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The Journal of Immunology

Secondary Immunization Generates Clonally Related
Antigen-Specific Plasma Cells and Memory B Cells

Daniela Frolich,*™ Claudia Giesecke,* ™! Henrik E. Mei,*" Karin Reiter,*"
Capucine Daridon,*" Peter E. Lipsky,” and Thomas Dérner"

Rechallenge with T cell-dependent Ags induces memory B cells to re-enter germinal centers (GCs) and undergo further expansion
and differentiation into plasma cells (PCs) and secondary memory B cells. It is currently not known whether the expanded pop-
ulation of memory B cells and PCs generated in secondary GCs are clonally related, nor has the extent of proliferation and somatic
hypermutation of their precursors been delineated. In this study, after secondary tetanus toxoid (TT) immunization, TT-specific PCs
increased 17- to 80-fold on days 6—7, whereas TT-specific memory B cells peaked (delayed) on day 14 with a 2- to 22-fold increase.
Molecular analyses of VyDJy rearrangements of individual cells revealed no major differences of gene usage and CDR3 length
between TT-specific PCs and memory B cells, and both contained extensive evidence of somatic hypermutation with a pattern
consistent with GC reactions. This analysis identified clonally related TT-specific memory B cells and PCs. Within clusters of
clonally related cells, sequences shared a number of mutations but also could contain additional base pair changes. The data
indicate that although following secondary immunization PCs can derive from memory B cells without further somatic hyper-
mutation, in some circumstances, likely within GC reactions, asymmetric mutation can occur. These results suggest that after the
fate decision to differentiate into secondary memory B cells or PCs, some committed precursors continue to proliferate and

mutate their Vg genes. The Journal of Immunology, 2010, 185: 3103-3110.

tection of the host during re-exposure to hazardous patho-

gens and toxins. Vaccination strategies aim to stimulate this
aspect of immunologic memory. The goals of vaccination are to
generate Ag-specific memory B cells capable of responding to
the immunizing Ag more quickly and robustly and plasma cells
(PCs) secreting Abs specific for the immunizing Ag.

Primary Ag challenge leads to activation of naive B cells and
subsequently generation of memory B cells expressing BCRs of
increased avidity and PCs secreting high-avidity Abs. A very het-
erogeneous repertoire of naive B cells expressing primary BCRs is
generated during B cell development by random rearrangement of
V, D, and J segments of both H and L chains (1-4). Activation by
T cell-dependent Ags can result in extrafollicular PC generation
and formation of germinal centers (GCs). Within GCs, B cells
undergo clonal expansion, somatic hypermutation, and selection
as well as class switch recombination (5). These processes yield
memory B cells with high-avidity BCRs and PCs secreting spe-
cific high-avidity Abs and ensure serological and reactive memory

S erological memory plays a pivotal role in systemic pro-
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to protect the host during secondary challenge with potentially
injurious foreign materials.

Upon rechallenge with T cell-dependent Ags, memory B cells
can re-enter GCs and undergo further expansion and differentiation
into PCs secreting high-avidity Abs, usually of the IgG or IgA H
chain isotype, and secondary memory B cells with highly mutated
Ig Vy gene rearrangements. Whether the expanded population of
memory B cells and PCs generated in secondary GCs are clonally
related and the extent of proliferation of their precursors are cur-
rently not known.

The current study was, therefore, undertaken to address whether
clonally related PCs and memory B cells emerge after antigenic
rechallenge. The approach involved the simultaneous analysis of
tetanus toxoid (TT)-specific PCs and memory B cells after sec-
ondary TT immunization in healthy individuals. This approach per-
mitted the delineation of the timing of the generation of Ag-specific
PCs and memory B cells. After single-cell sorting of both cell
types and detailed molecular characterization of the rearranged
VuDJIyCa/vy/p genes, clonal relationships of PCs and memory
B cells were clearly identified. Moreover, detailed analysis of so-
matic hypermutation of IgVy genes of clonally related cells indi-
cated that in some circumstances there was a remarkable degree of
divergent base pair changes consistent with extensive proliferation
and mutation after commitment to PC and secondary memory
B cell differentiation. In other examples, memory B cells and
PCs shared the same IgVy gene rearrangements and no additional
mutations, consistent with immediate PC differentiation from
memory B cells without activation of somatic hypermutation.

Materials and Methods

Immunization

Six healthy Caucasian individuals (five female, one male) with a mean age
of 28 y (25-33 y) received a booster immunization against TT/diphthe-
ria toxoid (20 LE. TT and 2 LE. diphtheria toxoid; Sanofi Pasteur MSD,
Leimen, Germany) after informed consent had been obtained from the
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individual patients and after approval by the local ethics committee of the
Charité University Medicine.

