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IL-2 Producing Memory CD4" T Lymphocytes Are Closely
Associated with the Generation of IgG-Secreting Plasma Cells'

Nicolle H. R. Litjens,>* Martin Huisman,* Daniélle Hijdra,” Bart M. N. Lambrecht,’
Koert J. Stittelaar,” and Michiel G. H. Betjes*

The role of specific CD4™ T cell subsets in the induction of humoral immune responses in humans is largely unknown. In
this study, the generation of hepatitis B surface Ag-specific CD4* T lymphocytes following vaccination was closely monitored
and characterized at the single-cell level. The appearance and absolute numbers of hepatitis B surface Ag-specific IL-2
producing effector memory CD4" T lymphocytes was solely and tightly related to Ab titers reached. This relation remained
present many years after vaccination. Subsequently, a relation was found between Ab titers and number of IL-2 producing
memory CD4™ T lymphocytes for various other Ags. These observations matched the findings of an in vitro assay, using
different T cell subsets to induce B cell differentiation into IgG-producing plasma cells. By depleting for IL-2 producing
memory T cells, we demonstrated that these cells are important for B cell differentiation into IgG-producing plasma cells.
Finally, blocking the action of IL-2 with an IL-2R-« Ab inhibited the differentiation of B lymphocytes into IgG-producing
plasma cells. Based on these findings, we conclude that the development of Ag-specific IL-2-producing memory T cells

appears to be essential for the development of IgG-secreting plasma cells in humans. The Journal of Immunology, 2008, 181:

3665-3673.

D4™ T lymphocytes are important targets for vaccine de-

velopment as they promote both cellular and humoral

immune responses (1). Understanding the development
and functions of Ag-specific memory CD4" T lymphocytes is es-
sential for designing new and improved vaccines.

T cell mediated memory requires differentiation and clonal ex-
pansion of naive T cells into effector T cells that contract and
eventually will form an Ag-specific memory T cell population (2,
3). Recent developments in T cell research and the availability of
various chemokine receptors, in particular CCR7, have enabled a
more accurate dissection of the different T cell subsets. At least
two different subsets can be distinguished within the CD4™" mem-
ory T cells using expression levels of CCR7 (4, 5). CD4™ memory
T cells expressing the chemokine receptor CCR7 (central memory
or reactive memory) are able to migrate to secondary lymphoid
organs where they constitute a pool of long-lived cells. Upon re-
encounter of the Ag, they develop more quickly into effector cells.
CD4" memory T cells lacking expression of CCR7 home to pe-
ripheral tissues where they can exert immediate effector function
upon re-encounter of the Ag.

Little is known about the development and characteristics of
Ag-specific memory CD4™ T lymphocytes induced by vaccination
of humans, in relation to Ab titers induced. Vaccination of humans
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for hepatitis B virus (HBV)? with hepatitis B surface Ag (HBsAg)
can be used as a model to study such a relation. HBV vaccination
is T cell dependent and very effective in reaching adequate pro-
tection in >90% of the healthy vaccinees (6). Adequate protection
seems to be related to type-1 cytokine responses involving IL-2
and IFN-+y and these cytokines were also shown to be produced by
Ag-specific memory CD4" T cell at the single cell level shortly
after booster HBV vaccination (7). Thereafter, frequencies of
HBsAg-specific CD4™ T cells are typically very low but can be
reliably measured using an optimized protocol for analysis by flow
cytometry (8). The aim of this study was to identify Ag-specific T
cell responses that are related to the magnitude of the humoral
response. The results show that IL-2 producing memory CD4" T
(Tmem) cells are closely associated with the development of an
adequate humoral immune response, a relation that persists for
many years after vaccination.

Materials and Methods
Study population

Fifteen healthy donors (eight females and seven males; mean *= SD age is
43 = 14 years) were vaccinated against HBV using the standard vaccina-
tion protocol with recombinant hepatitis B vaccine (HBVAXPRO, Sanofi
Pasteur MSD NV). The protocol consisted of a three-step vaccination with
an injection (20 wg/injection) in the left m. Deltoideus at time 0, 1, and 6
mo. In addition, healthy individuals who were vaccinated for HBV and
tetanus toxoid in the past (5 to 25 years before) were included. Stable
patients (n = 15) with end-stage renal disease (ESRD) receiving hemodi-
alysis at the Erasmus Medical Center followed an intensified vaccination
protocol with recombinant hepatitis B vaccine (40 pg/injection and an
extra booster dose; Refs. 9, 10) before entering the study.

