by *H NMR, Mass Spectrometry and
elemental analysis after synthesis and purification [17,23,24].

2.3 Conjugation to carrier proteins

All haptens were conjugated to proteins using carbodiimide coupling as described before
[23,24]. For vaccination studies the 60XY and 8HYDROC haptens were conjugated to
KLH (Thermo Fisher, Rockford, IL). For the B cell enrichment procedure, haptens were
conjugated to R-phycoerythrin (PE, Prozyme, Hayward, CA). For use as ligand in B cell
binding studies, and coating immunogen in ELISA assays, haptens were conjugated to OVA
(Sigma, St. Louis, MO). Briefly, hapten 5.1 mM and N-ethyl-N"-(3
dimethylaminopropyl)carbodiimide hydrochloride (EDAC) cross-linker 52 mM were
dissolved in 0.1M 2-(N-morpholino) ethanesulfonic acid (MES) buffer at pH 4.5. After 10
minutes of stirring PE, OVA or KLH were added at final concentrations of 2.8, 1.9 and 2.8
mg/ml respectively in MES buffer. All reactions were stirred for 3 hours at room
temperature, terminated by dialysis in 0.05 M phosphate buffered saline for 6 hours at 4° C,
sterile filtered and stored at 4° C. The conjugation and dialysis process was performed in
darkness to protect haptens and PE from light. Molar hapten:protein conjugation ratios
(moles of hapten conjugated per mole of protein) for the OVA conjugates, quantitated by
mass spectrometry (Reflex 111, Bruker), were 17:1 as described before [23]. We have
previously reported that haptenization ratios for the 60XY and 8HYDROC haptens
conjugated to bovine serum albumin (BSA) were not different and ranged between 17 and
21 [17]. When possible, haptenization ratio was confirmed using a 5% solution of
trinitrobenzene sulfonic acid reagent (TNBSA, Thermo Fisher, Rockford, IL). For B cell
enrichment assays, conjugation of the fluorescent dye Alexa Fluor 647 (AF647) to PE is
performed using the AF647 reactive dye containing a succinimidyl ester moiety that reacts
with primary amines of proteins to form stable dye—protein conjugates (Molecular Probes®,
Life Technologies, Grand Island, NY). The haptenization ratio, measured by UV
absorbance, consists of 4 moles of AF647 for each mole of PE.

2.4 Animal subjects

Male BALB/c mice (Harlan Laboratories, Madison, WI) were housed with a 12/12 hours
standard light/dark cycle. All experiments were approved by the Minneapolis Medical
Foundation and University of Minnesota Animal Care and Use Committees.
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2.5 Drug distribution studies

To confirm the relative efficacy of the model immunogens in mice, we first tested the effect
of vaccination with 60XY-KLH and 8HYDROC-KLH in preventing oxycodone distribution
to the brain. Male BALB/c mice (n=6) were immunized s.c. at 0, 14 and 28 days with 25 pug
of either 60XY-KLH, 8HYDROC-KLH or KLH absorbed on Alum as described [17]. On
day 35, one week after the last immunization, drug-free blood was obtained by facial vein
sampling for analysis of serum antibody titers. Mice were then administered 2.25 mg/kg
oxycodone s.c., and 30 minutes post-drug injection euthanized by CO5 inhalation in
IACUC-approved chambers to collect serum and brain as previously described [17]. Serum
and brain oxycodone concentrations were measured by gas chromatography coupled to mass
spectrometry as previously described [17]. The reported drug concentrations represent the
total drug (protein or antibody-bound as well as free) in each sample.

2.6 B cell analysis studies

Analysis of hapten-specific B cells was performed before (day 0) or at 7 and 14 days after
the first vaccination. Mice were immunized s.c. once with 25 pg of either 60XY-KLH,
8HYDROC-KLH or unconjugated KLH control absorbed on Alum adjuvant as described
[17]. Immediately prior to euthanasia in CO, chambers, blood was obtained by facial vein
sampling and then lymph nodes and spleens were collected by post-mortem dissection.

2.7 Serum IgG antibody titers

ELISA plates were coated with 5 ng/well of OVA or PE conjugates or unconjugated protein
as control in carbonate buffer at pH 9.6 and blocked with 1% gelatin. Primary antibodies
were incubated with anti-mouse 1gG antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) to measure hapten-specific serum IgG antibody titers as described
previously [17]. We have previously shown that vaccination elicits hapten-specific serum
antibodies that cross-react with the target free drug [17,23,24].

2.8 Analysis of hapten-specific B cells

2.8.1 Tissue isolation and B cell enrichment—Mesenteric and peripheral lymph
nodes and spleens were collected from each mouse, mechanically dissociated using surgical
tools and mesh filters (Sefar Nitex, Depew, New York) and enzymatically disaggregated
using collagenase D (Roche, Indianapolis, IN) at a final concentration of 400 Wunsh
Units/ml in Dulbecco’s phosphate buffer for 15 min at +37°C in a standard cell culture
incubator. Unless specified otherwise, single-cell suspensions from each mouse were split in
two equal volumes (%2 mouse equivalent) to allow for enrichment with either 60XY-PE or
8HYDROC-PE. This approach allowed for paired and unpaired comparison following a
within- and between-subjects design. Samples were centrifuged at 1600 RPM for 5 min at
+4°C and resuspended to a final volume of 200 pl sorter buffer (DPBS + 2% fetal bovine
serum, 0.1% sodium azide) including Fc block (2.4G2, 2% rat serum, 0.1% sodium azide,
BioXCell, West Lebanon, NH). AF647-PE was added at a final concentration of 2.5 nM (for
each % mouse equivalent) and incubated at room temperature for 5 min. The 60XY-PE or
8HYDROC-PE conjugates were added at concentration of 2.5 nM and incubated for 25 min
at +4°C. Samples were washed in 10 ml of ice-cold sorter buffer and resuspended to a final
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volume of 200 pl using sorter buffer, mixed with 12.5 pl of anti-PE conjugated magnetic
beads (Miltenyi Biotech, Inc, Auburn, CA) and incubated for 15 min at +4°C. The cells
were resuspended in 9 ml of sorter buffer (3 washes of 3 ml each) and passed through a
magnetized LS column (Miltenyi Biotech). For each sample, both flow through and bound
fractions were collected. Fractions were centrifuged at 1600 RPM for 5 min at +4°C and
resuspended in sorter buffer, 100 pl for the bound or 2 ml for the flow through fractions.
From each sample, 5 ul were added to 200 pl of lymphocyte counting beads at a
concentration of 200,000 beads/ml (Accucheck, Invitrogen, Frederick, MD). These
fluorescent counting beads were used to calculate hapten-specific B cells according to the
number of total B cells in each sample.

