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Abstract

We examined whether age alters the emergence of high-affinity germinal center B (GCB) cells
and switched memory B cells (SWBmem) during a primary immune response to a thymus-
dependent antigen, using a novel flow cytometric assay to distinguish relative BCR affinity. In
young mice, high-affinity B cells predominate in the GCB pool and comprise a smaller proportion
of the nascent swBy,em pool two weeks after immunization. In aged mice, we observe significant
reductions of high-affinity clones among GCB cells, but not nascent swByem cells. The defect in
GC affinity maturation was not overcome by providing excess carrier-specific T cells from young
mice, as these cells still displayed compromised effector Tgy differentiation in the aged animals.
Our results suggest that B cells in aged animals have a reduced ability to prompt effector Tg
differentiation, leading to a compromised GC response that results in reduced generation of high-
affinity GCB and plasma cells; despite normal production of early swBmem cells.

Keywords
B cell; germinal center; affinity; age

INTRODUCTION

Aging is associated with a reduced ability to generate protective antibody responses. In T
cell-dependent (TD) immune responses, high-affinity plasma cells and memory B cells are
derived from the germinal center (GC). Following antigen encounter and cognate T cell
help, B cells enter a GC reaction wherein immunoglobulin genes undergo somatic
hypermutation (SHM) and selection for improved BCR antigen affinity, as well as isotype
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class switching (reviewed in (Shlomchik and Weisel, 2012; Victora and Nussenzweig,
2012)). Some of these cells ultimately exit the GC reaction and adopt either a plasma cell
(PC) or memory B cell (Bmem) fate (Benson et al., 2007; Zotos and Tarlinton, 2012).
Despite evidence that B cells in aged mice retain the ability to be activated by antigenic
stimulation, GC B cells are reduced (Han et al., 2003; Zharhary and Klinman, 1983, 1986;
Zheng et al., 1997), and anamnestic responses are likewise diminished (Han et al., 2003; Lu
and Cerny, 2002; Miller and Kelsoe, 1995). Nevertheless, there is evidence that primary and
secondary humoral responses are merely delayed in older individuals (Kosco et al., 1989;
Roukens et al., 2011), raising questions about potential deficiencies in the initial generation
of antigen-activated B cell subsets.

The response of C57BL/6 mice to carrier-conjugated 4-hydroxy3-nitrophenylacetyl (NP)
hapten is dominated by immunoglobulin heavy-chain V segments of the Vh186.2 and V3
gene families, paired with lambda light chain (Lu and Cerny, 2002; Yang et al., 1996). In
aged mice, or in young hosts reconstituted with either B cells or T cells from aged animals,
shifts in Vh186.2 gene use as well as reduced somatic hypermutation in splenic GCs are
observed (Miller and Kelsoe, 1995; Yang et al., 1996). This is associated with significantly
reduced average affinity of serum anti-NP antibody (Han et al., 2003; Miller and Kelsoe,
1995). Further, both AID expression and class switch recombination are significantly
reduced in aged mice and humans (Frasca et al., 2011; Frasca et al., 2004), and this is
associated with affinity maturation and vaccine responses in elderly humans (Ademokun et
al., 2011; Frasca et al., 2011; Frasca et al., 2010; Khurana et al., 2012). Age-associated
changes in T cell function also contribute to changes in the antibody repertoire (Song. H.,
1997; Zheng et al., 1997). Splenic or peripheral lymph node CD4 T cells from aged mice
show decreased cognate helper function, leading to significant reductions in somatic
hypermutation, NP+ GC B cell expansion, and NP-specific IgG antibody (Eaton et al., 2004;
Maue et al., 2009; Nicoletti et al., 1991). There is additional evidence that T follicular helper
cell (Tgy) function is altered in aged mice and humans (Agrawal A., 2012; Lefebvre J.S.,
2012). Furthermore, there is recent evidence that antigen presentation by B cells is required
for Try differentiation (Goenka et al., 2011). All of these observations led us to ask how age
may influence the overall GC reaction, including Ty differentiation and function, affinity
maturation among GC B cells per se, and development of the Byem pool.