3 Abbreviations used in this paper: HBV, hepatitis B virus; HBsAg, hepatitis B
surface Ag; Tmem, total memory CD4" T lymphocyte; ESRD, end-stage renal
disease; moDC, monocyte-derived dendritic cell; Rs, Spearmans rho correlation
coefficient; Tem, central CD4™ T lymphocyte; Tem, effector CD4™ T lymphocyte.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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Study protocol

This study was approved by the medical ethical committee of the Erasmus
Medical Center in Rotterdam, The Netherlands (Medical Ethical Commit-
tee no. 2005-265). It was conducted according to the principles of Decla-
ration of Helsinki and in compliance with International Conference on
Harmonization/Good Clinical Practice regulations. The healthy donors
were followed up to 12 wk upon receipt of their last HBV vaccination step.
At each interval (before and 1, 2, 4, and 12 wk after receiving the last
booster) blood was drawn. PBMC were isolated, counted, and used for
determination of quality and quantity of Ag-specific immune responses
using various functional read-out systems. In addition, plasma was col-
lected at each interval and stored at —20°C until analysis.

Isolation of PBMC

PBMC were isolated from 35 ml of venous blood by Ficoll-Paque plus
(Amersham Biosciences AB) density gradient centrifugation (11) and re-
suspended in RPMI 1640 (Life Technologies) supplemented with 100
TU/ml penicillin, 100 wg/ml streptomycin, 2 mM L-glutamine, and 10%
heat-inactivated AB™ pooled human serum (further referred to as standard
culture medium).

Intracellular cytokine staining

The protocol used to measure Ag-specific cytokine producing cells was
optimized before (8). In brief, PBMC (2.5 X 10%tube) were stimulated in
duplicate with either costimulation alone (i.e., the combination of 1 pg/ml
anti-CD28 and 1 pg/ml anti-CD49d) or with costimulation and a final
concentration of 5 ug/ml HBsAg (Fitzgerald Industries) for 6 h of which
the last 5 h was in the presence of the cytokine secretion inhibitor Brefeldin
A (Golgiplug: 1 ul per 10° PBMC; BD Pharmingen). In addition, PBMC
were stimulated in the presence of costimulation with 37.5 1f/ml tetanus
toxoid (SVM, Bilthoven) and 30 ug/ml CMV Ag (Microbix Biosystems)
to identify tetanus toxoid- and CMV-specific cytokine producing CD4" T
cells.

Following permeabilization, cells were stained with either FITC-labeled
anti IL-2 (BD Pharmingen) or FITC-labeled anti IFN-y (BD Pharmingen).
Percentages of cytokine positive cells were determined by analyzing the
samples on the FACSCalibur (BD Pharmingen), selecting cells that have a
typical lymphocyte scatter pattern and are CD4 . Ag-specific T cells were
characterized by staining the cell surface with PerCP-labeled anti-CD4,
allophycocyanin-labeled CD45RO (both from BD Pharmingen) and PE-
labeled CCR7 (R&D Systems) to dissect the different CD4 " T cell subsets
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(12). To determine the extent of overlap for HBsAg-specific IL-2 and
IFN-vy producing cells, a minor adjustment was made in the staining pro-
tocol, i.e., PE-Cy7 (instead of PE) -labeled CCR7 (BD Pharmingen) was
used and PE-labeled IFN-y (BD Pharmingen) was added to costain for
IFN-vy-producing cells together with FITC-labeled IL-2. A similar analysis
as applied for single positive cytokine producing cells was done on the
FACSCanto II (BD Pharmingen) and using Diva 6.0 software (BD
Pharmingen).