2.8.2 B cell staining—Cell suspensions were incubated, for 25 minutes on ice, with
fluorochrome labeled anti-mouse antibodies for the following B cell surface markers: FITC
anti-GL7, PE-Cy7 anti-B220, APC anti-lgM, AF700 anti-CD38, eF450 anti-lgD; and for the
following APC-eF780 labeled anti-mouse antibodies for non-B cell surface markers: anti-
CD90.2, anti-CD11c, anti-Ly-6G and anti-F4/80. All antibodies were purchased from
eBioscience (San Diego, CA) with the exception of FITC anti-GL7 (BD Pharmingen).

Cells were fixed in formaldehyde (Cytofix/Cytoperm, BD biosciences, San Diego, CA) for
25 minutes on ice, washed with permeabilization buffer containing saponin (BD biosciences,
San Diego, CA), and incubated with the Pacific Orange labeled surface/intracellular marker
anti-mouse anti-lg heavy and light chain (Invitrogen) as described [18]. Compensation is
prepared using flow through sample aliquots individually incubated with the same
antibodies used in the staining mixture. The FITC, hapten-PE and the PE-AF647
compensation tubes were stained respectively with CD4-FITC, CD4-PE and CD4-PE-Cy5.

2.8.3 Flow cytometry—aB cell analysis studies were performed on a 4-laser (355 nm, 405
nm, 488 nm, 633 nm) LSR |l device (BD Biosciences) and data processed with FlowJo
software (Tree Star, Ashland, OR).

2.8.4 Gating strategy—First, a singlet gate is applied to remove any cells that have
aggregated. Next, total B cells are gated as cells that express immunoglobulin positive (Ig*)
but not the following non-B cell markers: CD90.2 (T cells), Gr-1 (neutrophils), CD11.c
(dendritic cells) and F4/80 (macrophages). To differentiate between B cells that bind 60XY
or 8HYDROC from PE-binding B cells, B cells were further divided by using AF647-PE,
which fluorescences at a wavelength of 670 nm compared to the PE alone at 575 nm.
Hapten-specific B cells were further identified as either non-antibody secreting cells (non-
ASC) expressing high levels of B220"9" or antibody secreting cells (ASC) expressing high
levels of intracellular immunoglobulin (1gM9"). Hapten-specific B220M9" non-ASC B cells
were further identified as GL7M9" germinal center (GC) or CD38"9" naive/memory (N/M)
B cells. Naive/memory B cells were further identified as IgM positive (IgMi9") or IgM and
IgD negative switched immunoglobulin (swlg) memory B cells. Naive and memory B cells
cannot be separated from each other because of lack of specific surface markers, however
their contribution can be assessed by comparing immunized subjects to naive or
unconjugated KLH controls. The effect of vaccination with 60XY-KLH or unconjugated
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KLH control is shown in a representative dot plot showing non-ASC and ASC B cells
(Supplemental Figure 1).

2.8.5 Analysis of high affinity hapten-specific B cell numbers—To determine the
median affinity of naive B cells for free drugs, drug haptens and conjugate immunogens,
samples from each mouse were split in %2 mouse equivalent samples and first incubated with
saline or increasing concentrations of inhibitors for 20 minutes at room temperature prior to
enrichment first with the AF647-PE and then with either the 60XY-PE or the 8HYDROC-
PE conjugates. For each mouse, the fraction (%) recovery of hapten-specific B220M9" non-
ASC and 1g"9" ASC B cells after pre-incubation was expressed as the hapten-specific B
cells % of total B cells in the inhibitor group divided by the hapten-specific B cells % of
total B cells in the saline group. For each inhibitor, the % of inhibitor-specific B cells is
calculated by subtracting the % recovery of hapten-specific B cells from 100% (no
inhibition). The number of B cells with high affinity for hapten or inhibitor is calculated
from the individual numbers of hapten-specific B cell obtained in the enrichment study
multiplied by the mean % of inhibitor-specific B cells obtained in the affinity study.

2.9 Statistical analysis

In all studies, analyses were separately performed on the bound fraction alone. The mean
numbers of 60XY- and 8HYDROC-specific B cells were compared by paired T test within
subjects and by unpaired T test across groups.

