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Memory is a hallmark of immunity. Memory carried by antibodies
is largely responsible for protection against reinfection with most
known acutely lethal infectious agents and is the basis for most
clinically successful vaccines. However, the nature of long-term B
cell and antibody memory is still unclear. B cell memory was
studied here after infection of mice with the rabies-like cytopathic
vesicular stomatitis virus, the noncytopathic lymphocytic chorio-
meningitis virus (Armstrong and WE), and after immunization with
various inert viral antigens inducing naive B cells to differentiate
either to plasma cells or memory B cells in germinal centers of
secondary lymphoid organs. The results show that in contrast to
very low background levels against internal viral antigens, no
significant neutralizing antibody memory was observed in the
absence of antigen and suggest that memory B cells (i) are long-
lived in the absence of antigen, nondividing, and relatively resis-
tant to irradiation, and (ii) must be stimulated by antigen to
differentiate to short-lived antibody-secreting plasma cells, a pro-
cess that is also efficient in the bone marrow and always depends
on radiosensitive, specific T help. Therefore, for vaccines to induce
long-term protective antibody titers, they need to repeatedly
provide, or continuously maintain, antigen in minimal quantities
over a prolonged time period in secondary lymphoid organs or the
bone marrow for sufficient numbers of long-lived memory B cells
to mature to short-lived plasma cells.

B cell memory is characterized by (i) the persistence of
elevated titers of specific antibodies, and (ii) the persis-

tence of ‘‘memory’’ B cells (1, 2). Although protection against
reinfection with hematogenically spreading pathogens corre-
lates with increased frequencies of B or T helper cells, it
critically depends on preexistent elevated titers of neutralizing
antibodies (3, 4).

Because the half-life of serum Ig is less than 3 weeks (5, 6),
continuous antibody production is necessary to maintain IgG
antibody titers over a prolonged period. The following models
have been proposed to explain the persistence of long-term
antibody titers. They can be grouped into antigen-independent
and -dependent mechanisms. Antigen independence is assumed
for (i) ‘‘memory’’ B cells with special ‘‘memory’’ qualities that
need fewer signals to mature to plasma cells (1, 7), and (ii) for
plasma cells producing antibodies that are long-lived in the bone
marrow in the absence of antigen (8–12). Alternatively, antigen
dependence is postulated to be necessary for memory B cells to
differentiate to antibody secreting, relatively short-lived plasma
cells maintaining elevated memory antibody titers as follows: (i)
persisting antigen on follicular dendritic cells of germinal centers
in secondary lymphoid organs stimulates memory B cells (2,
13–15); (ii) repetitive stimulation of B cells occurs via a chronic
low-grade infection of persisting (sometimes crippled) agents or
by repeated exposure to external virus, bacteria, or toxins (16);

or although unlikely, (iii) self-antigens may trigger crossreactive
antibodies or antiidiotypic antibodies mimicking the antigen may
maintain antibody titers in a hypothetical idiotypic-antiidiotypic
network (17, 18). Protection against a primary infection or
reinfection with an acute cytopathic virus usually is mediated by
neutralizing antibodies (of at least 108 M21 affinity; ref. 19)
against specific surface determinants that are the sole determi-
nants accessible to B cells on the intact virus (20, 21); such
serotype-specific neutralizing antibodies are noncrossprotective
and noncrossreactive. Neutralizing antibodies are readily studied
with vesicular stomatitis virus (VSV), but less easily with lym-
phocytic choriomeningitis virus (LCMV), where immunopathol-
ogy delays and impairs neutralizing but not antinucleoprotein-
binding antibodies (22). In addition, antibodies against internal
proteins measured by ELISA (affinities usually as for other
proteins from 106 to .108 M21) also are mounted. However,
their role in host protection is questioned because they cannot
recognize the intact infectious particle and usually are not
protective in passive immunization protocols. In the context of
the present study, it must be emphasized that in contrast to
protective neutralizing antibodies that are monospecific, i.e.,
specific for one determinant and of .108 M21 affinity (19),
antibodies binding to isolated proteins are polyspecific and may
bind to an unknown (great ?) number of different sites of
variable affinity .106 M21 (23). We analyzed critically protective
neutralizing antibodies against VSV or nonprotective (ELISA
binding) antibody memory by immunizing mice with replicating
live nonpersisting VSV, potentially persisting LCMV, or non-
persisting abortively replicating UV-inactivated VSV; alterna-
tively, to avoid persistence of viral genes different inert viral
proteins were used as vaccines.