The percentage of cytokine-producing cells within a certain subset in-
duced by HBsAg was corrected for the background signal, i.e., the per-
centage of cells that are induced to produce cytokines in response to co-
stimulation alone. PBMC of healthy nonvaccinated individuals served as
negative controls and showed no detectable signal for cytokine positive
cells after coculture with HBsAg.

Ag-specific T cell proliferation

To determine Ag-specific proliferation, the protocol described by Verkade
et al. (11) was used with minor adjustments. In brief, PBMC at a density
of 1 X 10%/100 wul were transferred to a round-bottom-shaped 96-well plate
(Nunc) in triplicates and stimulated for 6 days in the presence of 5 ug/ml
HBsAg. Background proliferation was determined by stimulating cells
with standard culture medium alone. Results are presented as stimulation
indices, calculated by dividing the proliferation expressed as cpm induced
by the stimulus by that observed in absence of the stimulus.

To more accurately investigate Ag-specific proliferation, the different
subsets were sorted on a FACSAria (BD Pharmingen), using expression of
cell surface markers as described above. The purity of the various subsets
was determined using flow cytometry and cell samples were >95% pure.
Subsequently, we cocultured the various subsets with autologous HBsAg-
loaded mature monocyte-derived dendritic cells (moDC) or unloaded
moDC as APC (11). The moDC were generated with GM-CSF and IL-4
using a cytokine mixture as maturation stimulus (11).

B cell ELISPOT assay

The T cell-dependent B cell ELISPOT assay, first described by Lipsky (13,
14), was used to analyze the importance of different CD4" T cell subsets
for differentiation of memory B cells into Ab secreting plasma cells. In
brief, the various CD4™ T cell subsets and CD19™ B cells, obtained from
healthy volunteers 12 wks after HBV vaccination, were sorted using FACS
Aria (BD Pharmingen). Subsequently, the CD4" T cell subsets were
treated with 10 pg/ml mitomycin C (Nycomed) at 37°C for 45 min and
finally cocultured at 1 X 10%/well with 2.5 X 10* B cells on an anti-CD3
(1 pg/ml, RIV-9) coated 96-well plate for 6 days.

In addition, several variations to this protocol were applied to establish
the role of IL-2-producing CD4™" T cells and IL-2. First, to investigate the
importance of the IL-2 producing CD4™ T cells, Tmem were sorted and
stimulated for 6 h on an anti-CD3 (1 ug/ml) and anti-CD28 (2 ug/ml,
Serotec) coated plate. IL-2 secreting cells were isolated using the IL-2
secretion assay (Miltenyi Biotec) and the autoMACS (Miltenyi Biotec)
according to the manufacturer’s instructions. Sham-treated (control) Tmem
in this assay underwent all procedures similar to the IL-2-depleted Tmem
except for the use of an isotype-control instead of the IL-2 capture Ab. The
IL-2-depleted Tmem as well as the sham-treated Tmem remained viable
(>90% viability) and purity was >98%. The positively selected fraction
IL-2 secreting Tmem showed very poor viability (<20%), a problem we
were not able to solve, and we excluded the use of this cell fraction for
experiments. Finally, all cell fractions were treated with mitomycin C be-
fore coculture with purified B cells.

Second, to study the effects of IL-2 in these experiments, we performed
them in the presence of a monoclonal IL-2R-« blocking Ab (Zenapax,
Hoffman-LaRoche) during the whole coculture method. This Ab inhibits
the effects of IL-2 by preventing its interaction with the IL-2R-a-chain. For
this purpose, purified Tmem were cocultured with purified B lymphocytes
in presence of different concentrations of Zenapax (0—20 wg/ml) for 6 days
or similar concentrations of IgG1 (isotype control).