3. RESULTS

3.1 Effect of immunization on oxycodone distribution to serum and brain in BALB/c mice

We have previously shown that, despite the closely-related structures, the 60XY-KLH
conjugate vaccine was more effective than a series of immunogens containing C6- and C8-
derivatized hydrocodone-based haptens in blocking both oxycodone and hydrocodone
distribution to the brain in rats and their behavioral effects in mice and rats [17]. Vaccination
with 60XY-KLH was more effective than 8HYDROC-KLH in preventing distribution of
oxycodone to the brain in rats and in blocking oxycodone analgesic effects in rats and mice
[17]. In rats, 60XY-KLH induced higher serum antibody titers with higher affinity for
oxycodone than the 8HYDROC-KLH immunogen [17]. In this study, we confirmed the
relative efficacy of the model immunogens in BALB/c mice. Mice were immunized s.c. at 0,
14 and 28 days with 25 pg of either 60XY-KLH, 8HYDROC-KLH or KLH absorbed to
Alum adjuvant. On day 35, a week after the last immunization, we tested the effect of
vaccination on the distribution of oxycodone. Mice were injected s.c. with a 2.25 mg/kg
dose of oxycodone and were euthanized by CO, inhalation at 30 minutes post-injection to
collect serum and brain as previously described [17]. Similarly to rat studies, vaccination
with 60XY-KLH prevented oxycodone distribution to the brain while 8SHYDROC-KLH did
not (Figure 1). The observed differences in efficacy reflected the ability of 60XY-KLH to
generate higher hapten-specific serum antibody titers than 8HYDROC-KLH (Table 1).
Although both 60XY-KLH and 8HYDROC-KLH generate hapten-specific serum
antibodies that cross-react with oxycodone, vaccination with 60XY-KLH elicits serum
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antibodies with higher affinity and selectivity for oxycodone, which are more effective in
sequestering oxycodone in serum and blocking its central effects [17].

The observed difference in efficacy, was not due to a lower haptenization ratio (moles of
hapten to moles of carrier protein) of the 8HYDROC-KLH immunogen. It was not possible
to determine the haptenization ratio of KLH immunogens due to the large molecular weight
of KLH. However, no differences in haptenization ratio (range 17-21) were detected by
MALDI-TOF mass spectrometry or the trinitrobenzene sulfonic acid reagent method
between immunogens containing 60XY and 8HYDROC conjugated to BSA, OVA and PE
suggesting that these haptens yield similar conjugation efficiency [17]. These data suggest
that the 8BHYDROC-KLH conjugate is a poor immunogen and does not generate effective
serum antibodies against oxycodone. The lead 60XY and the less effective 83HYDROC
(Figure 1A) provided excellent models to study if analysis of the pre-immunization B cell
repertoire may provide pre-vaccination screening assays to predict the magnitude of
antibody response or vaccine efficacy against drugs of abuse.

3.2 B cell enrichment and flow cytometry analysis strategy

To test if the pre-immunization naive B cell repertoire reflects the different efficacy between
60XY-KLH and 8HYDROC-KLH against oxycodone, we first developed a B cell
enrichment-based screening assay to analyze B cells specific for these structurally-related
morphinan haptens. First, the 60XY and 8HYDROC haptens were conjugated to the
fluorescent carrier protein PE to allow for enrichment and detection of rare hapten-specific
B cells in unimmunized and vaccinated mice. Then, the whole B cell repertoire was
incubated with a decoy reagent consisting of AF647-PE followed by incubation with the
hapten-PE conjugate. From the whole B cell repertoire, B cells binding AF647-PE or
hapten-PE were positively isolated using anti-PE magnetic beads and magnetic columns as
previously described [22]. Following magnetic bead enrichment, the column-bound fraction
was labeled with a combination of B cell and non-B cell surface and intracellular markers as
previously reported [18]. Using a flow cytometer, it was possible to identify hapten-specific
B cells from PE-specific B cells because the AF647-PE conjugate fluorescences at a
wavelength different than PE alone (Figure 2). As shown in Figure 3, hapten-specific B cells
were identified as either B220M9" non-antibody secreting cells (non-ASC) or Ighidh antibody
secreting cells (ASC). The B220" 1gM!D population was not hapten-specific B cells but
instead non-B cells that bound circulating antibody via Fc receptors [25]. Hapten-specific
B220M9" non-ASC B cells were further identified as GL7M9" germinal center (GC) or
CD38Nigh naive/memory (N/M) cells. Additionally, naive and memory B cells were further
characterized as IgM"i9" or switched immunoglobulin (swlg) memory B cells as previously
described [18].

3.3 Analysis of naive total hapten-specific B cell numbers prior to vaccination

Using our newly developed strategy, we first tested if the increased efficacy of the 60XY-
KLH immunogen may be due to the presence of a higher number of 60XY -specific naive B
cells in the pre-immunization repertoire. Single-cell suspensions of peripheral lymph nodes
and spleens from each individual mouse, were split and enriched for either 60XY-PE or
8HYDROC-PE, to detect 60XY- and 8HYDROC-specific B cells. Contrary to our
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hypothesis, the number of B220M9" and 1g"9" 60X Y- and 8HYDROC-specific B cells
(non-ASC and ASC) were nearly identical (Figure 4A). Since 60XY and 8HYDROC
haptens are structurally-close (Figure 1A), these data suggested that the majority of B cells
may be able to bind both haptens or that 60XY - and 8HYDROC-specific B cell populations
coexist within the naive B cell repertoire and cannot be separated using enrichment alone.
We hypothesized that 60XY-KLH greater efficacy may be due to hapten-specific naive B
cell greater affinity for the target drug or hapten rather than the numbers of naive B cells.
The interaction between hapten or immunogen and BCR or antibodies may have been
dictated by structural differences between oxycodone and hydrocodone or between their
respective immunogens. For instance, oxycodone contains a hydroxyl group at the C14
position (Figure 1A), which may increase affinity for BCR or antibody by affecting the three
dimensional structure of the hapten alone or conjugated to carrier proteins.

