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Modelling Two Possible Mechanisms for the Regulation of the
Germinal Center Dynamics1
Joana S. Moreira2* and Jose Faro*†
Research on the germinal center has tried to unravel the mechanisms that control its dynamics. In this study we focus on the
termination of the germinal center reaction, which is still an open problem. We propose two hypothetical biological mechanisms
that may be responsible for the control of germinal center dynamics and analyze them through mathematical models. The first one
is based on the differentiation of follicular dendritic cells and/or T cells. Interaction of these cells in the differentiated state with
germinal center B cells would promote B cell differentiation into memory B cells and Ab-forming cells, ending the germinal center
reaction. The second mechanism applies only to a scenario without recycling and consists of the decay of a hypothetical proliferation signal for centroblasts that limits the number of cell divisions. Each of the models makes predictions that can be experimentally tested. The Journal of Immunology, 2006, 177: 3705–3710.
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the termination of the GC reaction is unlikely to be caused by lack
of Ag. Moreover, in the last 5 years experimental reports have
raised questions about the regulation of GC dynamics by Ag. Studies reveal that there is no significant difference in GC kinetics,
affinity maturation, and serum Ab formation for a wide range of
Ag deposition on the membrane of FDCs (15). Other experiments
with mice that lack detectable immune complexes (ICs) on the
surface of FDCs (16) indicate that the presence of ICs is not necessary for normal GC formation, kinetics, and termination. Furthermore, it has been shown that, once B and T cells are primed by
Ag, the presence of ICs on the membrane of FDCs is not necessary
for the GC reaction to proceed (17). Thus, although Ag priming of
B and T cells is necessary to initiate the GC reaction, the above
observations indicate that the presence of Ag in the follicles is not
required for the maintenance or termination of GCs. Therefore, Ag
dynamics does not seem to control the dynamics of the GC, and
understanding the mechanism responsible for this regulation is an
open problem.
However, affinity maturation and differentiation into plasma and
memory B cells seem to require the interaction of Ag plus FDC
with B cells in the GC (17, 18, 19). Furthermore, it has been
reported that FDCs change their phenotype during the GC reaction
(5) and that B cell interaction with both FDCs and T cells provides
survival signals to B cells and may induce FDC and T cell differentiation. Although for GC T cells there is still not much information, it is known that T cells are essential for early processes in
the GC, such as triggering the hypermutation on B cells, and for
different later processes, such as the differentiation of B cells into
memory and plasma cells; this suggests that GC T cells may also
change their effector state (20, 21).
The purpose of this work is to help clarify which biological
mechanisms may be responsible for the control of the GC dynamics. In the light of the above experimental evidence, we hypothesize that the signals produced by undifferentiated FDCs and T
cells, in the beginning of the GC reaction differ from those produced later by the differentiated cells. Whereas the undifferentiated
FDCs and T cells would provide survival signals to B cells, the
differentiated cells would provide signals to induce B cell differentiation into memory B cells and AFCs. We identify this as a
potential biological mechanism for terminating the GC reaction,
and we analyze it by mathematical modeling. Alternatively, we
propose and model another mechanism for the termination of the
0022-1767/06/$02.00
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G

erminal centers (GCs)3 are transient structures that develop in B cell areas of secondary lymphoid organs.
They constitute preferential sites for B cell interactions
that are crucial for an efficient Ag-elicited humoral immune response. Observations concerning the physiology of the GC have
accumulated in the last 50 years (1– 4). A primary GC reaction
starts within 3 to 4 days after Ag administration and lasts for ⬃3
wk. During this period of time, the GC presents a dynamical spatial structure (5). Indirect evidence suggests that GCs are seeded by
a few B cells (6, 7). These B cells evolve through different phenotypes during the GC reaction. In the beginning, only large proliferating cells with decreased expression of surface Igs, called
centroblasts, are observed. Somatic hypermutation in Ig V regions
occurs during centroblast proliferation. Centroblasts differentiate
later into smaller, nonproliferating cells called centrocytes that express surface Igs. Finally, centrocytes undergo a process of selection of high affinity cells that seems to involve interactions with
follicular dendritic cells (FDCs) and helper T cells (8 –10). This
selection is accompanied by the differentiation of centrocytes into
memory B cells and precursors of Ab forming cells (AFCs) (2).
The affinity for Ag measured in serum Abs increases after the 14th
day after immunization, which corresponds approximately to the
peak in the number of cells in the GC (2, 11, 12).
It is known that Ag persists in the GC environment long after the
reaction has ended (13). The amount of Ag presented on the membrane of FDCs measured 30 days after immunization may be reduced to half of the initial value (14). This finding indicates that
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GC reaction. This mechanism is based on the assumption that B
cells receive a proliferation signal that decays as cells divide. After
this signal has reached a certain level, B cells stop proliferating,
are selected, and differentiate into memory B cells or AFCs, terminating the reaction. Predictions of each model are presented, and
experimental tests for validating the models are proposed.