On day 5, the wells of a 96-well MaxiSorp immunoplate (Nunc) were
coated overnight with either 5 ug/ml HBsAg, 37.5 1f/ml Tetanus Toxoid
(SVM), 30 wg/ml CMV Ag (Microbix Biosystems), or with 44 pg/ml goat
F(ab"), anti-human Ig (polyvalent) (Caltag Laboratories) at 4°C. The cells
were harvested on day 6 and plated in triplicate at a density of 2.5 X
10*well on the Ag-precoated plate and at a density of 1 X 10°/well if total
IgG producing cell frequencies were determined. Following an overnight
incubation at 37°C and 5% CO.,, cells were lysed and debris was washed
away using PBS/0.05% Tween 20. Subsequently, wells were incubated
with 5 ug/ml biotinylated goat F(ab’), anti-human IgG (Biosource) for 1 h
at 37°C followed by an 1 h incubation with labeled goat-anti-biotin Abs
(U-CyTech Biosciences). Finally, Ab-producing cells were visualized us-
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FIGURE 2. Kinetics of HBsAg-specific proliferation in healthy HBV
vaccinees. At the various intervals, freshly isolated PBMC were stimulated
with medium alone, HBsAg (5 wg/ml) for 6 days. At day 6, proliferation
was determined by [*H]thymidine incorporation and is expressed as a stim-
ulation index (SI; A), calculated by dividing the HBsAg-induced prolifer-
ation by that induced by culture medium alone. On the x-axis, the number
of weeks after the last HBV vaccination is shown. Twelve weeks following
receipt of the last HBV vaccination, PBMC and the various CD4™" T cell
subsets, sorted on a FACSAria, were cocultured at a density of 5 X 10%
well with 5 X 10* autologous HBsAg-loaded mature moDC and as nega-
tive controls: unloaded mature moDC or medium alone for 6 days. In
addition, PBMC were also stimulated with HBsAg (5 ug/ml). At day 6,
proliferation was determined by [*H]thymidine incorporation and is ex-
pressed as cpm. On the x-axis, proliferation (median) is depicted in cpm
and on the y-axis the unsorted PBMC and different T cell subsets are
depicted (B). The black, gray, hatched, and open bars indicate stimulation
with HBsAg-loaded mature moDC, unloaded mature moDC, HBsAg alone
and medium alone, respectively. Experiments were performed in triplicate
and median values of one experiment are depicted. Similar results were
obtained with three different donors.

T cell subset

ing an activation solution (U-CyTech Biosciences) and an incubation in the
dark at room temperature for 15-20 min. Color development was stopped
using deionized water and spots were counted using an ELISPOT reader
(BioSys).

Serum Ab measurements

Anti-HBsAg IgG titers were determined 4 wk after the last vaccination in
plasma by the Department of Virology of Erasmus Medical Center (Rot-
terdam, The Netherlands) using the Enzyme Immuno Assay (AxSym, Ab-
bott Diagnostics) according to the manufacturer’s instructions. Anti-CMV
titers were also determined by the Department of Virology as previously
described (15). Finally, Ab titers for tetanus were determined at the
Rijksinstituut voor Volksgezondheid en Milieu, as described previously
(16).

Statistical analysis

Statistical analyses were performed using SPSS 11.5 for Windows. Data
are means = SEM unless indicated otherwise. Nonparametric analyses
were used to test whether significant changes were observed. In addi-
tion, to investigate whether relationships exist between the various im-
munological parameters Spearman’s Rho correlation coefficients (Rs)
were calculated. p values =0.05 were considered statistically
significant.
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Results

IL-2 and IFN-vy positive HBsAg-specific CD4™ T cells show
different kinetics and subset distribution after booster
vaccination

Both IL-2 and IFN-vy positive HBsAg-specific CD4™ T cell re-
sponses could be readily detected after the last vaccination (Fig. 1,
A and B).

The percentage of IL-2-positive cells showed on average the
highest response at 2 wks within the effector memory CD4" T
(Tem) cells (Fig. 1G; 0.11 = 0.04%), which was preceded by a
maximal response within the central memory CD4 " T (Tcm) cells
at 1 wk (Fig. 1E). No significant responses were observed in the
naive T cell fraction (Fig. 1C). At 12 wk the median absolute
numbers of IL-2 positive HBsAg-specific CD4™ T cells were 1.1
(range 0—4.2) X 10%liter in the Tcm and 1.2 (0-14.7) X 10*/liter
in the Tem.