Here, we varied the ratio of NP directly conjugated to fluorophores in order to track high-
and low-affinity GCB cells and early swBmem during a primary immune response to NP-
OVA. Despite the presence of comparable numbers of Tg between aged and young hosts,
we observed significant reductions in GCB cells of all affinities in aged animals, but no
difference in the swBmem Subset. In addition, Ty in aged hosts were compromised in their
ability to express IL-4 and IL-21. Taken together, our results suggest that “aged” B cells
contribute to GC maturation and outcome defects in aged individuals, including reduced
generation of high-affinity GCB and plasma cells; nevertheless, early SwBem cells are
produced normally.
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MATERIALS & METHODS

Mice and immunization

Mice were maintained and used in accordance with the University of Pennsylvania Animal
Care and Use Guidelines. 8-14 week old C57BL/6J were purchased from Jackson
Laboratory. Young (3—4 mo.) or aged (22—-30 mo.) mice were purchased from the NIA Aged
Rodent Colony. CD45.1* OTII mice were kindly provided by T. Kambayashi’s laboratory
(Univ. of Pennsylvania). Mice were immunized intra-peritoneally (i.p.) with 50 pg NP5-
OVA or NP77-Ficoll (Biosearch Technologies). For adoptive transfer experiments, we
depleted splenocytes from OTII Tg mice of B220*, CD8* and CD11b* cells using a
MACS™ magnetic bead depletion system (Miltenyi), then transferred 10° enriched CD4 T
cells per mouse intravenously (i.v.).

Flow cytometry

Monoclonal antibodies reactive to the following antigens were used: 1gD (clone 11-26),
CD4 (clone GK1.5), B220 (clone RA3-6B2), CD11b (M1/70), all from eBioscience; F4/80
(clone BM8), Fas/CD95 (clone Jo2), CD19 (clone 1D3), Ly-6G/GR1 (clone RB6-8C5),
Ki67 all from Pharmingen. NP was conjugated to APC or PE (ProZyme) in house. The
conjugation ratio of NP-APC ranged from 27 to 30, whereas the conjugation ratio of NP-PE
ranged from 5-6. Cells were first stained with NPs_g-PE along with antibodies against other
surface antigens, washed, and then stained with NPy7_33-APC as well as secondary stain if
applicable. DAPI (Invitrogen) or Live/Dead Aqua (Invitrogen) was used to identify live
cells, and doublets were excluded by forward and side scatter height x width analysis. Cells
were analyzed on a LSRII™ cytometer (BD Biosciences), and data were analyzed using
FlowlJo software (TreeStar). FACS sorts were performed on a FACS Aria II™ (BD).

Somatic hypermutation analysis

ELISPot

RNA was extracted from FACS-sorted NP,7*NPg* or NP,7*NPg~ GCB cells and reverse
transcribed to cDNA using RTCry primer as described previously (Rohatgi et al., 2008), to
enrich for 1gG transcripts. Amplicons were purified using the PureLink ™ gel extraction kit
(Invitrogen) and cloned using the TOPO TA Cloning Kit (Invitrogen). Plasmids containing a
Vh insert were isolated (GenElute HP Plasmid Miniprep Kit, Sigma) and sequenced at the
Univ. of Pennsylvania DNA Sequencing Facility. Sequences were identified and aligned
with IgBLAST.

Splenocyte suspensions were incubated on Immunosorb™ plates (Nunc) coated with 10
ug/ml of NP4-BSA or NPog_-BSA (Biosearch Technologies) and subsequently blocked with
1% BSA. After 3—4 hours, plates were developed with anti-IgM or anti-1gG1 as previously
described (Goenka et al., 2011).

Quantitative polymerase chain reaction (QPCR) analysis

RNA was extracted with the RNeasy kit (Qiagen) and reverse-transcribed to cDNA using
SuperScript 11 Reverse Transcriptase (Invitrogen) following manufacturer’s protocols.
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QPCR was conducted using Tagman probes and Master Mix in an ABI 7300 machine
(Applied Biosystems). 18S ribosomal subunit was used as a housekeeping gene, and
samples were normalized to universal total RNA (Zyagen).

Statistical Analysis

Data were subjected to a two-tailed t test at a=0.05 using Graph Pad Prizm.