Cell preparation and staining

Peripheral blood was collected before and at various time points after
immunization, and PBMCs were prepared by density gradient centrifu-
gation using Ficoll-Paque Plus (GE Healthcare Bio-Science AB, Uppsala,
Sweden) as reported previously (6). For single-cell sorting, B cells were
enriched using a RosetteSep B cell enrichment kit according to the man-
ufacturer’s instructions (StemCell Technologies, Vancouver, British Co-
lumbia, Canada).

For cytometric analyses, PBMCs were incubated at 4°C for 10 min with
the following fluorochrome-labeled anti-human mAbs in PBS/0.2% BSA:
anti-CD19-PerCP (SJ25C1; BD Biosciences, San Jose, CA), anti-CD27—
Cy5 (clone 2E4; a kind gift from René van Lier, Academic Medical
Center, University of Amsterdam, Amsterdam, The Netherlands), anti-
CD3-FITC (clone UCHT-1; Deutsches Rheumaforschungszentrum, Berlin,
Germany), anti-CD14-FITC (clone TM1; Deutsches Rheumaforschungs-
zentrum). TT-specific B cells were identified by binding to PE-labeled TT,
and the specificity of staining was confirmed by blocking using unconjugated
TT (7).

For single-cell sorting, PBMCs were stained as described above using
anti-CD3-Pacific blue, anti-CD14-Pacific blue (clone M5E2; BD Bio-
sciences), anti-CD19-PECy7, anti-CD27-CyS5, anti-CD20-PerCP (clone
L27; BD Biosciences) and digoxigenated recombinant C-fragment of tet-
anus toxin (ITT.C; Hoffmann-La Roche, Indianapolis, IN, conjugated to di-
goxigenin, Boehringer, Mannheim, Germany). This approach was employed
because it consistently gave better separation of Ag-specific and nonspecific
cells. After being washed with PBS/BSA, cells were incubated with anti-
digoxigenin—FITC (Boehringer and Deutsches Rheumaforschungszentrum)
at 4°C for 10 min. DAPI (Molecular Probes, Eugene, OR) was added im-
mediately before cytometric analysis or cell sorting to exclude dead cells.

Cytometric analyses, phenotyping, and cell enumeration

Cytometric analyses of TT-specific cells were performed for three donors
(#1,#2, and #3) on days 0, 2, 5,6, 7, 8,9, 12, 14, and 20 and additionally for
donor #2 on day 41 after vaccination. Flow cytometric data were analyzed
using FlowJo software (Tree Star, Ashland, OR). Peripheral blood B cells
were quantified as described previously using the TruCount system (BD
Biosciences) (8). Absolute numbers of TT-specific PCs (CD19¥, CD27**,
CD3", CD147) and memory B cells (CD19*, CD27*, CD3™, CD14")
were then calculated.

Cell sorting and cDNA synthesis

Seven days after immunization single CD19*, CD27**, CD20", CD3",
CD14™, rTT.C-specific PCs and 9 d after immunization single CD19",
CD27*, CD20*, CD3™, CD14", rTT.C-specific memory B cells of three
donors (#4, #5, and #6) were sorted into 96-well plates using a FACSAria
(BD Biosciences). Each well contained a reaction mix as described else-
where (9), and first strand cDNA was generated at 50°C for 60 min.

Nested PCR

Nested isotype-specific (IgA/IgG/IgM) PCRs were performed to amplify the
rearranged VyDJyCa/y/i cDNAs, respectively. For external PCR, 5 l of
the amplified cDNA was used as template and a PCR mix as previously
described (10). The cycle program consisted of 7 min at 95°C, 1 min at
50°C, 90 s at 72°C, followed by 50 cycles of 1 min at 94°C, 30 s at 50°C,
90 s at 72°C, and to finish 1 min at 94°C, 30 s at 50°C, 10 min 72°C.
The internal PCR was performed in an identical manner, except for the
annealing temperature, which was set to 58°C, and 5 pl of the reaction
products from the external PCR was used as template.

The sequences of the isotype-specific 3" primers are shown in Table 1.
For the family-specific external and internal 5’ primers, oligonucleotides
were employed as described previously (11, 12).

CLONALLY RELATED Ag-SPECIFIC B CELL SUBSETS

Sequence analysis

PCR products were separated by agarose gel electrophoresis, visualized
with ethidium bromide by exposure to UV light, cut out and purified using
a QIAquick gel extraction kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Products were sequenced at Eurofins MWG
Operon (Martinsried, Germany). Sequences were analyzed using the
Chromas 2.33 sequence viewer (Chromas Technelysim, Helensvale, Aus-
tralia), the basic local alignment search tool algorithm of the National
Center for Biotechnology Information (www.ncbi.nlm.nih.gov), and the
software JOINSOLVER (http://joinsolver.niams.nih.gov) (13). Sequences
containing a stop codon or an out-of-frame rearrangement were considered
as nonproductive and excluded from the analysis. Genomatix (Www.
genomatix.de/cgi-bin/dialign/dialign.pl) (14) was used for alignments
and homology analyses of the sequences. Phylograms were created using
Phylogeny.fr (www.phylogeny.fr) (15).