HBsAg-specific IFN-y-producing CD4™ T cells were found in
all subsets and followed a similar pattern within these subsets. A
maximal response was observed 2 wk after vaccination. In abso-
lute numbers, almost half of the IFN-+y positive T cell response was
observed in the naive T cell fraction at 2 and 12 wk. At 4 wk, a
sharp decrease was noticed in the numbers of HBsAg-specific
IFN-vy producing CD4™ T cells when compared with that at 2 or 12
wk (p < 0.05), resulting in almost absent signal within the naive
(Fig. 1D) and central memory (Fig. 1F) subset.

anti-HBsAg IgG titer (IU/L)

At 12 wk after vaccination, the average percentage of IL-2 and
IFN-vy-producing HBsAg-specific CD4™" T cells was similar (0.01
and 0.02%) (Fig. 1, A and B, respectively).

IL-2 and IFN-vy producing Tem are associated with Ag-specific
proliferation

The kinetics of HBsAg-specific proliferation (Fig. 2A) followed
those of the cytokine producing cells and the highest response was
noted at 2 to 4 wks following vaccination. Next, we investigated
Ag-specific proliferation of the different CD4™ T cell subsets at 12
wk following receipt of the last HBV vaccination and noticed that
Tem cells accounted for the major part of HBsAg-specific prolif-
eration (Fig. 2B). In accordance with this observation, we could
only find a significant correlation between HBsAg-specific prolif-
eration and the numbers of IL-2 positive Tem (Rs = 0.5; p < 0.01)
and to a lesser extent IFN-y (Rs = 0.4; p < 0.01) producing
CD4" Tem.

Generation of IL-2 positive Tem is important for obtaining
protective Ab titers

Anti-HBsAg titers amounted to 5350 [U/liter (range: 46.4-213770
[U/liter). The anti-HBsAg titers correlated positively with maximal
HBsAg-specific proliferation (Rs = 0.6; p < 0.05), and most spe-
cifically with maximal (peak) percentages of HBsAg-specific IL-2
positive effector memory CD4" T lymphocytes (Fig. 3C; Rs =
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FIGURE 4. IL-2 single and not IL-2/IFN-y double positive effector
memory CD4" T cells account for most of the HBsAg-specific CD4" T
cell response. At 12 wk following receipt of the last HBV vaccination,
percentages of HBsAg-specific cytokine producing cells being either single
IL-2 (A), single IFN-vy (B) positive, or positive for both IL-2 and IFN-y (C)
were determined. The percentage of single- and double-positive cells of the
total sum of cytokine positive cells was calculated for the different CD4™
T cell subsets. Results of 16 HBV-vaccinated healthy individuals are
shown. *, p < 0.05.

0.7; p < 0.01). This maximal response was for most individuals at
2 wk, but 21% of the healthy controls showed the IL-2 Tem peak
response at 1 (7%) or 4 wk (14%) after vaccination. Such a relation
could not be found for any other HBsAg-specific IL-2 positive
(Fig. 3, A and B) or IFN-vy positive (Fig. 3, D-F) T cell subset,
respectively.

In addition, we determined the percentages of single IL-2 and
single IFN-vy positive and IL-2/IFN-vy double positive cells in the
different CD4™ T cell subsets at 12 wks following HBV vaccina-
tion for 16 healthy volunteers. Single IL-2 positive cells were no-
ticed predominantly within the Tem when compared with Tcm or
naive CD4™ T lymphocytes (Fig. 4A), whereas double positive
cells were observed at a similar frequency in all subsets (Fig. 4C).
The median (range) absolute number of single IL-2" Tem was 1.4
(0—41.2) X 10%/L and significantly higher (p < 0.05) than that of
single IL-2* Tem 0.9 (0-25.4) X 10*/L. Again, absolute numbers
of the total, single and double-positive IL-2 or IFN-vy producing
CD4™" T cell subsets were related to the humoral immune re-
sponse. Only total IL-2 positive (Rs = 0.5; p = 0.03) and IL-2
single positive (Rs = 0.6; p = 0.02) Tem were significantly as-
sociated with anti-HBsAg titers.
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FIGURE 5. HBsAg-specific IL-2 producing effector memory CD4* T
cells are low or even absent in ESRD patients. Mean and SEM percentages
(A) or absolute numbers (B) of HBsAg-specific IL-2 producing CD4™ T
cells were determined two wks following receipt of the last HBV vacci-
nation step for 15 healthy volunteers and 15 ESRD patients. The open
symbols represent the healthy volunteers and the closed, the ESRD pa-
tients. *, p < 0.05.