Materials and Methods
The numerical computations were performed with the software Mathematica 4.2 (Wolfram Research). The models were tested against two data
sets obtained from the literature (Table I; see Refs. 11 and 12).

Results

GC regulation by differentiation of FDCs and T cells
Interactions of centrocytes with FDCs and T cells provide survival
signals to the centrocytes and possibly induce the differentiation to
Table I. Experimental data on GC kineticsa
GC Phase

Parameters

Jacob (12)

Hollowood (11)

Initial conditions

t0[d]
C0
tp[d]
Cp
tf[d]
Cf

4
4b
12
1250
25
1d

4
4b
10
1300c
21
50

GC peak
GC end
a

C0, initial number of GC B cells; t0, day of GC initiation; Cp, maximum number
of GC B cells, corresponding to the peak of the GC reaction; tp, day of GC peak; Cf,
final number of GC B cells; tf, day of GC end. For the immunization protocol followed
by Jacob et al (12) and presented here, t0 is that rectified in a subsequent publication (30).
b
Because no indication was given in regard to the initial number of cells, we took
four initial cells, which was within the range suggested by a number of experimental
reports (26).
c
The peak of B cells is not shown in the report from Hollowood et al. (11), but
from the experimental points one can see it should lie between days 9 and 14 and
corresponds to ⬎1150 cells. The values chosen are indicative.
d
The condition for the GC to end is not an experimental value but a limited
condition based on the fact that the GC reaction has usually ended by day 21
postimmunization.

a distinct effector stage of FDCs (5) and T cells (20, 21). We
propose that the interaction of centrocytes with differentiated cells
promotes their differentiation into AFCs or memory B cells that
leave the GC, ultimately terminating the reaction. We model this
mechanism and analyze the parameter conditions required to reproduce the experimental data of GC kinetics in specific primary
immune responses.
We consider a compartment of B cells, B, that can proliferate,
die, and be selected into GC output (Fig. 1). It is not clear whether
B cell proliferation depends on signals from undifferentiated FDCs
and T cells or whether it depends on signals from both differentiated and undifferentiated types (8). We therefore define two submodels, A and B, accounting for both possibilities. In the first case
(model A), the effective proliferation term (including proliferation
and death) is proportional to the number of B cells interacting with
undifferentiated FDCs and/or T cells, which is proportional to
B(1 ⫺ F), where F is the fraction of differentiated cells present in
the GC (Equation 1a); in the second case (model B), the effective
proliferation term is proportional to B (Equation 1b). In both submodels, the proportionality constant is the maximum effective proliferation rate of B cells in a GC, denoted by p. It includes the
effects of cell proliferation and death and, therefore, should be
smaller than the proliferation rate usually estimated in experimental reports. (The proliferation rate is usually obtained by assuming
exponential growth of the B cell population during the first days of
the GC reaction, when there is virtually no B cell death. The numbers of GC B cells experimentally determined for initial time
points are fitted to an exponential function to determine p.) Moreover, in both submodels B cell selection is proportional to the
number of B cells interacting with differentiated FDC/T cells,
which is proportional to BF. The maximum rate of B cell selection
is k. When writing equations (1) as a function of the fraction of
differentiated FDC/T cells instead of the number of differentiated
cells, we are implicitly assuming that p and k depend on the number of FDC/T cells; therefore, the values of p and k may differ from
GC to GC. Furthermore, in both submodel A and submodel B the
differentiation of FDCs and/or T cells is promoted by interaction
with B cells (Equation 2). After being selected into the rescued
cells compartment, R (Equation 4), B cells differentiate into AFCs
or memory B cells and leave the GC. Therefore, one can write the
following.