Statistical analysis

Prism, version 4, for Windows (GraphPad Software, San Diego, CA; www.
graphpad.com) was used for statistical analyses. To determine significant
differences in distributions of gene usage, replacement (R) to silent (S)
mutations ratio, and mutational hotspots between rTT.C-specific PCs and
memory B cells, the x* test was used. Additionally, Mann-Whitney U tests
were performed to analyze CDR3 lengths and mutational rates. Dependence
of mutation frequency on Vi family was tested using one-way ANOVA.
The p values =0.05 were considered to reflect a significant difference.

Statistical calculation of repertoire sizes

The theoretical repertoire size and the potential number of Ag-specific
clones were calculated according to Behlke et al. (16) based on the
obtained data. Therefore, the probability P(d) of observing d different gene
rearrangements (i.e., distinct sequences) among a total number of r exam-
ined sequences for a fixed number n of different gene rearrangements is

P(d) :S(r,d)(:;)dhfr, (1)

where S(r,d) are Stirling’s numbers of the second kind. A 95% one-sided
confidence of the estimates was calculated by determining the smallest
value of n for which the probability of observing d different gene rear-
rangements among r examined sequences was <0.05.

Results
Different kinetics of TT-specific PCs and memory B cells after
tetanus booster

Direct labeling of PBMCs with PE-conjugated TT was used to de-
termine the kinetics of the appearance of TT-specific PCs and mem-
ory B cells in the blood of three healthy donors after secondary TT
immunization. Simultaneous cytometric detection of TT-specific
PCs (CD19", CD27*") and memory B cells (CD19", CD27%)
was performed (Fig. 1A, donor #2), and their absolute cell num-
bers were calculated (Fig. 1B). Specificity of the staining was
confirmed by blocking using unconjugated TT as reported previ-
ously (7).

Before TT vaccination (day 0), a mean of 87 TT-specific PCs per
milliliter (range 31-168) and a mean of 73 memory B cells per
milliliter (range 31-122) were detected. After secondary immuni-
zation, the total number of TT-specific PCs and memory B cells
increased. The kinetics of appearance of each TT-specific cell type
was similar for all three donors analyzed. TT-specific PCs increased
to an average of 5239 cells per milliliter (range 1037-13,493) on

Table I.  Sequences of isotype-specific primers for nested PCR

External 3’ primer IgVHca (43)
Ecy
Ecp

IgAex2 (43)

IgGex“”
IgMin,neu

Internal 3" primer

5'-GGA AGA AGC CCT GGA CCA GGC-3'
5'-AC GCC GCT GGT CAG GGC GC-3'
5'-TCA GGA CTG ATG GGA AGC CC-3'
5'-ACC AGG CAG GCG ATG ACC AC-3’
5'-AAG TAG TCC TTG ACC AGG CAG C-3'
5'-AGG AGA CGA GGG GGA AAA GGG TTG-3'

“IgGex and IgMin,neu both have been modified after Yavuz et al. (44).
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FIGURE 1. Kinetics of TT-specific PCs and memory B cells in peripheral blood. A, Dot plots of cytometric analysis of PE-labeled TT-specific CD19™,
CD27"*,CD3 7, CD14™ PCs and CD19*, CD27*,CD3",CD14~ memory B cells of donor #2. B, Time course of appearance of PCs and memory B cells for
each donor. Blue diamonds and orange squares indicate time points of blood analyses.

days 67, which approximates a 17- to 80-fold increase. In contrast,
TT-specific memory B cells peaked on day 14 after secondary im-
munization with a maximum of 651 cells per milliliter (range 175—
1486), approximating a 2- to 22-fold increase. In each donor, the
increase in TT-specific memory B cells appeared delayed and had
a consistently lower maximum peak compared with that of TT-
specific PCs (3.5- to 9-fold difference).

Molecular analyses

The reproducible time shift in the maximal appearance of TT-
specific memory B cells compared with that of PCs led to the ques-
tion whether they were clonally related. To determine the relation-
ship between these cell populations, single CD19*, CD27**,
CD20, CD3™, CD14™, rTT.C-specific PCs and single CD19%,
CD27%, CD20*, CD3", CD14", rTT.C-specific memory B cells
from three donors were sorted and analyzed for rearranged
VuDJuCa/y/p genes after secondary immunization.

For donor #4, 77 productive sequences out of 96 sorted PCs (77/
96) were obtained, and 1 sequence out of 10 sorted memory B cells
(1/10) was obtained. For donor #5 30/34 PCs and 12/54 memory
B cells and for donor #6 19/25 PCs and 7/26 memory B cells were
obtained. Altogether, six nonproductive sequences were found and
were not further included in the statistical analysis. Accordingly,
126 Ig Vy sequences from PCs (recovery rate 81.3%) and 20
memory B cell-derived IgVy sequences (recovery rate 22.2%)
were available for analyses.