Materials and Methods
Mice, virus, antigens, antibody detection, and ELISPOT assays
have been used as described (2, 3, 24, 25).

Results
Long-Term Antibody Memory Depends on Antigen Dose and Persis-
tence. Antibody titers were followed after infection with repli-
cating LCMV [200 plaque-forming units (pfu); Fig. 1A] and
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replicating VSV Indiana serotype (VSV-IND) (2 3 106 pfu; Fig.
1 C and E). Binding antibodies to the internal nucleoprotein
(NP) of LCMV (LCMV-NP) and VSV (VSV-NP) were assessed
by ELISA. Neutralizing antibodies directed against VSV-IND
glycoprotein were measured in a neutralization assay. Immuni-
zation with live virus elicited high titers of both VSV-IND-
neutralizing and -binding antibodies that were maintained up to
day 300 after infection (Fig. 1 C and E), whereas anti-VSV
serotype New Jersey (VSV-NJ) antibodies failed to neutralize
VSV-IND (Fig. 1C). Immunization i.v. with 1 or 10 mg of
Baculo-LCMV-NP without adjuvant induced comparable anti-
body titers by day 10 (Fig. 1B). However, whereas titers remained
stable after immunization with 10 mg, after 1 mg, titers dropped
by a factor of about 100 by day 300 (Fig. 1B). Similarly,
immunization with a high dose of nonreplicating UV-inactivated
VSV-IND particles (and therefore only replicating abortively in
the initially infected cell) induced elevated VSV-IND-
neutralizing and VSV-NP-binding antibodies at day 12–20 after
immunization, but thereafter, neutralizing antibody titers
dropped and became undetectable by day 300 (Fig. 1D). In
contrast, VSV-NP-specific binding antibodies were still detect-
able on day 300 after immunization (Fig. 1F). Thus, long-term
antibody production depends on initial antigen dose andyor
antigen persistence or reexposure in vivo.

Long-Lived Memory B Cells and Short-Lived Plasma Cells. To analyze
the life span of memory B cells, we analyzed mice that had been
immunized with 2 3 108 pfu of UV-inactivated (to avoid virus
persistence) VSV-IND 300 days previously and that did not
possess a detectable neutralizing antibody titer at this time point
(Fig. 2A). A booster immunization with 2 3 108 pfu of UV-
inactivated VSV-IND led to a classical memory antibody re-
sponse with early and high titers of neutralizing IgG compared

with a primary immunization that initially induces IgM with
unmeasurable IgG titers in naive mice at day 6.

The role of antigen in maintaining B or T cell memory in the
absence of stimulating antigen usually is tested by transfer of
memory cells into naive recipients (1, 11, 26). Spleen or bone
marrow cells of mice that had been immunized with VSV-IND
30 days previously (Fig. 2 B and C) were transferred into naive
nonirradiated recipient mice. In one group of mice, antigen (106

pfu of UV-inactivated VSV-IND i.v.) was added 20 min after
adoptive transfer. Antibody-forming cells were quantitatively
assessed by an ELISPOT assay 3 and 10 days after the transfer
on plates coated with purified VSV-IND to assess largely
neutralizing antibody responses (2, 21). In the presence of
antigen, high numbers of antibody-producing cells were main-
tained, whereas the initially transferred plasma cells in the bone
marrow and the spleen disappeared rapidly by day 10 in the
absence of antigen (Fig. 2 B and C). Neither spleen nor bone
marrow cells of naive mice immunized with the same antigen
dose exhibited detectable numbers of IgG-secreting plasma cells
(not shown) (10). Thus, memory B cells are long-lived in the
absence of antigen. However, protective neutralizing antibody
titers are maintained only by continuous antigenic stimulation of
memory B cells and their subsequent differentiation to plasma
cells that are short-lived (and end differentiated; ref. 27) in
adoptive transfer experiments.