The clinical significance of this relation between IL-2 producing
Tem and anti-HBsAg titers was supported by findings upon anal-
ysis of the HBsAg-specific CD4™ T cell responses in patients with
ESRD. These patients are known to be poor responders to T cell
dependent vaccination Ags like HBsAg (17). Two weeks after the
last HBV vaccination, the percentages (Fig. 54) and absolute num-
bers (Fig. 5B) of IL-2 and IFN-v positive (data not shown) CD4 ™"
T cells in patients were lower although not reaching significance
(p = 0.2) when compared with healthy individuals. However, low
to undetectable IL-2 positive Tem (p = 0.02) were found (median:
0.19 X 10*/liter; range: 0—2.4 X 10%/liter) in association with low
to absent Ab titers (median 33.9 IU/liter; range: 0—672.8 IU/liter).

IL-2 producing Tmem remain closely related to Ab titers many
years after antigenic exposition

Next, we examined the relation between IL-2-producing effector
memory CD4" T lymphocytes and the persistence of Ab titers
many years after vaccination. For this purpose, Ag-specific IL-2-
producing CD4* T lymphocytes were enumerated following stim-
ulation with HBsAg, the vaccination Ag tetanus toxoid or viral
Ags from latent CMV infection (Fig. 6).

Although the median time post vaccination was 9 years (ranging
from 1 to 19 years), a positive association between IL-2 producing
Tem (Fig. 6B), but not Tcm (Fig. 6A) and anti-HBsAg titers was
noticed. For tetanus toxoid, of which the last vaccination was 15 to
25 years ago, a positive relation was observed for IL-2-positive
Tem (Fig. 6C) but not Tem (Fig. 6D). Ab titers to CMV were
positively related to the percentage of IL-2-positive CMV-specific
Tem (Fig. 6E) and Tem (Fig. 6F). Of note is the observation that
higher Ab titers (CMV Ag>tetanus toxoid>HBsAg) correlated
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with the presence of higher numbers of IL-2-positive memory
CD4™ T cell responses for each of the Ags.

IL-2-producing Tmem are important for differentiation of
Ag-specific memory B lymphocytes into Ab secreting cells

The close correlation between IgG Ab titers and the numbers of
circulating IL-2-positive Ag-specific memory T cells suggested a
direct role of these cells for induction of IgG producing plasma
cells.

We used a T cell-dependent B cell ELISPOT assay to analyze
the potential of naive CD4" T lymphocytes, Tcm, and Tem for
inducing differentiation of memory B lymphocytes into Ab-secret-
ing cells for HBsAg (at 12 wk following last vaccination), tetanus
toxoid, and CMV Ag. For nonspecified IgG production (plates
coated with anti-Ig, Fig. 7A) and all Ags tested, the naive T cell
fraction had little capacity to induce Ab-secreting cells. In line
with the ex vivo data, a dominant role fore for CD4™ Tem over
Tcem was observed for supporting the development of Ab secreting
cells specific for HBsAg (Fig. 7B). An equal contribution of CD4 ™"
Tcem and Tem for inducing memory B lymphocytes to differentiate
into tetanus toxoid- (Fig. 7C) and CMV-specific IgG (Fig. 7D)
secreting cells was observed.

Finally, we depleted the Tmem for IL-2 secreting cells and
tested the capacity of this fraction to induce differentiation of
memory B lymphocytes into Ab-secreting cells. Only the IL-2 de-
pleted Tmem fraction, and not the sham-treated Tmem, did reduce
the capacity of memory B lymphocytes to differentiate into Ab-
secreting cells (Fig. 84). Next, we performed this test in the pres-
ence of an IL-2R-a blocking mAb to prevent effects induced by

IL-2. Increasing concentrations of the Ab resulted in a substantial
inhibition (on average 84% at 20 wg/ml) of the development of
IgG-producing plasma cells (Fig. 8B, only 20 ug/ml of the iso-
type is shown). The results are in accordance with the ex vivo data
and indicate that IL-2 secretion by Tmem is critically involved in
the generation of IgG secreting plasma cells from memory B cells.