Initially, the isotypes of the expressed Igs were determined by
sequence comparison of the isotype-specific fragment with germ-
line constant regions (basic local alignment search tool). Approx-
imately 95% of rTT.C-specific PCs and memory B cells expressed
the IgG isotype. The most commonly expressed subclass was IgG,

(116 cells out of 126 analyzed PCs, 18 cells out of 20 analyzed
memory B cells), followed by IgG, (5/126, 1/20), IgA, (2/126, 1/
20), 1gGy4 (2/126, 0/20), and IgM (1/126, 0/20). The subclasses
IgG; and IgA, were not found among the sequences analyzed. No
significant difference was found in the distribution of IgH isotypes
between rTT.C-specific PCs and memory B cells.

Next, all of the sequences were analyzed with regard to their Vy
and Ji; gene segment usage, CDR3 length, and sequence as well as
the frequency and distribution of somatic hypermutations. Clon-
ally related sequences from each donor were found. From donor
#4, 44 clonally related PC sequences out of 77 analyzed were
found, whereas in donor #5 8 out of 30 and in donor #6 5 out of 19
analyzed PC sequences were found. Among the memory B cells
two clonally related sequences were found (donor #6). Thus,
clonally related cells with the same VyDJy rearrangements and
CDR3 sequences were routinely found.

Comparable usage of Vy and Jy gene segments in
rTT.C-specific PCs and memory B cells

To determine the individual gene segments employed by VyDJy
rearrangements, the closest germline gene segments were identified
using JOINSOLVER and the Kabat et al. (17) database. For this
analysis, only clonally unrelated sequences were used (69 from PCs,
19 from memory B cells), whereas clonally related cells were
considered in the molecular analyses as one cell (separately for
each cell population). The distributions of the Vy gene segments
and Jy gene segments by rTT.C-specific PC and memory B cell
sequences are shown in Fig. 2. Except for V6 and Vg7, gene seg-
ments of all Vi and Ji; families were found. V4 was expressed most
frequently by PCs (29/69), followed by V3 (21/69), V1 (7/69),
Va2 (7/69), and Vg5 (5/69). In memory B cells, V43 (7/19) was
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the most frequently expressed Vi family, followed by Vy4 (5/19),
Vul (4/19), Vg5 (2/19), and Vg2 (1/19) (Fig. 2A).

Analysis of the Jy gene segment usage revealed that Jy4 was
used most frequently by PCs (29/69), followed by Jy5 (17/69), I3
(11/69), Ju6 (10/69), and Jy1 (2/69). In memory B cells, Jy4 (8/
19) was also used most frequently, followed by Jy3 (5/19), Ju5 (4/
19), J42 (1/19), and Jyu6 (1/19) (Fig. 2B). Of note, no significant
difference was found in the distribution of Vy and Jy family usage
between rTT.C-specific PCs and memory B cells.

Similar distribution of CDR3 lengths in rTT.C-specific PCs and
memory B cells

CDR3 lengths (Fig. 34) and CDR3 sequences (data not shown)
critically involved in Ag recognition by epitope binding were
further analyzed in detail. In rTT.C-specific PCs and memory
B cells, the respective CDR3s comprised 30-69 bp, whereas max-
ima of occurrence were found at 30 and 45 bp in both populations.

Similar frequency and distribution of somatic hypermutations

The frequency and characteristics of somatic hypermutations in
rearranged Vy gene segments were analyzed using JOINSOLVER.
Mutation frequencies ranged between 0 and 18.2% (median
9.65%) in PCs and between 2.2 and 20.3% (median 9.61%) in
memory B cells (Fig. 3B). Of note, the mutation frequencies were
independent of the individual Vg family used (one-way ANOVA).

An important characteristic of affinity maturation in B cells is the
enhanced R/S ratio of R to S mutations within the expressed Vy
gene segment. In CDRs as well as framework regions (FRs), more
R than S mutations were found. Some sequences lacked S muta-
tions, especially in the CDRs, and therefore, the R/S ratio was
calculated using the accumulated number of R and S mutations.
The R/S ratios within CDRs were increased (3.6 in PCs and 3.7
memory B cells) compared with those in FRs (1.5 and 1.6).

A plasma cells memory B cells

VH5 VH1 VH5
11%

VH1

VH2
5%

VH3
37%

H plasma cells

memory B cells

JH1 JH2 JH3 JH4 JHS JH6

FIGURE 2. Similar distributions of Vy and Jy family usage by rTT.C-
specific PCs and memory B cells of three donors after tetanus booster. A,
Distribution of Vy family usage. B, Distribution of Ji; family usage. PCs
were collected 7 d after tetanus immunization, and memory B cells were
collected 9 d after tetanus immunization. Pooled results from three donors
are shown. No significant differences were observed (x* test) in the Vyy and
J family usage between PCs and memory B cells.