RESULTS

Flow cytometric resolution of B cells bearing high- and low-affinity BCRs

The relative affinities of class-switched antibodies or antibody secreting cells (ASCs) can be
determined based on the conjugation ratio of haptens in solid phase assays (Han et al., 2003;
Herzenberg et al., 1980; Oropallo et al., 2012; Scholz et al., 2008; Shimizu et al., 2003).
Similarly, the relative affinity of murine BCRs has been measured flow cytometrically using
doubly-conjugated BSA carrier proteins (Shimizu et al., 2003). Here, we asked whether a
similar approach could be adapted to flow cytometry by varying the number of hapten
groups attached per molecule of fluorophore, rather than a carrier protein. Accordingly, we
prepared low or high conjugation ratios of NP covalently bound to two different
flourophores: PE-NPs_g (phycoerythrin) and APC-NP57_3q (allophycocyanin). We
sequentially stained splenocytes from C57BL/6 mice, first with PE-NP5_g along with
antibodies to cell surface antigens, then with the APC-NP,7_3q reagent, at various time
points after immunization with TD or T cell-independent (T1) antigen (gating strategies and
typical results are shown in Figures 1 and 2 and discussed further below). Our rationale for
the staining order was that labeling with APC-NP,7_3 first would hinder subsequent
labeling with PE-NPs_g, since APC-NP,7_3¢ should bind to BCRs with higher avidity.
Conversely, staining with PE-NPs_g first would allow identification of cells with the
highest-affinity BCRs, which should be PE* APC* “double positives” and represent a subset
of all antigen-specific (APC*) B cells.

Affinity maturation occurs efficiently in response to TD, but not T, antigens (Benson et al.,
2007; Victora and Nussenzweig, 2012). Thus, we predicted that PE-NPs_g binders would
emerge only in TD responses, with the TI response providing a negative control. Thus, we
immunized 3-5 month old mice with either the TI-2 antigen NP-Ficoll or the TD antigen
NP-OVA, then analyzed the emergence of B cells that bound both conjugates (NP,7*NPg*)
or only the APC-NP,7 conjugate (NP,7*NPg™) (Figure 1). Similar results were obtained for
surface and intracellular staining, so results for surface staining are shown in all remaining
figures. As expected, double-stained cells (NP,7*NPg™) were absent at the peak of the NP-
Ficoll response (day 5), while NP,7*NPg~ B cells were common (Fig. 1A). In contrast, 10
days after NP-OVA immunization, we detected both double-stained (NP,7*NPg*) and
single-stained (NP,7*NPg™) B cells. Further, NPo7" NPg* B cells comprised approximately
half of the total NP-binding B cells at various time points post-NP-OVA-immunization (Fig.
1B).

Prior sequence analyses have revealed that GC B cells are enriched for high-affinity variants
during early stages of the immune response. The early Bmem pool is largely comprised of
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non-mutated clones, but becomes enriched with mutated clones as the response progresses
and resolves (reviewed in (Shlomchik and Weisel, 2012; Victora and Nussenzweig, 2012)).
Thus, we next asked how NP-binding cells were distributed between GCB or nascent Bmem
subsets by conducting a kinetic analysis of total and high-affinity NP-specific B cells during
a primary TD response in young mice (Figure 2). To identify surface Ig* cells, we conducted
labeling of NP conjugates sequentially, as described above. The gating strategy to phenotype
GCB and Bpyem subsets (Fig. 2A) was applied to splenocytes from non-immunized animals
and to NP-OVA-immunized mice at various time points to 28 days post-immunization (Fig.
2B). Double-positive NPo,7*NPg* cells predominate in the GC pool from day 14 onward,
although the total number of GCB gradually wanes as expected (Fig. 2C, upper panel). As
further proof of concept, we FACS sorted GL7*CD38~ GC B cells that were either
NP27*NPg~ or NPo7*NPg* at d14 post-immunization (with the gating strategy shown in Fig.
2A and B), then cloned and sequenced V4186.2 segments (Table 1). Both subsets had
comparable numbers of mutations per sequence, including the number of Replacement (R)
or Silent (S) mutations in the Framework Regions (FWRs) or Complementarity Determining
Regions (CDRs). However, NPZ/*NPg* GC B cells were enriched for the canonical
mutation that improves affinity in the NP-response, a tryptophan to leucine exchange at
position 33 (W33L) in V{186.2, consistent with previous results (Lu et al., 2001). Taken
together, these results indicate that the NPs_g reagent identifies B cells bearing BCRs that
have improved affinity for the NP antigen.