Protective Antibody Titers Are Best Maintained by Antigenic Stimu-
lation of Splenocytes. Recently, two studies with protein antigens
and ELISA assays suggested a role of long-lived plasma cells in

Fig. 1. B cell and antibody memory after immunization with live virus vs. viral
proteins. C57BLy6 mice were infected with 200 pfu of LCMV-WE (A) or 2 3 106

pfu of VSV-IND (F) or –NJ (E) (C and E) i.v. or immunized with 10 or 1 mg of
Baculo-derived LCMV-NP protein (B) or UV-inactivated VSV-IND (2 3 108 pfu;
D and F) and LCMV-NP binding (A and B), VSV-NP-binding (E and F) and
VSV-IND-neutralizing (C and D) antibody titers were assessed. Results are
shown as means 6 SD of 3–4 mice per group. The experiment was repeated
twice with similar results.

Fig. 2. Life span of memory B cells and plasma cells. (A) C57BLy6 mice were
immunized with UV-inactivated VSV-IND (2 3 108 pfu). At day 300, these mice
(F) and a group of three naive C57BLy6 mice (E) were boosted with UV-
inactivated VSV-IND (2 3 108 pfu) and the presence of neutralizing IgG
antibodies was analyzed until day 6. (B and C) C57BLy6 mice were immunized
with 2 3 106 pfu of VSV-IND. Thirty days later, 107 splenocytes 1 107 bone
marrow cells were injected into nonirradiated C57BLy6 recipient mice. Half of
these mice received UV-inactivated VSV-IND (open bars; 2 3 106 pfu, yielding
no IgG in naive mice) 20 min after the transfer of the cell suspension; 3 and 10
days later, spleen (B) and bone marrow (C) cells were prepared from recipient
mice and IgG antibody-forming cells (AFC) were quantitatively assessed by
ELISPOT assays against purified VSV-IND virions assessing largely neutralizing
antibody-secreting cells. Bars indicate the means 6 SD of four recipient mice
and one of two similar experiments is shown.
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the maintenance of long-term antibody titers (10, 11). Therefore,
we evaluated the relative contribution of adoptively transferred
splenocytes or bone marrow cells in the absence or presence of
stimulating antigen to the maintenance of long-term neutralizing
antibody titers after i.v. infection with VSV-IND (2 3 106 pfu)
and against protein antigens after infection with LCMV serotype
Armstrong (LCMV-Armstrong; 200 pfu) or LCMV serotype
WE (LCMV-WE) in irradiated and nonirradiated recipient mice
(Fig. 3). Antibody titers were best maintained after transfer of
107 splenocytes together with stimulating antigen. Importantly,
in the absence of a low dose of added antigen [nonreplicating
VSV-IND (2 3 106 pfu of UV inactivated VSV, that by itself
could not induce an IgG response)], no neutralizing VSV-IND-
specific antibody titers could be mounted after transfer of
VSV-IND-memory bone marrow cells [107 cells Fig. 3 A5–A8 or
8 3 107 cells (not shown)] into recipient mice. Low titers of
binding VSV-NP- or LCMV-NP-specific antibodies were de-
tected after transfer of memory bone marrow cells plus or minus
additional transfer of antigen [in the form of 2 3 106 pfu of
UV-inactivated VSV-IND (Fig. 3B) or 0.01 mg of Baculo-derived
LCMV-NP (Fig. 3 C and D)]. However, the transfer of naive
spleen cells or bone marrow cells into irradiated or nonirradiated
recipient mice also caused marginally elevated antibody titers.
These low titers of NP-specific antibodies reached 1:100 for
LCMV-NP and VSV-NP after transfer of bone marrow cells and
were quite comparable here and in other earlier experiments