dB
⫽ p共1 ⫺ F兲 B ⫺ kFB
dt

(1a)

dB
⫽ pB ⫺ kFB
dt

(1b)

dF
⫽ aB共1 ⫺ F兲
dt

(2)

dR
⫽ kFB
dt

(3)
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Two types of models have already been proposed for approaching
the problem of the GC dynamics and termination. In the first type
of model it is assumed that B cell survival depends on the presence
of Ag and that Ag depletion by interaction with centrocytes is the
mechanism of GC regulation (22, 23). However, the dependency
of the GC termination on the Ag level is not compatible with
experimental evidence, as explained above. The second type of
model considers that the mechanisms of generation of AFCs and
memory B cells are time dependent and, therefore, the number of
output cells from a GC is also time dependent. The hypothesis
states that, after a certain time, production of output cells becomes
faster than centroblast proliferation, leading to GC decay. This
hypothesis has been studied through mathematical models with
recycling (24, 25). In both models, the time dependency of the
output production is modeled through the definition of three different phases of the GC dynamics, which are introduced to reproduce the experimental data. The models reproduce GC termination
independently of Ag level, although the biological mechanism that
accounts for the three phases of the GC reaction is missing. In this
work, we model two hypothetical biological mechanisms that may
control the GC dynamics. The first one is based on the differentiation of FDCs and T cells. Interaction of these cells in the differentiated state with GC B cells would promote B cell differentiation into memory B cells and AFCs, ending the GC reaction.
The second mechanism consists of the decay of a hypothetical
proliferation signal for B cells, thus limiting the number of cell
divisions in a proliferation cascade that ends with B cell differentiation into AFCs or memory B cells.

FIGURE 1. Regulation of the GC reaction by differentiation of FDCs
and T cells. B, GC B cells; G, undifferentiated FDCs or T cells; G*, differentiated FDCs or T cells; R, selected B cells; M, output cells.
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f 共 t兲 ⫽

1
⫺t ⫹ 
1 ⫹ exp
s

冉

冊

(4)

where  is the day by which half of the FDCs/T cells are differentiated. The parameter s determines the steepness of the function
f(t) and, for the parameter range mentioned above, we have s ⑀
[0.4d, 1.1d] (for the examples below, we have chosen s ⫽ 1d).
Therefore, to simplify the problem, one can define new equations
for the B cell compartment (Equation 5a for model A and Equation
5b for model B), replacing F(t) by an explicit function of time, f(t).

dB
⫽ pB ⫺ 共k ⫹ p兲 f共t兲 B
dt

(5a)

dB
⫽ pB ⫺ kf共t兲 B
dt

(5b)

dR
⫽ kf共t兲 B
dt

(6)

FIGURE 2. Upper panel, GC dynamics obtained with model of FDC/T
cell differentiation with proliferation signals from undifferentiated FDC/T
cells (model A). Lower panel, GC dynamics obtained with model of FDC
and T cell differentiation with proliferation signals independent of the
FDC/T cell differentiation stage (model B). Dashed line, B compartment;
thin line, total number of GC B cells; thick line, GC output cells; dots,
experimental data from Jacob et al. (12).

number of GC B cells at the peak, Cp, and Equation 9 is the condition for the end of the GC reaction, where Cf is the final number
of cells and tf is the corresponding time. For each of the data in
Table I, we obtained the corresponding GC dynamics and estimated the parameters of models A and B. The results are shown in
Figs. 2 and 3 and in Table II. The dynamics calculated by the
FDC/T cell differentiation models fit the data of both experimental
reports.