In the developing Bmem pool, double-positive NP,7*NPg* cells represent only one-fifth of
the swBmem subset between days 10 and 14, but increased to about half by day 20 (Fig. 2C,
lower panel). Concurrently, the proportion and number of NP,7*NPg™ Bimem decreased
sharply between days 10 and 14, as the GC reaction had peaked and started to wane. At d28,
a majority of high-affinity By,em cells were CD73*, consistent with GC derivation (not
shown; (Taylor et al., 2012; Tomayko et al., 2010)). Taken together, these results validate
our novel method for flow cytometric tracking of total and high-affinity B cells. We
conclude that PE-NPg detects high-affinity B cells, whereas APC-NP57 detects BCRs
ranging from low to high affinity for the NP antigen.

Aged mice show reduced high-affinity GC B cells, yet similar swByem Numbers

Although the contribution of aged B cells to GC maturation and antibody outcomes has been
well studied, whether age affects the generation of Byem cells early in a primary immune
response is not yet known. To investigate this question, we first immunized young (3-4 mo.)
or aged (22-30 mo.) mice with NP-OVA and assessed subsets of effector B cells
approximately 2 weeks post-immunization (Figure 3). Consistent with previous reports (Han
et al., 2003)), numbers of NP positive as well as GC B cells were significantly lower in aged
mice (Fig. 3A, left and center panels). However, numbers of NP positive SWBem cells of
all affinities were comparable (Fig. 3A, right panel), as were the proportion and number of
high-affinity cells (not shown), suggesting that early events leading to B cell memory are
intact.

Since T follicular helper cells (Tgy) are important for the generation and maintenance of TD
responses (reviewed in (Crotty, 2011; Johnston et al., 2009)), we also investigated the
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number and effector potential of endogenous Tr present in aged mice. Bcl6 and cytokines
such as IL-4 and 1L-21 are produced by Tgy cells, these and are key for GC formation,
somatic hypermutation, and 1gG1 class-switching (reviewed in (Crotty, 2011)). Thus, we
sorted endogenous Tgy from young or aged mice using the phenotyping and gating strategy
shown (Fig. 3B), enumerated Tgy (Fig. 3C), and analyzed the expression of key genes by
gPCR (Fig. 3D). There were similar numbers of Tgy cells present in aged and young mice,
and while their Tgy cells expressed similar levels of Bcl6 and 1L-21, there was a defect in
IL-4 expression by Try present in aged animals. We therefore conclude that effector Tgy
differentiation is perturbed in aged mice, which may in part explain the observed reductions
in NP-specific total B cell and GCB subsets (Fig. 3A).

Transfer of carrier-specific TCR transgenic helper T cells from young mice does not
correct the GC defect in aged mice

Since effector differentiation of Tgy cells appeared to be perturbed in aged mice, we next
asked whether the transfer of helper T cells from young mice would correct the observed
defect in GC induction. To this end, we transferred 10° OVA-specific CD4 T cells from
young OTII mice into each aged or young B6 animal 1-4 hours before immunizing with NP-
OVA, and assayed the response at days 7 and 13 (Figures 4-6). As expected, OTlIs did not
expand in naive mice (Fig. 4A, 4B). However, despite similar degrees of expansion in young
and aged immunized mice (Fig. 4B), OTlI-derived Ty expressed significantly lower levels
of Bcl6, IL-4, and IL-21 in aged animals (Fig. 4C). Consistent with defects in Tgy
differentiation, aged mice were unable to mount optimal primary immune responses. There
were severe defects in total and high-affinity B cells, including GC B cells, as early as day 7
(Fig. 5A, 5B). In addition, the GC response waned earlier in the aged mice: there were
approximately 4-fold fewer GC B cells at d7, and ~13 fold fewer GC B cells at d13, in aged
animals (Fig. 5B). Moreover, despite the provision of “young” T cell help, aged mice were
compromised in their ability to generate NPog-specific IgM and 1gG1 ASCs at d7 post-
immunization, and class switched, NP4-specific ASCs at d13 post-immunization (Figure 6).
Of note, as was the case for young and aged mice that did not receive exogenous helper T
cells (Fig. 3A), the number of swBem did not differ at d13 (Fig. 5C).

Taken together, these results suggest that in early primary immune responses in aged
animals, B cell intrinsic defects may dampen Tgy differentiation and function, leading to
reduced GC B cell numbers and reduced generation of high-affinity GCB and plasma cells.
However, despite a compromised GC response, SWByem cells are generated normally during
the initial stages of GC maturation.