3.4 Analysis of naive B cells affinity for haptens and immunogens prior to vaccination

The finding that naive B cells bound both 60XY and 8HYDROC but 8HYDROC-KLH
induces suboptimal activation suggests that there must be a qualitative difference in this
binding. Thus, we analyzed whether naive B cells were able to bind 60XY with a higher
affinity compared to 8HYDROC. To test this, samples were pre-incubated with increasing
concentrations of free oxycodone, hapten or conjugate immunogens prior to enrichment with
the hapten-PE reagents. In this assay, the percentage (%) of recovered hapten-specific B
cells compared to a saline control group is a direct reflection of median affinity of the
population for the inhibitor.

Pre-incubation with free oxycodone, 60XY hapten or 60XY-OVA, reduced the % of
recovered 60XY-specific B cells compared to saline controls (Figure 4B). Pre-incubation
with 1 UM 60XY-OVA decreased the recovery of 60XY-specific B cells to ~30%, while 10
mM of free oxycodone or 60XY free hapten resulted in ~55% recovery. Compared to saline
pre-incubation control (i.e. 100% recovery of 60XY-specific B cells), 67% of the enriched
60XY-specific B cells bound 60XY-OVA and 47% bound the free oxycodone or the 60XY
free hapten. In contrast, only 10% of recovered 8HYDROC-specific B cells bound free
oxycodone and 26% of 8HYDROC-specific B cells bound 1 uM 8HYDROC-OVA (Figure
4C). Higher concentrations of inhibitors were not possible because of solubility problems.
These data suggest that 60XY -specific B cells have relative higher affinity for the 60XY
hapten and for the target drug oxycodone compared to the lower binding of 83HYDROC-
specific B cells. Interestingly, only 10% of the 60XY-specific B cells bound 1 uM
8HYDROC-OVA or the nicotine CMUNic-OVA control immunogen, and 10% of the
8HYDROC-specific B cells bound 1 pM 60XY-OVA suggesting that these two B cell
populations minimally cross-react or overlap with each other. The observed higher affinity
of 60XY-specific B cells for oxycodone, 60XY hapten and immunogens may explain the
greater efficacy of 60XY-KLH compared to 8HYDROC-KLH. High concentrations of free
oxycodone, haptens, or their respective hapten-protein conjugates, were needed to inhibit B
cell binding to the hapten-PE reagents suggesting that prior to vaccination naive B cells have
low affinity for these haptens. However, we studied only two structurally-close morphinan
haptens, and future studies will extend these findings to other haptens and immunogens to
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establish how immunogen structure may determine affinity for BCR and relate to antibody
function.

3.5 Analysis of high affinity naive B cell numbers

Using the mean % of 60XY - and 8HYDROC-specific B cells that bound free oxycodone or
their respective conjugated immunogen, and the individual numbers of 60XY- and
8HYDROC-specific naive B cells found in the naive B cell repertoire (respectively mean
+SEM= 16021164 and 14714140, figure 4A), we calculated the individual numbers of
60XY- and 8HYDROC-specific B cells with higher affinity for free oxycodone and for
either 60XY-OVA or 8HYDROC-OVA (Figure 4D). In the naive B cell repertoire, the
mean numbers of 60XY-specific B cells with relative higher affinity for free oxycodone and
60XY-OVA were respectively 75377 and 1073+110 (mean+SEM), in contrast to 147+14
and 382+37 (meanzSEM) 8HYDROC-specific B cells with high affinity for free oxycodone
and 8HYDROC-OVA (Figure 4D). The presence of higher numbers of B cells specific for
oxycodone and 60XY-OVA within the 60XY-specific naive B cell subset may explain the
greater efficacy of the 60XY-KLH immunogen in preventing oxycodone distribution and
behavioral effects. Analysis of pre-immunization hapten-specific B cell numbers with higher
affinity for the target drug and immunogens may help to design better vaccines or predict
vaccine clinical efficacy.

3.6 Analysis of B cell activation shortly after vaccination with 60XY-KLH, 8HYDROC-KLH

or KLH

Using our enrichment approach paired to flow cytometry analysis, we tested if the 60XY -
and 8HYDROC-specific B cell populations would independently expand within a few days
after vaccination either with the 60XY-KLH, 8HYDROC-KLH or KLH. Preliminary
studies showed that in mice (n=4 each group) immunized s.c. with either 60XY-KLH or
unconjugated KLH absorbed on Alum adjuvant, no titers were detected (<200) at 7-14 days
after the 1t vaccination. A week after a 2"d immunization on day 14, mice vaccinated with
60XY-KLH exhibited detectable oxycodone-specific serum antibody titers (5060+960;
mean+SEM), in contrast to no detectable titers (<200) in the unconjugated KLH control
group (Pravetoni, unpublished observation). Since no serum antibody titers were detectable
by ELISA within 14 days after vaccination, we decided to study if hapten-specific B cells
would provide earlier evidence of vaccine efficacy between 0 and 14 days after a single
immunization.

At two weeks after vaccination, the numbers of 60XY- and 8HYDROC-specific B cells
(non-ASC and ASC) in mice vaccinated with either 60XY-KLH or 83HYDROC-KLH were
significantly higher (p< 0.05) than in naive mice or in mice vaccinated with the
unconjugated KLH protein (Figure 5A). At 14 days after immunization, the numbers of
60XY -specific B cells (non-ASC and ASC) in mice vaccinated with the 60XY-KLH
immunogen were significantly higher (p< 0.05) than the 8HYDROC-specific B cells in the
8HYDROC-KLH immunogen group (Figure 5B). At 14 days after immunization, within
mice vaccinated with the lead immunogen 60XY -KLH, the numbers of 60XY -specific B
cells (non-ASC and ASC) were significantly higher than 8HYDROC-specific B cells
(Figure 5C). In mice immunized with 60XY-KLH, no B cells specific for the tetraglycine
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linker were ever detected, confirming previous data showing that 60XY-KLH does not elicit
tetraglycine linker-specific serum IgG antibodies [23].