Equations 5 and 6 can be analytically solved in terms of p, k and
. To determine these parameters, we used information from experimental reports that show the GC kinetics in primary immune
responses to (4-hydroxy-3-nitrophenyl)acetyl (12) and sheep RBC
(11) in mice. These data provide approximate values for the GC
initiation and termination; the maximum number of GC B cells, as
well as the day when that value is reached, can be approximately
read from the original data (Table I). Furthermore, it has been
estimated that the time of differentiation of a GC B cell into an
AFC or a memory B cell is ⬃2 days (17, 28). Therefore, one can
assume that there is a delay of 2 days between the time when a cell
enters the compartment of rescued cells and the time it actually
exits the GC, which means that at time t the number of rescued B
cells still inside the GC is R(t) ⫺ R(t-2d). This information is
introduced in the model to calculate parameters p, k, and  through
the following conditions shown in Equations 7–9,

B⬘共tp兲 ⫹ R⬘共tp兲 ⫺ R⬘共tp ⫺ 2兲 ⫽ 0

(7)

B 共 tp 兲 ⫹ R 共 t p 兲 ⫺ R 共 t p ⫺ 2 兲 ⫽ C p

(8)

B 共 tf兲 ⫹ R 共 tf兲 ⫺ R 共 tf ⫺ 2 兲 ⫽ C f

(9)

where Equation 7 is the condition for having a maximum number
of cells at time tp, the GC peak; Equation 8 is the expression for the

FIGURE 3. Upper panel, GC dynamics obtained with model of FDC
and T cell differentiation with proliferation signals from undifferentiated
FDC/T cells (model A). Lower panel, GC dynamics obtained with model
of FDC and T cell differentiation with proliferation signals independent of
the FDC/T cell differentiation stage (model B). Dashed line, B compartment; thin line, total number of GC B cells; thick line, GC output cells;
dots, experimental data from Hollowood et al. (11).
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Notice that Equation 1a can be obtained from Equation 1b by
replacing k with k ⫹ p, which yields similar dynamics for B and
F compartments in both submodels.
Equations 1 and 2 can only be solved numerically. Therefore,
one must determine the range of parameters that includes biologically reasonable values. The maximum effective proliferation rate,
p, has been estimated in several experimental reports (11, 12, 26,
27), and choosing p ⑀ [0.5d⫺1, 2.5d⫺1] (where d stands for day)
includes all reported values. The maximum rate of B cell selection,
k, is not known; the only restriction to this parameter is k ⬎ 0 for
model A and k ⬎ p for model B to lead the GC reaction to an end.
The parameter a controls the speed of FDC/T cell differentiation.
If a ⫽ 0.01d⫺1, differentiation of FDCs/T cells is very fast and B
cells have little time to proliferate, resulting in few B cells; if a ⫽
0.0001d⫺1, differentiation of FDCs/T cells is very slow and B cells
proliferate during a long period, resulting in an excessive number
of B cells. Therefore, choosing a ⑀ [0.0001d⫺1, 0.01d⫺1] should be
appropriate. Combining all of the parameter values described
above, it is easy to observe that F(t) can be well approximated by
a logistic function as shown in Equation 4,
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Table II. Parameter values obtained with the GC modelsa
Model

Parameters

Jacob (12)

Hollowood (11)

0.96
0.63
10.7
0.94
1.56
10.1
1.1
1.0
1.0
10.0

1.71
0.34
7.7
1.73
2.06
7.0
1.5
1.2
0.5
10.0

⫺1

FDC/T cell differentiation (model A)

p[d ]
k[d⫺1]
[d]
p[d⫺1]
k[d⫺1]
[d]
pB[d⫺1]
kB[d⫺1]
kC[d⫺1]
n

FDC/T cell differentiation (model B)
Centroblast proliferation cascade

a
p, maximum effective rate of B cell proliferation; k, maximum rate of B cell selection, , day by which half of the FDC/T
cells are differentiated, pB, proliferation rate of centroblasts; kB, rate of centroblast differentiation into centrocytes; kC, rate of
centrocyte selection; n, number of centroblast divisions. For the FDC/T cell differentiation models, parameters were calculated
with conditions from Equations 7 through 9 and by using experimental data summarized in Table I, for the proliferation cascade
model, values for parameters kB and kC were obtained by adjusting the theoretical curves to the experimental data.