(12). This indicates that antibody titers maintained without
stimulating antigen are around 1:100 and often only slightly [i.e.,
usually nonsignificantly 1 (22) titer steps] above background
level. Surprisingly, after transfer of bone marrow cells from
LCMV memory mice (Armstrong or WE), antibody titers were
drastically increased after the additional transfer of antigen
when compared with recipient mice not given antigen (i.e., by a
factor of 30–240). In general, irradiation of recipient mice lead
to higher antibody titers, indicating that a nonspecific inflam-
matory stimulus also may induce or improve the differentiation
of already primed B cells to plasma cells, perhaps via undefined
crossreactive self-antigens released after irradiation. Irradiation
caused a low level of neutralizing antibody titer of 1y80 com-
pared with 1y10,000 if antigen was added (Fig. 3 A1 vs. A2).

Taken together, many experimental [and perhaps not very
physiological (adoptive transfer, irradiation)] manipulations may
lead to the production of low levels of binding antibodies in the
absence of antigen and may therefore wrongly suggest long-term
antibody titers in the absence of antigen. However, highly
specific, and for the protection of the host, relevant neutralizing
antibody titers, of at least five titer steps (28) appear to strictly
depend on the presence of antigen.

Memory B Cells Are Present in the Spleen and Bone Marrow and Their
Differentiation to Plasma Cells Depends on CD41 T Helper Cells. The
higher ELISA antibody titers in recipient mice receiving LCMV
memory bone marrow cells plus stimulating antigen when com-
pared with recipient mice given bone marrow cells without
antigen suggested the presence of memory B cells in the bone
marrow (e.g., Fig. 3 C5, C7, D5, and D7 vs. C6, C8, D6, and D8).
Several previous studies failed to detect memory B cells that are
inducible by antigen in the bone marrow (11, 29, 30). However,
recent experiments (31) and also our own similar observation
(not shown) detected B cells with a memory phenotype (surface
IgG positive) in the bone marrow. One possible explanation for
this apparent discrepancy may be that memory B cells only
differentiate to plasma cells in the presence of T help.

We therefore repeated the adoptive transfer experiments
described above but depleted donor and recipient mice of CD41

T cells before the transfer (Fig. 4). No antibody titers were
mounted and for the production of both VSV-IND-neutralizing
and VSV-NP-binding antibodies, the presence of T help was
crucial (Fig. 4 A1 and A2 vs. A3 and A4). To provide primed
VSV-specific T help to adoptively transferred bone marrow cells,
we took advantage of the fact that, in contrast to the strictly
noncrossreactive neutralizing antibodies (32), VSV-NJ- and
VSV-IND-specific T help is completely shared. Therefore, in-
fection of recipient mice with 2 3 106 pfu of VSV-NJ provided
specific T help to VSV-IND-primed bone marrow B cells without
interfering with the anti-VSV-IND-neutralizing antibody read-
out. Interestingly, the adoptive transfer of VSV-IND memory
bone marrow cells plus antigen in combination with specific T
help yielded elevated anti-VSV-IND-neutralizing antibody ti-
ters, whereas in the absence of antigen, no antibody titer above
background was detectable (Fig. 4 B1 vs. B2). In the absence
of VSV-NJ-primed crossreactive T help, no antibody titers
were elicited after transfer of bone marrow plus or minus
antigen (Fig. 4B3,4).

These results suggested that (i) specific T helper cells are
localized and stimulated mainly in lymphoid organs, whereas (ii)
memory B cells are localized both in the spleen and in the bone
marrow, and (iii) the differentiation from memory B cells to
plasma cells strictly depends on both viral antigen and CD41 T
helper cells.