[Frequency] %
= A NN W W A
o o o (3] o (3] o (3] o
P

CLONALLY RELATED Ag-SPECIFIC B CELL SUBSETS

Analysis of R/S ratios of additional accumulated mutations within
trees of clonally related PCs and memory B cells (Fig. 4B, clones
a, b, d, g) revealed a lower R/S ratio of 1.2 within CDRs and a
ratio of 1.7 within FRs.

Of note, the mutational machinery targets mutations into specific
RGYW/WRCY motifs on both DNA strands. Accordingly, 55% of
the mutations found in PCs occurred within a mutation hotspot
(RGYW or WRCY) (18), whereas 49% of mutations were iden-
tified within these motifs in sequences obtained from memory
B cells (p = 0.0213, x* test). Interestingly, the observed fre-
quencies were ~2-fold higher than expected (18).

Sequence alignments of PCs and memory B cells disclosed
clonal relationships

To determine the relationship between rTT.C-specific PCs and
memory B cells for each donor, all of the sequences (VyDJy re-
gion) were aligned. In all three donors, clonally related PCs and
memory B cells based on the same Vy and Jy gene segment usage
and CDR3 sequence were found. The phylogram in Fig. 4A illus-
trates the clonal relationships for donor #6.

For 8 out of 20 rTT.C-specific memory B cells, clonally related
PCs were found (1-3 PCs). Within a family of clonally related-
cells, the sequence homology ranged between 87 and 100%. In
one case, two clonally related memory B cells were present (se-
quence homology 88%), and 21 groups of clonally related PCs (2—
14 cells) were found. Within families of clonally related cells,
detailed analysis of sequences revealed that these cells shared
a number of mutations but often also expressed additional base
pair changes (Fig. 4B). For example, one clonal tree from donor
#6 (clone b) showed that clonally related PCs and memory B cells
had as many as 18 and 17 different base pair changes. Similarly,
clonally related memory B cells and PCs from donor #5 (clone d)
had as many as 27 different mutations. In both circumstances, the
differences related to the acquisition of new mutations by both
r'TT.C-specific memory B cells and PCs. In two clones from donor
#5 (clones e and f), no additional mutations were found in memory
B cells and PCs. It is notable that in these clones a large number of
mutations (23 and 22) were likely to have occurred in the common
precursor. Notably, no cell with the same or related sequence was
found in any two of the three donors. Finally, the [gVH rearrange-
ment sequences of clonally related memory cells and PCs were
identical with those of their presumed precursor in three examples
of donor #1 (clone c) and #2 (clones e and f) (Fig. 4B), whereas in
all three donors continuous acquisition of mutations within
memory cells and PCs was identified (clones a, b, d, and g).

Statistical analysis of repertoire sizes

As shown in the analyses described above, for each donor the
number of different VyDJy rearrangements (i.e., sequences) was
lower than the total number of analyzed sequences. Accordingly,
for donor #4, 33 unequal PC sequences out of 77 analyzed PC
were obtained, for donor #5 22 out of 30, and for donor #6 14 out
of 19. On the basis of this data, the theoretical statistical repertoire
size specific against TT was calculated. For this calculation, it was
assumed that no significant skewing of the data set by nonrandom
gene segment usage occurred as described elsewhere (16).

For each donor, the statistical/theoretical rTT.C-specific reper-
toire size (i.e., theoretical number of all rTT.C-specific distinct rear-
rangements) has been calculated from the number of examined
sequences and the number of different rearrangements observed.
This analysis revealed a 95% one-sided confidence bound n for
each donor by determining the smallest value of n for which the
probability of observing at most d different sequences among r
total examined sequences was <0.05. Thus, » is the theoretical
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ory B cells. B, Scatter plot of mutation frequencies.
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statistical calculated quantity of different clones within one in-
dividual to ensure (with a 95% confidence) the empirical found
numbers of observed distinct sequences among all of the exam-
ined sequences. As a result and by application of this equation, the
statistical estimated repertoire size n for donor #4 was 44, for
donor #5 79, and for donor #6 64, which appeared to be remark-
ably similar between the different individuals.

Discussion

The differentiation pathway of memory B cells after secondary
immunization is not well understood. For the first time, to the best
of our knowledge, molecular characteristics of both tetanus-
specific human PCs and memory B cells after secondary immuni-
zation have been analyzed within the same donors. PCs and mem-
ory B cells having identical CDR3 sequences were identified in the
blood, clearly indicating that precursors of secondary memory
B cells and PCs are clonally related. The observation that some
of the clones have divergent patterns of somatic hypermutation sug-
gests that memory B cell precursors of both secondary memory
B cells and PCs mainly continue to divide and undergo further
rounds of somatic hypermutation after the decision to differentiate
into one or the other has been completed. Although this represents
anew alternative, other clones of memory B cells and PCs carrying
the very same IgVH gene sequences with no additional mutations
were also found, consistent with the conclusion that they were in-
duced simultaneously out of their precursor cells without activation
of somatic hypermutation.