At two weeks after immunization, the numbers of 60XY-specific ASC B cells in mice
vaccinated with the 60XY-KLH immunogen were significantly higher (p< 0.05) than the
8HYDROC-specific ASC B cells in mice vaccinated with 8HYDROC-KLH (Figure 5D). In
fact, a similar number of 8HYDROC-specific ASC were present whether the mice were
primed with 8BHYDROC-KLH or 60XY-KLH (Figure 5D). At 14 days after the first
vaccination, analysis of oxycodone-specific serum antibody titers by ELISA was not reliable
since only a subset of mice (n= 2 out of 8) immunized with 60XY-KLH showed titers of
1370£24 (mean£SEM), while most mice were not above the detection threshold (<200)
similarly to mice immunized with the unconjugated KLH. Analysis of hapten-specific B cell
responses shortly after vaccination provided evidence of vaccination success or failure
earlier than serum antibody responses. By analyzing hapten-specific B cells the defective
response to vaccination with the 8HYDROC-KLH immunogen is apparent within a week
from the primary immunization, weeks prior to the presence of detectable serum antibody.

3.7 Analysis of polyclonal B cell responses to vaccination with 60XY-KLH in mice

To test if vaccination with the lead candidate 60XY-KLH selectively induces 60XY -
specific B cell phenotypes within the polyclonal response, we tracked the 60XY - and
8HYDROC-specific B cells at 14 days after the first immunization, which is prior to reliable
detection of oxycodone-specific serum antibody. In this experiment, single-cell suspensions
from each individual mouse were split and enriched for either the 60XY-PE or the
8HYDROC-PE immunogens. The non-ASC population of hapten-specific B cells can be
subdivided into naive and activated subsets using CD38 and GL7. Prior to immunization
both 60XY-specific and 8HYDROC-specific B cells expressed the expected CD38* GL7-
“naive” phenotype. Fourteen days following immunization with 60XY-KLH, a large
population of GL7* germinal center cells could be detected (Figure 6A) along with an
increase in the number of CD38" GL7- B cells (Figure 6B). The 60XY -specific naive B cell
repertoire was mainly comprised of IgM*™ N/M B cells that represented, respectively, the
67% of non-ASC and the 0.77% of total B cells. The numerical increase in CD38* GL7- B
cells represents the production of memory B cells, which are difficult to distinguish from
their naive counterparts based on protein expression. Some memory B cells can be
distinguished from their naive counterparts as a result of switching their isotype from IgM/D
to 19G, IgA, or IgE [19]. Indeed, fourteen days following immunization with 60XY-KLH, a
small but detectable population of IgM/D-isotype switched CD38* GL7- cells can be
detected within the 60XY-specific B cell population (Figure 6D). These data suggest that
tracking germinal center B cells proliferation in secondary lymphoid organs may provide
early evidence of successful vaccination eliciting late swlg B cell responses, which are
crucial for the establishment of long-term memory [18]. However, further studies are needed
to correlate early hapten-specific GC B cell responses to late swlg memory B cell and
generation of effective serum antibody titers specific for drugs of abuse. As expected, prior
to vaccination Ig+ antibody-secreting (ASC) B cells were not present but were increased
shortly after vaccination compared to naive mice (Figure 6E).
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4. DISCUSSION

Vaccines elicit protection against a wide range of antigens, and pre-clinical studies suggest
that vaccination might provide a viable therapeutic approach to treat drug addiction.
However, using current vaccination strategies, only a subset of immunized subjects achieved
clinically effective serum antibody responses [10,11,13,14,26]. Pre-clinical and clinical
development of vaccines against drugs of abuse is largely based on characterization of drug-
specific serum antibodies after immunization or by measuring the effect of vaccination on
drug distribution and drug-induced behavioral effects [8,14]. A critical barrier to vaccine
translation is the lack of pre-vaccination screening assays or biomarkers to predict vaccine
efficacy and individual responses to vaccination. Pre-vaccination screening assays and
biomarkers may accelerate vaccine development by identifying the most effective vaccines
to advance to clinical trials, to select the most appropriate subjects for clinical evaluation,
and by providing individualized vaccine selection criteria in clinical settings. The overall
goal of this study was to develop a pre-immunization B cell-based screening assay for
candidate hapten-conjugate vaccines and to test whether naive B cells specific for drug
haptens could be used as biomarkers of vaccine’s efficacy against drugs of abuse.

It has been shown that it is possible to use fluorescent reagents to detect rare antigen-specific
B cells in the whole B cell repertoire collected from spleen and peripheral lymph nodes in
mice [18,19,22]. In these studies, in vivo characterization of rare naive B cells specific for
PE, allophycocyanin (APC) and glucose-6-phosphate isomerase (GPI) suggested that
analysis of naive B cells prior to vaccination may provide biomarkers that correlate with the
magnitude and quality of serum antibody response. Here, we extended this strategy to small
molecules (i.e. not proteins or peptides) using structurally-related model morphinan haptens
from candidate vaccines against prescription opioids [17].