Reduction of CD41 Helper Cells But Less So of Long-Lived Memory B
Cells by Irradiation. Irradiation of memory mice has been used in
several studies to eliminate memory B cells and analyze the role

Fig. 3. Adoptive transfer experiments of memory bone marrow or spleen
cells. Single-cell suspensions of spleen and bone marrow cells of C57BLy6 mice
were prepared 60–80 days after i.v. infection with 2 3 106 pfu of VSV-IND (A
and B), 200 pfu of LCMV-Armstrong (C), or 200 pfu of LCMV-WE (D) and 107

spleen cells (rows 1–4) or bone marrow cells (rows 5–8) were adoptively
transferred into mice irradiated with 650 rad (irrad.) or nonirradiated recip-
ient mice. Where indicated, antigen was additionally injected 20 min after the
adoptive transfer [2 3 106 pfu of UV-inactivated VSV-IND (A and B); and 0.01
mg of Baculo-derived LCMV-NP (C and D)]. VSV-IND-neutralizing, VSV-NP-
binding, and LCMV-NP-binding antibodies were assessed up to 120 days after
the adoptive transfer. Symbols indicate the means 6 SD of four mice per
group. The experiment was repeated twice with comparable results.
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of plasma cells in the maintenance of long-term antibody titers
(8, 11, 33). In those studies, irradiation did not impair long-term
antibody memory titers and therefore it was concluded that
long-lived plasma cells are responsible for the memory antibody
titer. We repeated these experiments in mice infected with 200
pfu of LCMV-WE i.v. (Fig. 5A). or with 106 pfu of LCMV-
Armstrong i.p. (Fig. 5B). or in mice immunized i.v. with 10 mg
of Baculo LCMV-NP without adjuvant (Fig. 5C) 30 days previ-
ously. Irradiation was either performed with sublethal 650 rad or
alternatively with lethal 850 rad with additional cell reconstitu-
tion 1 day after irradiation. As shown in previous studies (11),
irradiation of LCMV-WE (Fig. 5A) or LCMV-Armstrong im-
mune mice (Fig. 5B) did not change long-term antibody titers.
However, irradiation of Baculo LCMV-NP-immune mice (with-
out adjuvant) caused a 20- to 100-fold reduction in antibody
titers (Fig. 5C). An important difference between infection with
live LCMV and exposure to LCMV-NP protein is their different
in vivo persistence; LCMV, at least LCMV-WE (34) [but as
suspected also for LCMV-Armstrong (35)], has been shown to
persist up to at least 60–90 days. Therefore, at the time point of
the irradiation, replicative LCMV virus must still have been
present (34) although at very low levels and restimulated anti-
body responses.

Because, as shown in Fig. 4, the differentiation of memory B
cells to plasma cells is CD41 T cell dependent, we checked the
effects of irradiation separately on memory B and memory
CD41 T cells. VSV-IND memory mice were irradiated with 650
or 850 rad (the latter were substituted with naive bone marrow
and splenocytes). Ten days later, their spleen cells were trans-
ferred into mice that had been infected with 2 3 106 pfu of
VSV-NJ 12 days earlier (exhibiting primed specific T help) or
into naive control mice possessing no primed T help. All
recipient mice were given 2 3 106 pfu of UV-inactivated
VSV-IND as a source of antigen that is not sufficient to induce
an IgG response in naive mice (36). Adoptive transfer of 107

irradiated VSV-IND-primed B cells to VSV-NJ (T help)-

primed—but not in naive—recipients generated neutralizing
antibody titers (Fig. 5D).

Therefore, we conclude that irradiation very efficiently elim-
inated primed and activated CD41 T cells that seem necessary
for the differentiation of memory B cells to plasma cells. In
contrast, memory B cells seemed relatively more resistant to
irradiation.

The Role of Lymphoid Organs in Maintaining Protective Long-Term
Antibody Titers. As pointed out above, we observed the presence
of memory B cells outside of classical secondary lymphoid
organs, i.e., in the bone marrow compatible with earlier results
(31). We assessed long-term antibody titers in lymph node- and
Peyer‘s patches-deficient ALYyALY mice (24) that were addi-
tionally splenectomized (Fig. 6 A and B); splenectomy did not
change the overall kinetics of memory antibody titers (Fig. 6A).