Kinetics

To investigate the kinetics and magnitude of the human PC and
memory B cell response after TT booster, absolute numbers of these
two cell populations were determined in the peripheral blood. The
maximum of TT-specific PC and memory B cell numbers were ob-
served on day 7 and day 14, respectively, after secondary immuni-
zation. This is in concordance with previous studies monitoring
immune responses after TT (7, 19) or influenza immunization
(20, 21). In these studies, peaks of Ag-specific PCs and memory
B cells could be observed on days 6-8 and 14-28, respectively.
Furthermore, the smaller absolute number of memory B cells com-
pared with PCs (3.5- to 9-fold) is consistent with results of a pre-
vious study (10-fold) (7). At the peak of the response, TT-specific
PCs represented ~13% of the total CD19"/CD27"" population
(data not shown). Moreover, these cells were both Ki-67" and

L}
plasma cells

L}
memory B cells

HLA-DR"#" marking them as plasmablasts recently generated
from proliferating precursors (7, 20). The distinct kinetics of
rapid detection of increased numbers of Ag-specific PCs and de-
layed occurrence of increases in memory B cell numbers suggest
either a difference in the timing of their generation or a dichotomy
in the expression or function of adhesion molecules, chemokine
receptors, or other molecules involved in their migration and/or
tissue localization. In this regard, in mice and humans, it has been
shown that PCs lack CXCRS expression or express it at marginal
levels (22, 23). CXCRS is important for follicular localization (24)
and essential for homing to secondary lymphoid tissues (25).
Thus, PCs may have decreased migratory capacities toward the
follicles in lymph nodes or spleen. Memory B cells still express
CXCRS, and their egress from GCs apparently is differently reg-
ulated (24).

Molecular analyses

To determine the relationship between rTT.C-specific PCs and
memory B cells, comprehensive molecular analyses of single
sorted cells were performed. The analyses of rTT.C-specific PCs
revealed that ~95% of these cells expressed the IgG H chain
isotype, suggesting their origin from T cell-dependent memory
B cell activation. This is in line with previous reports in which
>90% of tetanus-fragment C* PCs produced IgG (19). In addition,
influenza-vaccine—specific Ab-secreting cells were reported to se-
crete mainly IgG (20). In contrast, most of the human peripheral
blood PCs in the steady state expressed intracellular IgA (8),
likely being induced in the gut instructed under the influence of
the IgA switch factors, TGF-3 and a proliferation-inducing ligand
(26, 27).

The Vy and Jy family usage of rTT.C-specific PCs showed no
statistical difference among the three analyzed donors. This is in
contrast to a previous study that reported an extensive diversity in
the TT-specific repertoires from different subjects (28). However,
when the rTT.C-specific Vg and Jy family usage was compared
with a previously reported unselected repertoire from peripheral
IgM* B cells (29), a significant difference (p < 0.0001, x* test)
was found, presumably as a result of selection, suggesting the
possibility that elements of both Vy and Jy segments might con-
tribute to Ag specificity.

Notably, rTT.C-specific PCs had highly mutated Vy gene rear-
rangements (a mean of ~20.5 mutations), comparable to other reports
of the highly mutated nature of the Ig Vy genes of Ag-specific PCs
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CLONALLY RELATED Ag-SPECIFIC B CELL SUBSETS

CDR3

length
Cell ID Vu Iy [bp] Amino acid sequence
D89-2E 5-51 3 54 ARGYCSGGSCFPADTFDV
D89- 9D 5-51 3 42 ATVKYNSGWDGFDI
D89-7E 4-31 6 57 ARVFITTLGGVIDGHGMDV
D90- 7D 4-31 6 57 ARVFITTLGGVIDGHGMDV
D89-12C 4-39 5 30 ANNRDNWFDP
D90- 6D 4-39 5 30 ARQTDNWFDP
D89- 2D 4-39 5 30 ARHADNWFDP
D89- 9E 4-39 5 30 ARQADNWFDP
D89-3D 4-39 5 30 ARQADNWFDP
D89- 7D 4-39 5 30 AFTADNWFDP
D90- 7F 4-39 5 30 ALTYDNWFDP
D90- 6G 4-39 5 30 ALTYDNWFDP
D89- 5D 4-39 5 30 ALTYDNWFDP
D89- 8D 4-39 5 30 ALTYDNWFDP
D89- 1D 4-39 5 30 VVTYDNWFDP
D89-4D 1-03 4 45 ARVPGMAAAGTEFDR
D89-5E 1-03 4 45 ARVPGMAAAGTEFDR
D90- SA 1-18 4 45 ARDPGNYAGHSHFDY
D89-3E 1-18 4 45 ARDPRQTLGSSYFVY
D90- 5G 1-18 4 45 ARDPRQTLGSSYFVY
D89- 11D 3-30 4 39 ASTRSSTWYLFDY
D89- 6E 3-30 4 45 AKTRGGTRDWYYFDY
D89- 11E 3-30 4 45 AKTRGGTRDWYYFDY
D89- 8E 3-30 6 63 AREVVRYSYGSGEYYYYGMDV
D89- 10D 3-30 6 63 AREVVRYSYGSGEYYYYGMDV
D90- 7E 3-74 2 54 VRSTYAYGSGSDNWYLDF