DISCUSSION

Here we describe and employ a novel flow cytometric approach for resolving high- and low
relative affinity B cells. To validate the approach, we show that the low conjugation ratio
PE-NPs_g reagent binds to high-affinity B cells based on several lines of evidence. First, the
enrichment of W33L mutations in the NP5* fraction indicates that the NPs_g reagent permits
detection of B cells that express a high-affinity BCR. Further, NPs_g* cells are virtually
absent in TI-2 responses, which are known to yield smaller GCs that dissipate quickly and
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thus cannot generate high-affinity B cells (Garcia de Vinuesa C., 1999). In contrast, NP5_g*
cells emerge at the peak of a TD response in the GCB pool, and are subsequently detected in
the swBmem pool. Preservation of NPs* cells concomitant with the decline of NP5~ GCB
cells by 2-3 weeks is consistent with the observation that higher-affinity clones outcompete
lower-affinity clones early in the response (Schwickert et al., 2011; Victora et al., 2010),
leaving GCB that are mostly NPs_g* as observed here. In contrast, only ~half of the swBmem
pool was NPs* at 2-3 weeks. Co-staining with an NP,7_3g reagent reveals an additional
population of responding B cells with Vh186.2 genes that are not enriched for the W33L
mutation, indicating that most of these cells have BCRs with low-to-intermediate affinity for
the NP epitope. These cells increased in both TI-2 and early TD responses, and
predominated in the GCB but not swB,em Subset, again consistent with prior sequencing
results (Gonzalez-Fernandez et al., 1994; Lu et al., 2001; Yang et al., 1996). An important
additional note is that an approach similar to ours has been validated using hybridomas that
produce anti-NP antibody of known affinity (Shimizu et al., 2003).

We applied our methodology to track high-affinity B cells in GCB cell and nascent Byem
subsets during early TD responses in aged mice. We find that aged animals are
compromised in their ability to induce potent GC responses, including both high- and low/
intermediate-affinity GCB subtypes. This is consistent with prior reports based on analyses
of aged mice responding to NP-carrier protein conjugates (for example, (Han et al., 2003;
Yang et al., 1996)). Interestingly, numbers of switched NP* B,em cells of all affinities were
similar between young and aged animals at ~ 2 weeks post-immunization, and in aged hosts
that received “young” T cell help; suggesting that the memory B cell pool begins to fill
normally in aged animals. Other explanations are possible for this observation, however,
including an extrafollicular response to the NP antigen (MacLennan et al., 2003; Sweet et
al., 2010) that is intact in aged animals.

Impairment in effector differentiation of Tgy cells is a feature of immune senescence that
contributes to defects in GC maturation (Eaton et al., 2004; Lefebvre J.S., 2012; Maue et al.,
2009). Nevertheless, we found “endogenous” cells of the Tgy phenotype in aged mice.
Contrary to a previous report (Haynes et al., 2003), we also found that “young” transgenic
helper T cells expanded and adopted a Tgy fate in aged mice. However, in our experiments
both endogenous Tgn, as well as Tgy derived from transferred T cells of aged donors,
expressed reduced levels of effector cytokine transcripts, especially IL-4. This suggests that
the transferred CD4 T cells were unable to complete differentiation into GC Tgy, the
predominant producers of IL-4 in germinal centers (Crotty, 2011; Kroenke et al., 2012). The
intact IL-21 and Bcl6 expression we observed in endogenous, polyclonal Tgy is perhaps not
surprising, because this subset likely contains a very small number of Tgy cells that are
actively responding to OVA. Moreover, it may include memory Ty that have accumulated
with age, some of which may have differentiated in a younger microenvironment and
therefore retain robust function (Haynes et al., 2003; Lefebvre J.S., 2012). Since B-MHCII
priming is required to upregulate effector cytokine production and Bcl6 message in pre-Tgy
(Goenka et al., 2011; Kerfoot et al., 2011; Poholek et al., 2010), it is tempting to speculate
that B cells in aged individuals are inefficient at driving Tgy differentiation. This might
reflect accumulation of functionally distinct B cell subsets, or global dampening of B cell
presenting activity. Alternatively, other elements of effective T cell priming, including
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dendritic cell function or the systemic regulatory cytokine milieu, may contribute. These
possibilities are not mutually exclusive, and tools are available that should enable
assessments of their relative contributions.