Proliferation cascade of centroblasts controls the GC dynamics

dB0
⫽ ⫺ pBB0
dt

(10)

dBi
⫽ 2pBBi⫺1 ⫺ pBBi, for i ⫽ 1, 2, . . . , n ⫺ 1
dt

(11)

dBn
⫽ 2pBBn⫺1 ⫺ kBBn
dt

(12)

dC
⫽ kB Bn ⫺ 共 kC ⫹ d C 兲 C
dt

(13)

dR
⫽ kCC ⫺ k RR
dt

(14)

dM
⫽ kRR
dt

(15)

Equations 10 –15 can be analytically solved, although the complicated form of the solutions does not contribute to an intuitive understanding of the model dynamics. Therefore, we introduce parameter values taken from experimental reports and solve the
system numerically. From experimental data, the rate of centrocyte

Discussion
We propose two alternative hypotheses for the termination of the
GC reaction and present two corresponding mathematical models
for the GC. The models were applied to two sets of experimental
data from different reports, namely primary immune responses
against (4-hydroxy-3-nitrophenyl)acetyl (12) and against sheep
RBCs (11) in mice.
The first hypothesis considers that the mechanism of GC termination is based on the differentiation of FDC/T cells driven by their
interaction with centrocytes. This hypothesis is supported by experimental evidence that show a change in the FDC phenotype
during a GC reaction (5) and by the fact that T cells play different
roles in different phases of the GC (20, 21). Under this hypothesis,
we propose two submodels corresponding to B cell proliferation

FIGURE 4. Regulation of the GC dynamics by a proliferation cascade
of centroblasts. B, centroblasts; C, centrocytes; R, selected centrocytes; M,
output cells.
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If centrocytes do not recycle back into centroblasts, the GC dynamics can be controlled by the dynamics of the centroblast compartment. The decay of cellular concentrations of molecules with
successive cell divisions is a signaling mechanism. This mechanism could be used to control cell division itself if the signal at
stake is a proliferation signal. Therefore, the decay of a hypothetical proliferation signal for centroblasts would limit the number of
B cell divisions in the GC. If centroblasts proliferate on average a
fixed number of times before differentiating into centrocytes and
afterward into AFCs or memory B cells, this would eventually lead
to the termination of the GC reaction.
This hypothesis can be described by an ordinary differential
equation model (Fig. 4). We consider n generations of proliferating
centroblasts, Bn, with proliferation rate, pB, and differentiation into
the centrocyte compartment, C, after the nth generation, with rate
kB (Equations 10 –13). Cells in the centrocyte compartment can be
selected with rate kC, moving into the rescued cells compartment,
R; centrocytes can also suffer apoptosis at rate dC (Equation 13).
Rescued cells differentiate into memory B cells or AFCs and leave
the GC with rate kR (Equation 14). The output compartment, M,
comprises memory B cells and AFCs that have left the GC (Equation 15).

apoptosis and the rate of differentiation into output cell can be
fixed as dC ⫽ 4d⫺1 (centrocyte half-life of 4 h) (29) and kR ⫽
0.35d⫺1 (equivalent to a time of differentiation into output cell of
48 h) (17). The rate of centroblast proliferation can be estimated by
using data on the number of GC B cells from initial time points in
the GC reaction where only centroblast proliferation occurs. For
the calculation, we assumed exponential growth of the centroblast
compartment and applied a linear regression to the natural logarithm of the number of proliferating centroblasts, ln[B(t)] ⫽
ln[B(t0)] ⫹ p(t ⫺ t0), with B(t0) ⫽ 4. The time point at which
differentiation into centrocyte starts should be before the GC peak,
when the initial B cell kinetics starts deviating from an exponential
growth law, which can be roughly taken from the data. With this
time point and the proliferation rate, one can estimate the total
number of centroblast divisions, n (Table II). The rates of centroblast differentiation and centrocyte selection, kB and kC, respectively, were chosen to obtain dynamics that fit the experimental
data. Examples of GC dynamics obtained with this proliferation
cascade model, using particular sets of parameters that fit the data,
are shown in Figs. 5 and 6 in comparison with the respective
experimental data.