d

Precursor
8 mutations

+11/ \-12
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e
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FIGURE 4. Relationship between rTT.C-specific PCs and memory B cells. A, Phylogram of the relationship between rTT.C-specific PCs (blue) and
memory B cells (orange) of one donor (donor #6). Clonally related cells (same VyDJy recombination and same CDR3 nucleotide sequence [data not
shown]) are boxed by a green rectangle. Clones a, b, and ¢ are clusters of clonally related cells containing both PCs and memory B cells, which are further
analyzed in B. The table gives further specifications for each cell including the amino acid sequence of each respective CDR3. The phylogram was created
using Phylogeny.fr (accessed July 20, 2009). B, Schematic mutation trees showing memory B cells with their clonally related PCs (donors #4, #5, and #6).
Blue circles indicate found PC sequences, and orange circles found memory B cell sequences. Gray circles denote hypothetical intermediate sequences
(cells) that are not found but have mutations that are shared by all subsequent sequences (cells). Numbers in branches indicate the numbers of mutations to
the next node. Clones a, b, and ¢ (donor #6) represent schematic trees of clonally related cells that are derived from the phylogram in A. Clones a, b, d, and g
were further analyzed for their additional mutations (i.e., additional accumulated mutations not yet present in the predicted precursors).

(mean of 18-19 mutations) (20). On the basis of the very high fre-
quency of mutations and the development of increased numbers of
circulating PCs 6-7 d after secondary immunization, it can be as-
sumed that pre-existing memory B cells and not naive B cells were
the major precursor of the PCs analyzed. On the basis of the previous
estimate of the mutation rate as one mutation per 1000 bp per cell
division (30), it would require more than 90 cell divisions to result in
a mean of 20 mutations per 210 bp of analyzed Vy region. Such

a scenario appears to be unlikely within a 6-7 d period because the
minimal cell cycle length of GC B cells ranges between 6 (31) and
12 h (32). Consistent with this, a previous study showed that
after primary immunization of mice Ag-specific GC-derived B cells
in the peripheral blood 7 d later exhibited a mean mutation frequen-
cy of 0.1%. By 10 d, this had increased to 1.2%, and even on day
28 after primary immunization the mutation frequency was <5%
(33). These results are, therefore, most consistent with the conclusion
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that the r'TT.C-specific PCs are the progeny of previously mutated
memory B cells.

Additionally, the data also suggest that the immediate precursors
of these memory B cell-derived PCs retain the capacity to undergo
further somatic hypermutation. Whether the capacity to undergo ad-
ditional somatic hypermutation contributes to further avidity matu-
ration is currently unknown. The presence of additional mutations
implies that PC precursors may continue to mutate and proliferate.
The finding that the PCs induced by secondary immunization with
TT are Ki-67" is consistent with this conclusion (8). Finally, the
observation that both rTT.C-specific PCs and memory B cells have
acquired unique mutations indicates that each committed precursor
retained the capacity to mutate and proliferate after the decision to
become either effector cell type had been made. Of interest, the
finding that clonally related rTT.C-specific memory B cells and
PCs have different mutational patterns suggests that they may not
have the exact same Ag binding characteristics.

High R/S ratios were demonstrated in the memory B cell and PC
Vy sequences and indicate a preference of R mutations within the
CDRs. This is considered to be an indication of affinity maturation
and antigenic selection (19), although the general tendency of the
mutational machinery to introduce R mutations in the CDRs of Vi
segments makes this contention uncertain (34). Intriguingly, a 3-
fold reduced R/S ratio (1.2) was detected within CDRs compared
with the R/S ratio within CDRs (~3.6) for all mutations when the
R/S ratio of additional mutations accumulated uniquely within
clonally related PCs and memory B cells was analyzed. This is
consistent with the hypothesis that the cells analyzed in this study
were derived from already existent memory B cells with high-
affinity BCRs. Additional activity of the mutation machinery is
unlikely to increase avidity greatly but also carries the risk of
inducing nonsense mutations leading to a loss of the B cell from
the repertoire (34). The accumulated mutations within RGYW/
WRCY motifs were much greater than expected from random
chance and are consistent with T cell-dependent and CD40- and
CD154-mediated responses, because targeting of mutations into
RGYW/WRCY motifs is deficient in CD154-deficient subjects
(35). Taken together, the mutational data imply that the base
pair changes found in both secondary memory B cells and PCs
arose from T cell-dependent responses and perhaps reflect avidity
maturation.

