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We devise a mathematical model to study germinal center (GC) kinetics. Earlier models for GC kinetics are extended by explicitly
modeling 1) the cell division history of centroblasts, 2) the Ag uptake by centrocytes, and 3) T cell dynamics. Allowing for T cell
kinetics and T-B cell interactions, we study the role of GC T cells in GC kinetics, GC termination, and B cell selection. We find
that GC T cells play a major role in GC formation, but that the maintenance of established GC reactions requires very few T cells
only. The results therefore suggest that the termination of a GC reaction is largely caused by lack of Ag on the follicular dendritic
cells and is hardly influenced by Th cells. Ag consumption by centrocytes is the major factor determining the decay rate of the
antigenic stimulus during a GC reaction. Investigating the effect of the Ag dose on GC kinetics, we find that both the total size of
the GC and its duration are hardly influenced by the initial amount of Ag. In the model this is due to a buffering effect by
competition for limited T cell help and/or competition between proliferating centroblasts. The Journal of Immunology,1999, 163:
2463–2469.

A ffinity maturation during the humoral immune response
to T cell-dependent Ag occurs in germinal centers
(GCs)3 (1, 2). GCs are specialized environments in the B

cell follicle that allow for somatic mutations and extensive prolif-
eration of B lymphocytes (3, 4). Due to high rates of B cell divi-
sion, somatic mutation, and selection, GCs are highly dynamic
environments. Ag is stored in the form of immune complexes on
follicular dendritic cells (FDCs). Ag is the main selective agent
during a GC reaction because (mutated) B cells have to bind Ag to
avoid apoptosis (5). This allows for the selection of high affinity B
cells. Following Ag-based selection, GC B cells have to perform
cognate interactions with GC T cells to increase their survival
chance (6, 7). As the GC T cells are specific for the Ag driving the
GC reactions (8, 9), this cognate interaction may represent a check
on the correct Ag specificity of the (mutated) B cells.

To initiate a GC reaction, B cells present Ag to the activated T
cells surrounding the follicle (10). The initial dependence of a GC
reaction on T cell help continues well after GCs are established.
Interference with the cognate interaction between GC T and B
cells disturbs the GC reaction (11–15). The administration of Abs
against CD40 ligand (CD40L, which is expressed on activated T
cells) disrupts an established GC reaction (12–14). GC T cells play
a significant role in the selection of GC B cells (7, 16, 17). For
example, it was shown that the somatic mutation patterns of hapten
specific B cells depend on carrier proteins that was used (18). The
in vivo expression of CD40L is transient at the site of the cognate
interaction (16); i.e., CD401 B cells induce down-modulation of
CD40L on activated T cells. This suggests that CD40L1 T cells

trigger a particular cognate B cell and then are not able to stimulate
other B cells.

We extend previous mathematical models of GC reactions with
GC T cells and with the Ag uptake by centrocytes. This enables us
to study the factors controlling the termination of GC reactions, an
aspect that was excluded from earlier models (19–23). Termina-
tion is an important issue and is a difficult question to address
experimentally (24). Our model accounts for the kinetics of a pri-
mary and secondary (or carrier primed) GC reaction and accom-
modates most available data on GC reactions. Focusing on GC
kinetics, rather than on affinity maturation, we show that 1) the
main effect of T cells on GC kinetics is confined to the early phase
of the GC reaction, 2) the duration of the reaction is largely de-
termined by Ag availability and hardly by the availability of T cell
help, and 3) both the Ag dose and the half-life of immune com-
plexes have a negligible effect on the GC kinetics.

The Model
The model describes the dynamics of a single GC as illustrated in
Fig. 1 and translated into a mathematical model in theAppendix.
The first stage in a humoral follicular immune response is a rapid
expansion in the number of B blasts from 3–5 seeder cells to more
than 104 cells within 3 days (25, 26). Once the B blasts have filled
the FDC network, they start to differentiate. A certain fraction (i.e.,
the centroblasts) stays in the cell cycle, down-regulates their sur-
face Ig, and creates the dark zone of the GC. The remaining cells
(i.e., the centrocytes) move to the opposite pole of the FDC net-
work, re-express their surface Ig, and create the light zone. Cen-
trocytes do not proliferate and die rapidly unless they are “res-
cued” (see below). For simplification, the model does not
differentiate between B blasts and centroblast cells: the simulations
start with centroblasts only.