Despite the GC defects we observed, aged mice were able to generate low/intermediate-
affinity swBmem cells at levels comparable to young mice. Given the observation that some
SWBmem cells can be generated in a GC-independent manner (Taylor et al., 2012), we
speculate that after receipt of help, perhaps at the T-B border, some switched low-affinity B
cells seed the memory pool, where they subsequently persist as NP5~ NP27" Bem cells.
Alternatively, these could be low-affinity switched B cells that were outcompeted in the GC
response and thus adopted the Bem fate instead, consistent with studies using low-affinity
BCR transgenics (Dal Porto et al., 2002; Dal Porto et al., 1998).
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Figure 1. NP6* B cells emerge in TD, but not TI, responses
Mice were immunized with NP-OVA in alum and assessed at 10 days, or NP-Ficoll in saline

and assessed at 5 days. Non-immunized (naive) mice were left untreated. Splenocytes were
harvested at the peak of each response and labeled with NPg-PE first and then NP,7APC
during the surface (shown) or intracellular staining. (A) Representative FACS gating
strategy for identification of responding B cells. Live, singlet, dump™ (CD4~ CD8~ F4/80~
Grl~ CD11b") IgD~ IgM~ CD19* cells were sub-divided into NPo7" NPg™ or NP7+ NPg*
“double-positive” cells. (B) Number of NP,7"NPg~ and NPo7"NPg* B cells per spleen (n of
4-5 mice per group). Data represented as mean + SD and representative of 3 independent
experiments.
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Figure 2. Kinetics of NPg"/NPg* cells within GCB or Byem subsets during the primary immune
response
Splenocytes were harvested and stained with NPg-PE first and then NP,7-APC at various

times after immunization with NP-OVA. NP,7*NPg~ (Gate Q1) and NP7 NPg* (Gate Q2)
were further subsetted into GL7*CD38~ (GCB) or GL7~ CD38" (Binem) Cells. (A)
Schematic representation of the gating strategy. (B) Representative FACS gating strategy
observed in mice that were either naive or immunized with NP-OVA for 14 or 28 days. (C)
Number of splenic NP,7*NPg~ and NP,7*NPg™ GCB or switched (Sw) Bmem cells. Data
represented as mean + SD with n of 3-5 mice per group.
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Figure 3. Primary immune responses are blunted in aged mice
Splenic NP-reactive B cell populations (as described above) as well as Tgp effectors were

analyzed in aged or young mice at d13 post-NP-OVA-immunization. (A) Numbers of
NP,7*NPg™ and NP,7"NPg™ total responders, GCB or Ben cells. (B) Representative FACS

gating strategy for identification of endogenous Ty cells as

Page 14

CD19-TCRB*CD4*CD62L"PD1NCXCR5* cells. (C) Numbers of endogenous Tgy present
in immunized aged or young mice (D) Expression of transcript in FACS sorted endogenous
Trn generated in young or aged mice at d13 post-immunization normalized to universal

total MRNA controls.
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(A) Representative FACS gating strategy for identification of splenic OTII T cells

(CD19"TCRB*CD4*CD45.1%). OTII Tgy cells were further identified as

CD62L"PD1NCXCR5* cells. (B) Total number of splenic OTII and OTII Tgy present in

immunized aged or young mice at d7 and d13 p.i. with NP-OVA. The numbers present in

non-immunized young mice were combined from d7 and d13 post-transfer. (C) Expression
of transcript in FACS sorted OT-Il Tgy generated in young or aged mice at d7 post-
immunization normalized to universal total MRNA controls.
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Figure 5. Transfer of helper T cells from young mice does not restore the defect in GC formation

observed in the aged mice

CD45.17 OTII T cells (10° i.v.) were transferred into either young or aged mice and the
mice were immunized with NP-OVA/alum. Number of splenic NP3*NP5~ (top panel) and
NP30*NPs* (bottom panel) responding B (A), GC (B) or sw Byem (C) cells at d7 or d13

post-OTll-transfer and post-NP-OVA immunization.
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Figure 6. Transfer of helper T cells from young mice does not restore the defects in the immune
response observed in the aged mice
CD45.17 OTII T cells (10° i.v.) were transferred into either young or aged mice and the

mice were immunized with NP-OVA/alum.

NP-specific splenic antibody secreting cells (ASCs) using NP33-BSA or NP4-BSA coated
plates to determine total NP-specific IgM and IgG1 ASCs as well as high affinity ASCs,
respectively.
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