Discussion

In this study, we have analyzed, at the single-cell level, the devel-
opment and characteristics of Ag-specific CD4™" T cells following
protein vaccination in humans in relation to the generation of IgG-
secreting plasma cells.

Recent studies have indicated that IL-2 producing Ag-specific T
cells dominate the cytokine response after protein vaccination in
humans (18, 19). Similar to others (20, 21), we could not reliably
detect Ag-specific T cells positive for Th type-2 cytokines like
IL-4 and IL-10 (our unpublished data), and therefore focused on
the detection of IL-2 and IFN-vy-positive HBsAg-specific T cells.
The responses of IL-2 and IFN-vy-positive HBsAg-specific T cells
were similar for the total CD4™ T cells, but the IL-2" cells dom-
inated the response in the effector memory subset. In support of the
differentiation pathway proposed by Sallusto (4, 22) and Seder
(23), peak responses for IL-2 producing Tcm preceded those ob-
served for Tem lymphocytes. However, the kinetics for HBsAg-
specific IFN-vy-producing CD4™ T cells was similar in all subsets,
and these cells almost completely disappeared from the circulation
at 4 wk after vaccination. Our data are only observational, and
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therefore cannot identify the mechanisms underlying these remark-
able differences in time for the presence of IL-2 and IFN-vy-posi-
tive cells. However, they clearly show that the results of any study
of Ag-specific T cells after vaccination may change substantially
within an interval of 4 wk.

Analysis of the Ag-specific T cell responses shortly after HBV
vaccination revealed that IL-2-positive Tem were closely related to
both the Ag-specific proliferative response, and the serum levels of
Ab achieved. A more detailed analysis involving the extent of
overlap of IL-2 and IFN-vy producing CD4™ T cells in the different
CD4™" T cell subsets confirmed that only IL-2 single positive Tem
and not those also producing IFN-y were related to Ab titers. In
addition, the data of the B cell ELISPOT indicated that effector
memory type CD4™ T cells have a superior capacity for inducing
differentiation of memory B cells into IgG secreting plasma cells.
Therefore, this study links effector memory type CD4™ T cells to
generation of plasma cells, a function previously unrecognized. In
vivo, interaction of memory B and T cells will take place in the
lymphoid tissues, for which expression of CCR7 on the T cell
surface is required for entrance. As the effector memory T cells do
not express this molecule, they will not home to these sites. How-
ever Tem may overcome this problem as they are able to tran-
siently increase the expression of CCR7 on their cell surface upon
activation (24).

Even many years after vaccination, we could find a significant
correlation between circulating HBsAg-specific IL-2 positive Tem
and Ab titers. Maintenance of Ab titers is thought to be Ag inde-
pendent, as there are no convincing arguments for continuous stim-
ulation by antigenic cross-reactivity as the underlying mechanism.
Currently, two not mutually exclusive hypotheses exist, to explain
long-lived Ab responses. The first suggest that they are maintained
by long-lived plasma cells in the bone marrow that secrete Abs for
extended periods (25, 26). The second hypothesis states that mem-
ory B cells are continually differentiating into plasma cells in an

Ag-independent manner due to bystander or polyclonal activation
(27). Recently, bystander activation was also suggested as a pos-
sible mechanism for maintenance of Ag-specific T cells (28-30).
Our data are not in contradiction with the hypothesis of bystander
activation as the mechanism that supports maintenance of the im-
munological memory of T and B cells. However, the close relation
between IL-2 memory T cells and Ab titers, observed even decades
after vaccination, dictates that the process of bystander activation
has a proportional effect on T and B cells, thereby keeping the
mutual ratio intact. As such, this may be beneficial for maximal
effective reactivation of the immune response upon re-encounter of
the Ag.