The Journal of Immunology

FIGURE 5. GC dynamics obtained with model of centroblast proliferation cascade. Dashed line, centroblast compartment; thin line, total number of GC B cells; thick line, GC output cells; dots, experimental data from
Jacob et al. (12) Parameters: kB ⫽ 1.0 d⫺1, kC ⫽ 1.0 d⫺1.

FIGURE 6. GC dynamics obtained with model of centroblast proliferation cascade. Dashed line, centroblast compartment; thin line, total number of GC B cells; thick line, GC output cells; dots, experimental data from
Hollowood et al. (11). Parameters: kB ⫽ 1.5 d⫺1; kC ⫽ 1.2 d⫺1.

corresponding to a fixed number of cell cycles. Therefore, the total
number of cells produced by a GC expected from model B is much
larger than those from the other two models. This comparative
result could be used to experimentally test which of these hypotheses for the GC termination is more likely. This task could be
accomplished, for instance, by measuring in an immune response
the ratio of the total number of output GC B cells (memory plus
plasma cells) to the total number of GC B cells at the peak of the
GC reaction. Because memory B cells and a large fraction of GCderived plasma cells are long lived, the total number of output GC
B cells could be estimated from the pools of memory B cells (in
the spleen) and plasma cells (in the bone marrow) one or a few
weeks after the ending of the GC reaction. Furthermore, models A
and B can be distinguished by the value of the maximum rate of B
cell rescue. If B cell proliferation does not depend exclusively on
signals from undifferentiated FDC/T cells, the condition k ⬎ p
must be verified, whereas if B cell proliferation depends on those
signals, this condition is not necessary. Once again, experimental
measurements could contribute to deciding between the two
submodels.
In summary, we present two alternative hypotheses for the termination of the GC reaction along with the corresponding mathematical models. A set of parameters and an estimate of the number of AFCs and memory B cells produced per GC are obtained
with each of the models. Comparison of these results with experimental measurements such as those mentioned above could contribute to clarify which of the hypotheses is closer to the biological
mechanisms responsible for the termination of the GC reaction.

Acknowledgments
We are grateful to Jorge Carneiro and the Theoretical Immunology group
(Instituto Gulbenkian de Ciência, Oeiras, Portugal) for valuable discussions and to Rui Gardner (Instituto Gulbenkian de Ciência, Oeiras, Portugal) for critically reading this manuscript. We also thank Prof. DuclaSoares (Instituto de Biofı́sica e Engenharia Biomédica, Faculty of
Sciences, Lisbon University, Lisbon, Portugal) for all the support.

Disclosures
The authors have no financial conflict of interest.

References
1. Liu, Y. J., O. Bouteiller and I. Fugier-Vivier. 1997. Mechanisms of selection and
differentiation in germinal centers. Curr. Opin. Immunol. 9: 256 –262.
2. MacLennan, I. C. M. 1994. Germinal centers. Annu. Rev. Immunol. 12: 117–139.
3. Kelsoe, G. 1995. In situ studies of germinal center reaction. Adv. Immunol. 60:
267–288.
4. Tarlinton, D. 1998. Germinal centers: form and function. Curr. Opin. Immunol.
10: 245–251.
5. Camacho, S. A., M. H. Kosco-Vilbois, and C. Berek. 1998. The dynamic structure of the germinal center. Immunol. Today 19: 511–514.
6. Kroese, F. G., A. S. Wubbena, H. G. Seijen, and P. Nieuwehnuis,. 1987. Germinal centers develop oligoclonally. Eur. J. Immunol. 17: 1069 –1072.
7. Hermans, M., A. Wubbena, F. Kroese, S. V. Hunt, R. Cowan, and D. Opstelten.
1992. The extent of clonal structure in different lymphoid organs. J. Exp. Med.
175: 1255–1269.