We have previously shown that a C6-derivatized oxycodone-based hapten (60XY) was
more effective than C6- and C8-derivatized hydrocodone-based haptens to generate a
candidate vaccine effective against oxycodone and hydrocodone [17]. Here, we first
confirmed that vaccination with 60XY-KLH is more effective than 8HYDROC-KLH in
blocking oxycodone distribution in mice. Then, we found that naive B cells exhibited higher
affinity for a more effective C6-derivatized oxycodone-based hapten (60XY) and that the
60XY -specific naive B cell population contained a higher number of B cells with greater
affinity for free oxycodone. Higher affinity of naive B cells for hapten or oxycodone
correlated with increased efficacy of vaccination in blocking oxycodone distribution to brain
in mice. After vaccination, hapten-specific activated B cells were detected before
oxycodone-specific serum antibodies, suggesting that B cells may provide earlier evidence
of successful vaccination than serum antibodies.

Analysis of naive B cell median affinity for free oxycodone, haptens and immunogens,
showed that the naive B cell repertoire had higher affinity for the 60XY hapten and the
60XY-OVA immunogen than the less effective SBHYDROC and 8HYDROC-OVA
suggesting that naive B cell binding is specific and can discriminate between closely related
structures. Also, 60XY-specific naive B cells did not bind the 8HYDROC hapten and
8HYDROC-OVA conjugate or the control nicotine immunogen CMUNic-OVA suggesting
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that these naive B cell subsets minimally cross-react or overlap with each other. It has been
shown that multivalent vaccination with structurally-similar immunogens, containing
structurally-close nicotine or opioid haptens can elicit independent immunological responses
against nicotine or opioids, suggesting activation of different populations of B cells
[24,27,28]. The observed successful antibody responses to multivalent vaccination provide
further support that distinct hapten-specific naive B cell subsets may coexist in the pre-
immunization repertoire.

In previous work analyzing B cells specific for the proteins OVA or GPI, pre-incubation of
naive B cells with 1 mM of free protein was able to nearly eliminate the detection of protein-
specific naive B cells [22]. In our study, pre-incubation with up to 10-fold higher
concentrations of free drugs, haptens and immunogens did not block entirely the recovery of
hapten-specific naive B cells. This indicates that our hapten-PE conjugates have the ability
to detect B cells with very low affinity for haptens. This is likely the result of the higher
haptenization ratio of the PE conjugates used for enrichment of hapten-specific B cells,
compared to the previously used tetramers containing only 4 protein molecules. Of course,
comparisons across studies are hindered by the number of epitopes present on a small hapten
rather than a larger protein such as OVA or GPI. In fact, pre-incubation with the 60XY -
OVA conjugate immunogen produces greater inhibition than free oxycodone or 60XY
haptens, probably due to the higher avidity elicited by multiple haptens or epitopes in close
proximity on the surface of a larger carrier. Additionally, 60XY-OVA may have prevented
B cells binding to 60XY-PE because of the structural similarities between OVA and PE
conjugates. Conjugation to proteins may have changed drug hapten orientation thus
affecting binding of BCR or antibodies. Our data suggest that only naive B cells with the
highest affinity for haptens respond to immunization and future work aims to focus only on
this B cell subset.

Using the total numbers of naive B cells specific for haptens, and their median affinity for
free oxycodone or immunogen, we showed that the 60XY-specific B cell subset contained a
larger number of naive B cells with higher affinity for oxycodone and hapten-protein
conjugate than the 8HYDROC-specific B cell population. These data suggest that BCR
affinity for free drug, the hapten or the conjugate immunogen may dictate hapten-specific
naive B cell ability to mature after vaccination and generate serum antibodies specific for
both hapten and free drug. In both mice and rats, vaccination with 60XY-KLH induces
highly effective serum antibody titers with higher affinity for oxycodone and hydrocodone
than 8HYDROC-KLH and another closely-related C6-derivatized hydrocodone-based
immunogen containing a tetraglycine linker [17].

An explanation to these findings may lie in the structural differences between oxycodone
and hydrocodone or between their respective haptens, which may favor interaction with
BCR or antibodies. In contrast to hydrocodone, oxycodone contains a hydroxyl group at the
C14 position, which may increase affinity and specificity for BCR or antibody by providing
additional electrostatic attractions. This hydroxyl group could also influence the orientation
and appearance of the tetraglycine linker, which would affect the three dimensional structure
of the hapten and its proximity to the carrier protein influencing interaction with BCR or
antibodies. In fact it has been shown that free nicotine and a nicotine hapten have bound

J Immunol Methods. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Taylor et al.

Page 14

with different orientations to a human monoclonal antibody isolated from B cells from a
subject immunized with a nicotine conjugate vaccine [29]. Linker position on hapten may
also mask critical structures necessary for binding BCR or antibodies. For instance,
8HYDROC-KLH immunogenicity and efficacy may have been affected by steric, electronic
and/or diastereoselective effects when the linker was attached at the C8 position on
hydrocodone. However, 60XY-KLH was still more effective than an immunogen
containing hydrocodone derivatized at the C6 position with an identical linker [17]. These
data suggest that oxycodone is intrinsically more immunogenic than hydrocodone or a better
pharmacophore for synthesis of effective haptens [17]. Careful hapten design and choice of
linker position, polarity, length and flexibility is important to generate effective serum
antibodies against the target drug [24,30,31].

Based on our findings, we hypothesized that if the naive pre-immunization repertoire
contains both 60XY- and 8HYDROC-specific naive B cells, vaccination will elicit
independent proliferation of the naive B cell population with specificity for the immunogen
displaying higher affinity. Shortly after the first vaccination with 60XY-KLH and
8HYDROC-KLH, the numbers of 60XY- and 8HYDROC-specific activated B cells were
higher than in mice immunized with the unconjugated carrier or naive mice. Additionally,
vaccination with 60XY-KLH induced stronger hapten-specific B cell responses than
8HYDROC-KLH. At two weeks after the first vaccination, serum 1gG antibody titers were
barely detectable while B cells showed a measurable response, which suggests that B cell-
based screening assays may be used pre-vaccination or early after vaccination to assess
vaccine efficacy prior to detection of antibodies.