Adoptive transfer of naive B cells failed to produce neutral-
izing anti-VSV-IND antibodies in splenectomized ALYyALY
mice boosted with 2 3 108 pfu of UV-inactivated VSV-IND even
if VSV-NJ-primed crossreactive T help was additionally trans-
ferred (107 splenocytes of day 12 VSV-NJ-immune mice;
Fig. 6B). In contrast, memory B cells transferred into splenec-
tomized ALY 3 ALY recipients were readily activated by
specific antigen if primed T help was added, even in the absence
of secondary lymphoid organs. Long-term antibody memory also
was studied after transfer of 107 splenocytes plus bone marrow
cells from day 60 VSV-IND immune mice into ALYyALY mice
(Fig. 6A). On the same day of cell transfer, recipient mice were
also given 2 3 108 pfu of UV-inactivated VSV-IND i.v. Thirty
days after the adoptive transfer, half of the ALYyALY recipient
mice were splenectomized. Although splenectomized ALYy
ALY mice had slightly reduced neutralizing antibody titers
(factor 2–4), these titers were maintained comparable to con-
trols. Splenectomy of ALY 3 ALY mice did not change the

Fig. 5. Effect of irradiation on B cell and antibody memory. C57BLy6 mice
were infected with (A) 200 pfu of LCMV-WE i.v.; (B) 2 3 106 pfu of LCMV-
Armstrong i.p.; or immunized with (C) 10 mg of Baculo-derived LCMV-NP
protein. Thirty days after the infectionyimmunization, mice were irradiated
with 650 or 850 rad or left nonirradiated as indicated by the arrow. Mice
irradiated with 850 rad were substituted with 2 3 107 naive bone marrow and
2 3 107 naive spleen cells. LCMV-NP-binding antibodies were assessed up to
day 125 after infection. (D) As in C but mice were immunized with 2 3 106 pfu
of VSV-IND i.v. and irradiated 60 days later. Ten days later, 2 3 107 splenocytes
isolated from the above irradiated and nonirradiated donor mice were adop-
tively transferred into nonirradiated recipient mice. Half of the recipient mice
were also infected with 2 3 106 pfu of VSV-NJ 12 days earlier (closed symbols);
2 3 106 pfu of UV-inactivated VSV-IND was injected into all mice (120 min) and
neutralizing IgG antibody titers were analyzed (n are negative controls, andF,
E are positive controls). Results are shown as means 6 SD of 3–4 mice per
group. Each experiment was repeated 2–3 times with comparable results.

Fig. 4. Role of CD41 T cells in maintaining long-term antibody titers.
Single-cell suspensions of spleen or bone marrow cells were prepared 60–80
days after infection of C57BLy6 mice with 2 3 106 pfu of VSV-IND i.v. and were
adoptively transferred (107 per recipient) into nonirradiated naive recipient
mice. Donor mice and recipients were CD41 T cell-depleted where indicated by
i.p. injection of 1 mg of monoclonal anti-CD4 antibody YTS191.1 on days 23
and 21 before sacrifice or adoptive transfer, respectively. Bone marrow cells
were either transferred into naive C57BLy6 recipient mice or VSV-NJ immune
recipient mice (immunized with 2 3 106 pfu of VSV-NJ 12 days earlier). Where
indicated, antigen (2 3 106 pfu of UV-inactivated VSV-IND) was additionally
injected 20 min after the adoptive transfer. VSV-IND-neutralizing antibodies
were measured up to 40 days after the transfer. Symbols indicate the means 6
SD of four mice per group. The experiment was repeated twice with compa-
rable results.
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antibody half-life as controlled by transfer of VSV-IND hyper-
immune serum (Fig. 6A).

Taken together, these results suggest that the induction of
naive B cells requires secondary lymphoid organs whereas
‘‘antigen-experienced’’ memory B cells may be stimulated by
antigen outside classical secondary lymphoid organs, such as the
bone marrow to differentiate to antibody-secreting plasma cells.
Importantly, in all cases, this process is primed T help-
dependent.

Discussion
This study confirms that B cell memory is characterized by a pool
of antigen-independent long-lived B cells with higher frequen-
cies than found in unprimed mice (1, 37). Our results establish
that memory B cells require additional encounter with specific
antigen to differentiate to antibody-secreting plasma cells but do
so only if appropriate T help is available. We failed to find
antigen-independent long-lived persisting antibody levels.