Downloaded from http://www.jimmunol.org/ by guest on May 26, 2022

either dependent exclusively on undifferentiated FDC/T cells or
independent of the FDC/T cell effector stage. Using experimental
information on the GC B cell kinetics, we calculate the model
parameters that provide a good fit between the theoretical curves
and the data points. The parameters are the maximum effective
proliferation rate of B cells, p, the maximum rate of B cell selection, k, and the day when half of the FDCs/T cells are differentiated
(Table II). These parameters are biologically meaningful and can
be compared with experimental measurements. The results of the
model are slightly different for each of the experimental data sets.
A possible reason for this is that both rates of B cell proliferation
and selection may depend on the following: 1) the number of
FDC/T cells in a GC; 2) the type of Ag; and 3) other experimental
conditions. Bearing this in mind, measuring the B cell effective
proliferation rate and evaluating the number of differentiated vs
undifferentiated FDC/T cells for several time points during the GC
reaction would constitute an experimental test to this hypothesis.
The second hypothesis for the termination of the GC reaction
considers that the GC dynamics is controlled through the dynamics
of the centroblast compartment by allowing centroblasts to proliferate only a given number of times. This could be the result of a
simple biological mechanism. For example, when B cells are stimulated to become GC B cells, they receive a proliferation signal; as
the cells divide this signal is not renewed and therefore decays
until a point is reached when the cells stop proliferating. Some
parameters of the model are provided in the literature, whereas
others have been estimated to obtain a good fit of the theoretical
curves to experimental data. We underline the point that if one
considers the possibility of centrocytes differentiating back into
centroblasts, the proliferative compartment is always being renovated and GC termination cannot be explained by this hypothesis.
The models reveal key differences between the proposed mechanisms that could be experimentally tested. One of the main differences is the number of AFCs and memory B cells produced. In
the model of FDC/T cell differentiation with B cell proliferation
independent of the FDC/T cell differentiation state (model B), the
number of output cells produced per GC is much higher than the
maximum number of B cells in the GC. In the model of FDC/T cell
differentiation with proliferation signals exclusively from undifferentiated cells (model A), the number of output cells is lower
than in model B and is similar to the maximum number of B cells
in the GC. In the model of B cell proliferation cascade, the number
of output cells is even lower and is much lower than the maximum
number of GC B cells. This difference arises from the behavior of
the B cell proliferation rate in each model. In model B, the proliferation rate is constant during the whole reaction. In model A,
the proliferation of B cells decreases depending on the fraction of
undifferentiated FDC/T cells, eventually reaching zero. In the B
cell proliferation cascade model, proliferation is limited to the time

3709

3710

20. Ebert, L. M., M. P. Horn, A. B., Lang, and B. Moser. 2004. B cells alter the
phenotype and function of follicular-homing CXCR5⫹ T cells. Eur. J. Immunol.
34: 3562–3571.
21. MacLennan, I. C., M. Casamayor-Palleja, K. M. Toellner, A. Gulbranson-Judge,
and J. Gordon. 1997. Memory B-cell clones and the diversity of their members.
Semin. Immunol. 9: 229 –234.
22. Oprea, M., and A. S. Perelson. 1997. Somatic mutation leads to efficient affinity
maturation when centrocytes recycle back to centroblasts. J. Immunol. 158:
5155–5162.
23. Kesmir, C., and R. J. de Boer. 1999. A mathematical model on germinal center
kinetics and termination. J. Immunol. 163: 2463–2469.
24. Meyer-Hermann, M., A. Deutsch, and M. Or-Guil. 2001. Recycling probability
and dynamical properties of germinal center reactions. J. Theor. Biol. 210:
265–285.
25. Meyer-Hermann, M., and P. K. Maini. 2005. Back to “one-way” germinal centers. J. Immunol. 174: 2489 –2493.
26. Liu, Y. J., J. Zhang, P. Lane, E. Chan, and I. C. MacLennan. 1991. Sites of
specific B cell activation in primary and secondary responses of T cell-dependent
and T cell independent antigens. Eur. J. Immunol. 21: 2951–2962.
27. Zhang, J., I. C. MacLennan, Y. J. Liu, and P. J. Lane. 1988. Is rapid proliferation
in B centroblasts linked to somatic mutation in memory B cell clones? Immunol.
Lett. 18: 297–299.
28. Blink, E. J., A. Light, A. Kallies, S. L. Nutt, P. D. Hodgkin, and D. M. Tarlinton.
2005. Early appearance of germinal center-derived memory B cells and plasma
cells in blood after primary immunization. J. Exp. Med. 201: 545–554.
29. Han, S., K. Hathcock, B. Zheng, T. B. Kepler, R. Hodes, and G. Kelsoe. 1995.
Cellular interaction in germinal centers. Roles of CD40 ligand and B7-2 in established germinal centers. J. Immunol. 155: 556 –567.
30. Jacob, J., and G. Kelsoe. 1992. In situ studies of the primary immune response to
(4-hydroxy-3-nitrophenyl)acetyl. II. A common clonal origin for periarteriolar
lymphoid sheath-associated foci and germinal centers. J. Exp. Med. 176:
679 – 687.