Here, we presented a first characterization of early polyclonal B cell responses shortly after
vaccination with the most promising 60XY-KLH immunogen. These data suggested that
although the 60XY- and 8HYDROC-specific B cell subsets may coexist, only the higher
affinity 60XY-specific B cells will successfully proliferate after vaccination with 60XY -
KLH. Shortly after the first vaccination, we detected a strong germinal center response,
which may be due to the initial B cell proliferation after vaccination. Activation of germinal
centers within peripheral lymph nodes is critical to establish long-term immunity against
antigens. Tracking hapten-specific B cells may help to elucidate if the differences in
conjugate vaccines efficacy are due to the ability of vaccination to induce germinal center
activation. Further studies are warranted to test if the magnitude of early germinal center
proliferation correlates with stronger generation of long-term plasma or memory B cells
responses later in the vaccination protocol.

We have previously characterized the magnitude and quality of the serum antibody response
elicited by the 60XY-KLH and other related immunogens containing C6- and C8-
derivatized hydrocodone-based haptens [17]. These data provided critical information
regarding vaccine development, however the design and screening of novel haptens and
immunogens were limited by the time frame required to achieve detectable titers in
immunized animals and subsequent in vivo efficacy screening. The strength of the novel
hapten-based enrichment approach is that B cell responses to haptens and vaccination may
be characterized prior to generation of detectable serum antibody responses. It has been
shown that pre-immunization analysis of B cells in PBMC provided biomarkers of response
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to a pandemic H1N1 influenza vaccine in diverse patient populations [32,33]. Also, shortly
after a booster vaccination, influenza-specific IgG™ ASC B cells peaked in human PBMC
and represented ~6% of all B cells which allowed for analysis of immunoglobulin variable
region [34]. Similar approaches would be useful to aid clinical evaluation of vaccines
against drugs of abuse.

A recent study showed that cocaine users have serum IgM antibodies with very low affinity
for cocaine (ICsg ~ 4.5mM) and that the presence of cocaine-specific serum antibodies
correlated with efficacy of a conjugate vaccine against cocaine [35]. Here, we found that the
pre-immunization naive B cell repertoire was mainly composed of naive and memory B
cells carrying IgM or IgD, which are characterized by low affinity and high avidity for
antigens. Measuring the number of pre-vaccination hapten-specific naive B cells, or their
affinity for haptens and immunogens, may provide a more sensitive analysis of the immune
repertoire prior to immunization than characterization of serum antibodies.

The ability to detect rare hapten-specific naive B cells prior to immunization may be used to
generate predetermined criteria to predict clinical efficacy of currently available hapten-
protein vaccines in pre-clinical and clinical development. For instance the number of high
affinity hapten-specific B cells found in mice may correlate with mouse and rat drug-
specific serum antibody titers and their affinity for the target drug. This information may be
used to establish pre-vaccination criteria to predict clinicallyeffective serum antibody
responses in human subjects (Supplemental Figure 2). In this study, the analysis of rare
hapten-specific B cells was performed in peripheral lymph nodes and spleens from mice,
because this approach was first developed in this species [18]. Due to availability of larger
blood volumes, the same approach may be translated to human peripheral blood
mononuclear cells (PBMC) from subjects prior to vaccination. The ability of evaluating
candidate vaccines in human PBMC will significantly accelerate the translation of these
vaccines to the clinic because it will help to assess candidate vaccines prior to clinical
studies or shortly after immunization.

Characterizing critical hapten-specific B cell responses underlying the generation of highly
effective serum antibodies may provide markers for rational design of vaccines that would
selectively target specific B cell subsets [36]. Hapten-specific B cells may be analyzed for
mutations in the variable regions [37], for genetic polymorphisms, for surface markers
predictive of vaccine efficacy and individual responses to vaccination [38], or for isolation
of human monoclonal antibodies [39]. This work focused on vaccines against addiction,
however this approach can possibly be extended to other hapten-conjugate vaccines against
small molecules such as chemical terrorism agents, carcinogens [40], toxins, carbohydrates
associated with tumors or infectious agents [41].

Supplementary Material
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PE Red-phychoerytrin
AF Alexa Fluor 647
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Figure 1. Vaccine efficacy in preventing oxycodone distribution to the brain in mice
A) target drugs and haptens. B and C) Serum and brain oxycodone concentrations in mice

vaccinated with either 60XY-KLH, 8HYDROC-KLH or unconjugated KLH at 30 minutes
after s.c. administration of 2.25 mg/kg oxycodone (n= 6 mice each vaccine group, n=>5in
KLH group). In previous studies, the 60XY-KLH immunogen was more effective than
8HYDROC-KLH in blocking oxycodone distribution to the brain in rats and preventing
oxycodone behavioral effects in both mice and rats [17]. Statistical symbols: * p< 0.05 from
unconjugated KLH control or brackets to indicate between group differences.
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Figure 2. Hapten-specific B cells enrichment strategy
The whole B cell repertoire, from individual mouse peripheral lymph nodes and spleen, is

first incubated with a decoy reagent consisting of PE-AF647 followed by incubation with
the hapten-PE (shown 60XY-PE). All B cells binding the AF647-PE or the hapten-PE
detection reagent are positively isolated using anti-PE magnetic beads and magnetic
columns. Using flow cytometry, it was possible to identify hapten-specific B cells from PE-
specific B cells because the AF647-PE conjugate fluorescences at different wavelength than
PE.
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Figure 3. B cell gating strategy of 60XY-specific B cells in a representative dot plot from a
mouse vaccinated with 60XY-KLH