The half-life of plasma cells was shown here to be between 3
and 10 days compatible with earlier estimates of 1–3 days
(38–41). Therefore, to maintain long-term antibody titers, a
continuous differentiation of B cells to plasma cells apparently
must take place. Earlier studies using CD41 T cell depletion by
antibodies (ref. 42 and unpublished observations for LCMV and
VSV-IND) suggested that long-term antibody titers were main-
tained independently of T help. However, primed CD41 T cells
have been shown to be more resistant to depletion by anti-CD4
antibody treatment than naı̈ve T cells and therefore elimination
of primed T helper cells may be incomplete (43). Therefore, it
is likely that primed CD41 T cells were still present in these
experiments or were regenerated when antigen in adjuvant or
low-level infection persisted in the original host (34). Why should

our results particularly with neutralizing anti-VSV antibodies
differ from recent studies describing the presence of long-lived
antigen-independent plasma cells specific for LCMV-Armstrong
internal antigens (11) or ovalbumin (10)? Whereas both these
previous studies analyzed B-cell memory of binding antibodies,
we studied, in addition to ELISA-binding antibodies, also pro-
tective neutralizing antibody responses (21, 44). We find here
that in nonirradiated recipients, neutralizing antibody titers
strictly depended on antigen stimulation. In contrast, LCMV-NP
ELISA-binding antibodies were detectable after adoptive trans-
fer of LCMV memory bone marrow or spleen cells to naive
recipients (in the absence of antigen), but these titers were
usually only a factor of 3 (one titer step) above the background
of mice receiving naive bone marrow or spleen. This discrepancy
may reflect differences either in avidities of measured antibodies
that probably include lower values for ELISA (.106 M21) in
contrast to higher ones for neutralization (.108 M21) (28)
andyor differences in the numbers of antigenic sites assessed
(i.e., one for neutralizing and many for protein-binding antibod-
ies). This number is large, although undetermined, for protein-
binding antibodies and small, defined by the one antigenic site
on the intact virus (19).

The longevity of plasma cells has been deduced from irradi-
ation experiments which largely disregard the role of T help and
assume that B cells are radiosensitive whereas plasma cells are
radioresistant (8, 11, 45). However, our experiments here show
that, in contrast to T help, the pool of memory B cells is reduced
but not completely eliminated after irradiation with 650 or 850
rad. Often cited indications for the radiosensitivity of memory B
cells have been derived mainly from experiments where the role
of CD41 T cells was not assessed (11, 45) or from experiments
with haptens that are based on high precursor frequencies of
hapten (e.g., 2,4-dinitrophenyl)-specific B cells and where, there-
fore, T help is usually limiting (8). Our results indicate that
irradiation of an LCMV-immune host may mainly eliminate
specific CD41 T helper cells rather than primed B cells and
therefore cannot be used to analyze longevity of plasma cells. As
has been shown previously, LCMV may persist over a prolonged
time period at very low levels (i.e., .80 days for LCMV-WE and
possibly also for LCMV-Armstrong; refs. 34, 35, and 46) and may
therefore induce CD41 T cells after irradiation. Similarly, an-
tigen in adjuvant may persist for a long time and induce new
T cells.

Memory B cells are present within secondary lymphoid organs
but also outside of classical secondary lymphoid organs, in the
bone marrow. It is widely accepted that antigen may persist on
follicular dendritic cells as antigen–antibody complexes that
restimulate B cells (14, 37, 47, 48). Surprising was the finding that
classical secondary lymphoid organs were not required at all for
the T help-dependent maintenance of memory antibody titers in
splenectomized ALYyALY mice (24). We therefore may con-
clude that antigen-experienced memory B cells that have already
switched to IgG can be restimulated to differentiate to plasma
cells outside of germinal centers and lymphoid organs, as shown
here apparently in the bone marrow, an organ that exhibits
excellent cytokine conditions for plasma cellyplasmocytoma
differentiation (29, 31, 49–51). In an earlier study analyzing
affinity maturation and antibody memory to a hapten antigen, it
was observed that antigen-driven affinity maturation of bone
marrow plasma cells still was detectable after disruption of
germinal centers by injection of an antibody specific for CD154
(52). Because there are no indications that plasma cells can be
stimulated by antigen and plasma cells possess no (27, 53) or at
most only very low (questionable ?) levels (10) of surface IgG,
the most likely explanation of those findings is that memory B
cells can differentiate to plasma cells in the absence of germinal
centers.