Downloaded from http://www.jimmunol.org/ by guest on May 26, 2022

8. Choe, J., L. Li, X. Zhang, C. D. Gregory, and Y. S. Choi. 2000. Distinct role of
follicular dendritic cells and T cells in the proliferation, differentiation, and apoptosis of a centroblast cell line, L3055. J. Immunol. 164: 56 – 63.
9. Kosco, M. H., E. Pflugfelder, and D. Gray. 1992. Follicular dendritic cell-dependent adhesion and proliferation of B cells in vitro. J. Immunol. 148: 2331–2339.
10. van Eijk, M., T. Defrance, A. Hennino, and C. de Groot. 2001. Death-receptor
contribution to the germinal-center reaction. Trends Immunol. 22: 677– 682.
11. Hollowood, K., and J. Macartney. 1992. Cell kinetics of the germinal center
reaction – a stathmokinetic study. Eur. J. Immunol. 22: 261–266.
12. Jacob, J., R. Kassir, and G. Kelsoe. 1991. In situ studies of the primary immune
response to (4-hydroxy-3-nitrophenyl)acetyl. I. The architecture and dynamics of
responding cell populations. J. Exp. Med. 173: 1165–1175.
13. Tew, J. G., and A. K. Szakal. 1989. Microanatomy of lymphoid tissue during
humoral immune responses: structure function relationships. Annu. Rev. Immunol. 7: 91–109.
14. Tew, J. G., and T. E. Mandel. 1979. Prolonged antigen half-life in the lymphoid
follicles of specifically immunized mice. Immunology 37: 69 –76.
15. Vora, K. A., J. V. Ravetch, and T. Manser. 1997. Amplified follicular immune
complex deposition in mice lacking the Fc receptor ␥-chain does not alter maturation of the B cell response. J. Immunol. 159: 2116 –2124.
16. Hannum, L. G., A. M. Habermann, S. M. Anderson, and M. J. Schlomchik. 2000.
Germinal center initiation, variable gene region hypermutation, and mutant B cell
selection without detectable immune complexes on follicular dendritic cells.
J. Exp. Med. 192: 931–942.
17. Nayak, B. P., A. Agarwal, P. Nakra, and K. V. S. Rao. 1999. B cell responses to
a peptide epitope. VIII. Immune complex-mediated regulation of memory B cell
generation within germinal centers. J. Immunol. 163: 1371–1381.
18. Koni, P. A., and R. A. Flavell. 1999. Lymph node germinal centers form in the
absence of follicular dendritic cell networks. J. Exp. Med. 189: 855– 864.
19. Fu, Y., G. Huang, Y. Wang, and D. Chaplin. 2000. Lymphotoxin-␣-dependent
spleen microenvironment supports the generation of memory B cells and is required for their subsequent antigen-induced activation. J. Immunol. 164:
2508 –2514.

REGULATION OF THE GERMINAL CENTER DYNAMICS