A) singlet gating to remove any cells that have aggregated. B) total lymphocytes. C) total B
cells expressing immunoglobulin positive (Ig*) but not the following non-B cell markers:
CD90.2 (T cells), Gr-1 (neutrophils), CD11.c (dendritic cells) and F4/80 (macrophages). D)
To differentiate between B cells that bind 60XY or 8HYDROC from PE-binding B cells, B
cells were further divided using the AF647-PE decoy. E) hapten-specific B cells were
further identified as either non antibody-secreting cells (hon-ASC) expressing high levels of
B220Mi9h or antibody-secreting cells (ASC) expressing high levels of intracellular
immunoglobulin (1gN9"). F) hapten-specific B220M9" non-ASC B cells were further
identified as GL7M9" germinal center (GC) or CD38"9" naive/memory (N/M). G) Naive/
memory B cells were further identified as IgMNi9" or IgM!°W/IgD!oW switched
immunoglobulin (swlg) cells.
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Figure 4. Analysis of pre-immunization hapten-specific naive B cells
To analyze the number of naive B cells specific for morphinan haptens and their affinities

for free drug, haptens or immunogens, peripheral lymph nodes and spleen were collected
from each mouse and split to perform paired comparison (n=5-9 mice each group). The
numbers of hapten-specific naive B cells were the sum of B220M9" non-ASC and Ignigh
ASC B cells. A) Numbers of hapten-specific naive B cells in samples enriched for 60XY -
PE or 8HYDROC-PE conjugates. B and C) The % recovery of 60XY- and 8HYDROC-
specific naive B cells after pre-incubation with free oxycodone, haptens and immunogens.
Compared to saline pre-incubation control (i.e. 100% recovery of 60XY -specific B cells),
67% of the enriched 60XY-specific B cells bound 60XY-OVA and 47% bound the free
oxycodone or the 60XY free hapten. In contrast, only 10% of recovered 8HYDROC-
specific B cells bound free oxycodone and 26% of 8HYDROC-specific B cells bound 1 uM
8HYDROC-OVA. Pre-incubation with 1 uM of either the 8BHYDROC-OVA or the control
nicotine CMUNic-OVA immunogen decreased by only 10% the recovery of 60XY-specific
B cells suggesting minimal cross-reactivity between B cell subsets specific for 60XY or
8HYDROC haptens. D) The numbers of 60XY-specific B cells with high affinity for free
oxycodone and 60XY-OVA were higher than 8HYDROC-specific B cells with high affinity
for free oxycodone and 8HYDROC-OVA. Statistical symbols: ** p< 0.01 compared to
saline control or brackets to indicate between group differences.
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Figure 5. Analysis of hapten-specific B cell numbers shortly after immunization
The number of 60XY -specific and 8HYDROC-specific B cells were measured at 0, 7 and

14 days after immunization with either 60XY-KLH, 8HYDROC-KLH or unconjugated
KLH. Individual mouse samples were split and each %2 mouse equivalent was enriched with
either 60XY-PE or 83HYDROC-PE. A) Immunization with 60XY-KLH and 8HYDROC-
KLH respectively increased the numbers of 60XY -specific and 8HYDROC-specific B cells
(including B220M9" non-ASC and Ighidh ASC) compared to naive mice and mice immunized
with KLH (n=5-9 mice each group). The punctuated line represents the mean number of
hapten-specific B cells in naive mice. B) The individual numbers of 60XY- or 83HYDROC-
specific activated B cells (B220M3" non-ASC and 1gM9h ASC) in immunized mice are
obtained by subtracting the mean number of hapten-specific naive B cells from each
respective naive mouse group (represented by the punctuated line in panel A, numbers are
the mean from Figure 4, panel A). C) Numbers of 60XY- and 8HYDROC-specific activated
B cell in mice immunized with the lead 60XY-KLH immunogen. D) Numbers of 60XY -
and 8HYDROC-specific Ighidh ASC B cells in mice immunized with the 60XY-KLH or the
8HYDROC-KLH immunogen. Statistical symbols: * p< 0.05, ** p< 0.01 from control group
or brackets to indicate between group differences.
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Figure 6. Analysis of hapten-specific B cells polyclonal responses to vaccination with candidate
60XY-KLH immunogen
After vaccination with 60XY-KLH (n=9 mice) absorbed on Alum, individual samples were

split and enriched with 60XY-PE or 8HYDROC-PE. The 60XY- and 8HYDROC-specific
B cells were composed of: A) GL7"9" GC B cells, B) CD38M9" N/M B cells, which can be
further divided in lgMN9M and swig B cells (shown in C and D); and E) Ighidh ASC B cells.
Statistical symbols: * p< 0.05 and ** p< 0.01 compared to naive mice as shown by brackets.
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Table 1

Serum antibody titers (x 103)* in BALB/c mice.

Vaccine
60XY-KLH 8HYDROC-KLH

Coating immunogen

60XY-OVA 306+15 29+19
8HYDROC-OVA 13680 122+160
60XY-PE 290+197 23+14
8HYDROC-PE 30+24 19+9
CMUNIC-PE <2 <2

Data are expressed as mean + standard deviation. Mice were immunized s.c. at 0, 14 and 28 days using immunogens absorbed on Alum adjuvant.
Sera were collected at 1 week after the last immunization (35 days).
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