1'TT.C-specific memory B cells did not differ significantly from the
rTT.C-specific PCs regarding their Vi and Jy; family usage, CDR3
lengths, mutation frequencies, and R/S ratios. Thus, most of the rTT.
C-specific PCs and memory B cells may have passed through a sim-
ilar microenvironment in the GC. Moreover, the evidence indicates
that PCs and secondary memory B cells can arise from the same
memory B cell precursor. In support of this conclusion, a phylogram
identified clonally related PCs and memory B cells within all three
donors. Because of the random rearrangement of gene segments
(V. D, and Jy) and the activity of exonuclease and terminal des-
oxynucleotidyl transferase activity editing the junctional regions of
the segments, a theoretically infinite number of possible BCR
sequences can be produced. Therefore, the probability of finding
independently developed B cells with identical BCR sequences is
highly unlikely. Consistent with this conclusion, no sequences with
the same VyDJy recombination were found among the three in-
dividual donors. However, the study identified clonally related rTT.
C-specific PCs and memory B cells within each donor, suggesting
that these cells descended from a common precursor even though
they appeared in the peripheral blood at different time points. Be-
cause the clonally related memory B cells and PCs shared a number
of common mutations, it is highly likely that both originated from
previously mutated memory B cell precursors. In this context, the
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theoretical r'TT.C-specific repertoire size was estimated. As a result,
the calculated rTT.C-specific repertoire sizes ranged between 44
and 79 different clones among the three donors. This is comparable
to a previous study where the TT-specific repertoire was estimated to
be on the order of 100 distinct B cell clones using different detec-
tion methods (28). However, the actual repertoire sizes might be
slightly larger than estimated by the statistical calculation, because
r'TT.C contains only ~50% of the TT epitopes.

As discussed above, the timing of the appearance of secondary
memory B cells and PCs in the blood makes their origin from naive
B cells unlikely. Although some examples of clonally related cells
with identical sequences support the classical view that memory
B cells and PCs are induced from memory B cells without addi-
tional somatic hypermutation, it is important to emphasize that in
other examples both rTT.C-specific memory B cell and PC clones
expressed independent mutations in all three donors, suggesting the
possibility that each cell maintained the capacity to proliferate and
mutate after a fate decision had been made to mature into either of
the effector B cell types. Finally, it should be noted that it is possible
that the commitment to differentiate into a secondary memory
B cell or a PC did not occur in response to the secondary immu-
nization but rather had occurred during a previous antigenic expo-
sure. Although the current data do not address that possibility, it is
important to realize that in either scenario memory B cell precur-
sors of secondary memory B cells and PCs would be required to
proliferate and mutate after a fate decision concerning further dif-
ferentiation had been made.

Accordingly, an alternative hypothetical model compared with
that of Liu et al. (36) can be proposed (Fig. 5) in which resting
memory B cells that divide rarely in the context of self renewing (37—
39) are induced to undergo rapid clonal expansion in response to Ag
activation. Some of these cells rapidly differentiate into PCs and
memory B cells with no further somatic hypermutation. Others have
the capacity to enter a GC to undergo further proliferation and
somatic hypermutation. At some point during the GC reaction,
a fate decision is made concerning subsequent differentiation into

Antigen-specific
memory B cell

activation

J Antigen-activated rapid
proliferating precursor

J D ;’

.
' * plasma cells
o)

Committed
GC B cell

memory B cell

Committed

cCre P S.“MC)
©/ [T

memory B cells plasma cells

FIGURE 5. Schematic model for the generation of Ag-specific PCs and
memory B cells after booster. Ag-specific memory B cells (A), generated
during previous Ag challenges, become rapid proliferating cells (B) upon
activation. These can either directly undergo differentiation into PCs (C) or
secondary memory B cells (D) sharing identical sequences or enter into
GCs. Here, after the fate decision between secondary memory B cells and
PCs, committed GC B cells undergo further proliferation and somatic
hypermutation. Eventually high-affinity PCs (E) and secondary memory
B cells (F) differing in their mutational patterns are released from the GC.
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secondary memory B cells or PCs. After this decision, the com-
mitted precursors continue to proliferate and mutate their Ig Vy
genes. Expression of master regulatory genes, such as BLIMP-1,
determines this decision, probably influenced by both Ag avidity
and density, and the impact of T cells helps, including CD40 and
IL-21 signaling (40—42).
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Frolich, D., C. Giesecke, H. E. Mei, K. Reiter, C. Daridon, P. E. Lipsky, and T. Dorner. 2010. Secondary immunization generates clonally
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In Fig. 1, the dot plot shown at day 5 was incorrectly shown as a duplication of the dot plot shown at day 6. The corrected Fig. 1 is reprinted
below. The figure legend was correct as published and is shown below for reference.
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FIGURE 1. Kinetics of TT-specific PCs and memory B cells in peripheral blood. A, Dot plots of cytometric analysis of PE-labeled TT-specific CD19™,
CD27"", CD3", CD14~ PCs and CD19", CD27", CD3", CD14~ memory B cells of donor #2. B, Time course of appearance of PCs and memory B cells for
each donor. Blue diamonds and orange squares indicate time points of blood analyses.
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