For tetanus toxoid and whole CMV Ag, a correlation was found
between the Ab titers and respectively IL-2 positive Tcm and IL-2
positive Tcm and Tem. Apparently, expression of the CCR7 mol-
ecule on IL-2 positive memory T cells that are related to induction
of plasma cells varies with the type of Ag. The observed difference
with respect to the relation of different memory CD4™ T cell sub-
sets with Ab titers may be associated with the way Ag is detected
by the immune system and the distinct signals that are induced by
the different types of Ags (23, 31, 32). With respect to the type of
Ag, CMV, for example, is a persisting Ag and thus continuously
able to trigger the immune response. This might explain the ob-
served association of both IL-2 producing Tcm and Tem with Ab
titers. This is distinct from HBsAg and tetanus toxoid, both vac-
cination Ags and both cleared upon re-encounter. In agreement
with our findings, a preferential expansion of the Tcm compart-
ment as compared with the Tem subset was observed upon re-
encounter of the Tetanus Toxoid (33).

For the total IgG production in vitro, which essentially includes
all memory B cell responses, both Tcm and Tem appeared equally
effective. Depletion of IL-2 secreting Tmem showed that these
cells are in vitro important for the generation of IgG secreting
plasma cells. The effect of depletion was not maximal, which may
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FIGURE 8. IL-2 is essential for memory B cell differentiation toward
Ab secreting cells. Sorted memory CD4 ™" T cells (Tmem) were stimulated
with plate-bound anti-CD3 and anti-CD28 for 6 h. Thereafter, IL-2 secret-
ing cells were depleted from the Tmem fraction using the IL-2 secretion
assay. Sorted autologous B lymphocytes at a density of 25 X 10%/well were
cocultured without or with the unfractionated Tmem, sham-treated Tmem
or Tmem depleted for IL-2 secreting cells in anti-CD3 coated 96-well
plates. At day 6, the number of IgG producing B cells was established
using an ELISPOT assay. The numbers of IgG producing cells per 10* B
cells are displayed on the y-axis (A). In addition, mitomycin C-treated
Tmem were cocultured with B lymphocytes in continuous presence of
different concentrations of an IL-2R-« blocking mAb ([]) or 20 ug/ml
IgGl1 (isotype control, H). At day 6, the number of IgG producing B cells
was established using an ELISPOT assay. The numbers of IgG producing
cells per 10* B cells are displayed on the y-axis (B). Results shown are
means (and SEM) of six different donors. *, p < 0.05.

be caused by the presence of a few remaining IL-2 secreting Tmem
in the depleted cell fraction. The result of the IL-2 receptor block-
ing experiment showed that the action of IL-2 is essential for dif-
ferentiation of memory B lymphocytes to IgG producing plasma
cells.

IL-2 CD4* MEMORY T CELLS AND PLASMA CELLS

The results from this study closely fit to what is known about the
role of IL-2 in the final differentiation pathway of B cells into Ab
secreting cells. The majority of memory B cells expresses the 1L-2
receptor (34) and late in a primary immune response the IL-2 se-
creted by Ag-activated Th cells binds to high affinity IL-2 recep-
tors on Ag-activated B cells (35). IL-2 then acts on two crucial
regulators of B cell development, the Pax5 gene encoded transcrip-
tion factor B cell lineage-specific activator protein and Blimp-1.
IL-2 down-regulates B cell lineage-specific activator protein RNA
expression in a concentration-dependent manner, relieving the re-
pression of the Ig J chain gene, and rapidly induces transcripts of
the Blimp-1 gene (36, 37). Blimp-1 is a member of the zinc finger-
containing family of DNA-binding proteins, and is now recognized
as the master switch for the terminal differentiation of B cells into
plasma cells (38). In accordance with these findings, the presence
of T cells can be replaced by exogenous IL-2 in an in vitro model
of Ag-specific T cell-dependent differentiation of B cells to plasma
cells (39). Therefore, a functional role of IL-2 secreted by Ag-
specific T cells in the generation of plasma cells seems plausible
and readily explains why the lack of IL-2 positive HBsAg-specific
T cells after vaccination is related to a poor anti-HBsAg Ab titer.

In summary, our data show a critically important role for IL-2
secretion by memory CD4™ T cells for the induction of IgG pro-
ducing plasma cells after antigenic stimulation, a relation that may
persist for decades without re-exposure to the specific Ag.
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