Fig. 6. The role of secondary lymphoid organs in the maintenance of B cell
and antibody memory. (A) Splenocytes (107) plus 107 bone marrow cells from
VSV-IND-primed (2 3 106 pfu 60 days earlier) C57BLy6 mice were adoptively
transferred into ALY 3 ALY mice. Twenty minutes later, 2 3 108 pfu of
UV-inactivated VSV-IND were injected into recipient mice. Day 20 after the
adoptive transfer, half of the recipient ALY 3 ALY mice were splenectomized.
Neutralizing antibody titers were followed up to 360 days after the adoptive
transfer. Antibody titers in splenectomized and nonsplenectomized ALY 3
ALY mice were also followed after transfer of 500 ml of VSV-IND immune
serum (pooled of VSV-IND memory mice infected 60 days previously with 2 3
106 pfu of VSV-IND). (B) C57BLy6 mice were infected with 2 3 106 pfu of
VSV-IND i.v. Sixty days later, 2 3 107 splenocytes from these mice or naive
C57BLy6 mice were transferred into ALY 3 ALY recipient mice. At the same
time, 2 3 107 splenocytes of VSV-NJ-primed (2 3 106 pfu i.v., 14 days earlier)
mice were transferred into the same recipient mice as a source of primed T
help. Four days later, half of the ALY 3 ALY recipient mice were splenecto-
mized. All mice were boosted with 2 3 108 pfu of UV-inactivated VSV-IND 7
days after splenectomy and VSV-IND-neutralizing antibody titers were deter-
mined 22 days later. Results are shown as means 6 SD of 3–4 mice per group.
The experiments were repeated twice with comparable results.
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It is possible that dependent on the definition of memory and
the assay method used, immunological memory may not neces-
sarily correlate with protective immunity (16, 54). Whereas
highly frequent memory B cells are long-lived (1) and indepen-
dent of antigen, they do not produce antibodies and therefore
cannot mediate the type of immediate protection necessary
against acutely cytopathic infectious agents (3, 4). Therefore,
maintenance of protective antibody titers depends on a contin-
uous or repetitive stimulation by antigen from within or outside
of the host. This suggests that rather than memory B cells,
effector B cells, i.e. plasma cells secreting neutralizing antibod-
ies, are the bearer of protective immunity. Therefore, for
improved antibody-protection by B cell vaccination, antigen
persistence in some form over a prolonged time period in the
host, for example, as antigen–antibody complexes as low-level
persistent infection or crippled virus (e.g., measles), persistence
of antigen or repetitive exposure from the outside (e.g., polio
virus) seems essential.

The parallels to T cell memory as documented, e.g., by
tuberculosis (55) or against peripheral sarcomas or carcinomas
(56) are striking. The persisting tuberculosis granuloma, but not
the disappearing bacillus Calmette–Guérin vaccine, maintain
protective ‘‘infectious immunity’’ (55). Memory T cells are
usually long-lived in the absence of antigen (26, 57), but they are
not necessarily protective (58, 59). Their capacity to protect
against a reinfection of peripheral tissues depends on antigenic
stimulation for T cells to become activated to express effector
function. This includes the capacity to emigrate rapidly into solid
peripheral tissues and mediate effector function (56, 59–61).
Therefore, for improved T andyor B cell-based vaccination,
antigen persistence over a prolonged time period in the host or
repetitive exposure from the outside seems necessary.

We thank K. McCoy for critically reading the manuscript. Additional
aspects are discussed at www.pathol.unizh.chyexperimentelle-
immunologieyadditions.html (see number 1).
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