It remains unclear how centroblast proliferation is regulated.
Centroblasts do not express surface Ig, and there are very few T
cells in the dark zone. Thus neither T cells nor Ag seem a limiting
factor for centroblast proliferation in the dark zone. After a certain
number of cell divisions centroblasts revert to the centrocyte phe-
notype (25). GC reactions start oligoclonally (27), and only when
the total cell numbers reach a population size of about 104 cells
(i.e., after;10 cell division) do the light and dark zones become
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apparent (2). Therefore, we chose to model centroblast dynamics
as a series of cell divisions terminating by the differentiation into
centrocytes. Obviously, the centroblasts may be competing for
nonspecific resources like lymphokines and/or space; e.g., IL-2,
IL-4, and IL-10.

The centrocytes receive the first survival signal when they form
complexes with Ag on FDCs (5). While disassociating from FDCs,
the centrocytes take up some Ag, which is later presented to GC T
cells for the second (cognate) survival signal (5, 28). Succeeding in
both Ag-driven and T cell-driven selection, a centrocyte is rescued.
It exits the light zone, and either leaves the GC or recirculates back
to the dark zone, restarting centroblast proliferation. The recycling
of centrocytes to centroblasts was first suggested as an optimal
affinity maturation strategy by a mathematical model (22, 29). Ex-
perimental data supporting this idea are now appearing. For ex-
ample, blocking T-B cell cognate interactions by administration of
anti-CD40L Abs abolishes an established GC reaction (13). Be-
cause there are very few T cells in the dark zone (6), it is unlikely
that this treatment directly affects the centroblast proliferation that
is maintaining the GC reaction. Instead, the data suggest that the
treatment blocks the recycling of centrocytes to centroblasts by
interfering with the cognate interactions between centrocytes and
GC B cells. Indeed, in vitro, a small subset of the centrocytes that

are forming conjugates with GC T cells regain centroblast
phenotype (30).

The recycling of centrocytes to the dark zone is an assumption
essential for our model. Because at the end of the proliferation
cascade each centroblast terminally differentiates into a centrocyte,
the dark zone in our model is not able to maintain itself in the
absence of this source of centrocytes.

Recent data suggest that the memory B cell population is gen-
erated throughout the GC reaction (31). Early in the response B
cells leave the GC and migrate into other lymphoid tissues; e.g.,
plasma B cells migrate into the bone marrow (32). Therefore, in
our model we allow for an emigration of rescued centrocytes
throughout the GC reaction.

Modeling the kinetics of the GC T cells is difficult because little
is known about their dynamics. In the first 5 days after immuni-
zation, the increase in the number of follicular T cells is due to
immigration from the T cell zones. This dependence was shown in
experiments where follicular T cells during the first 5 days took up
very little 5-bromo-29-deoxyuridine (BrdUrd) (9, 33). Around day
12 the follicular T cell proliferation reaches its maximum. Despite
high proliferation, GC T cells display a gradual increase only (33).
This can be due to a high rate of cell death as many apoptotic T
cells are found in GCs (9). In our model it is assumed that the
proliferation of GC T cells is driven by the Ag presentation by
centrocytes. The interaction between centrocytes and GC T cell
can be either cognate or be based upon local cytokine secretion
(see Appendix). Additionally, GC T cell proliferation may be
down-regulated by nonspecific competition for local resources like
cytokines and space.

In the human tonsil GC structures form a clear spatial separation
of zones of proliferation, hypermutation, and selection (34). Clonal
expansion and hypermutation take place in the dark zone and se-
lection occurs in the FDC-rich light zone. This spatial zonation is
not essential for our model, however. The model remains valid
whenever 1) GC T cells do not regulate centroblast proliferation,
and 2) centroblasts do not compete with centrocytes for T cell help.
Indeed, in GCs occurring in splenic tissue after immunization with a
T cell-dependent Ag, there is no apparent spatial organization (34).

Results
The behavior of our model resembles the characteristics of a GC
reaction. The simulations are started with only three centroblasts
(27). The GC reaction starts around day 5 after immunization (see
Fig. 2A), which is in agreement with in vivo data (26). The peak
of the GC reaction is reached at around day 12, when the total
number of GC B cells reaches a population size of about 7000
cells. This “GC-size” is also within the range of data reported
earlier by histological analysis (26).

The parameter values used in the model were tuned within rea-
sonable limits to obtain a realistic model behavior (see Table I). A
crucial parameter in the model is the probabilitypr with which a
rescued centrocyte recycles back to the dark zone. Whenpr 5 0,
the influx to the centroblast compartment is zero, and the GC re-
action can not be maintained. Once positive, the size, onset time,
and duration of a GC reaction is further influenced by the precise
value of pr. For example, varying the recycling probability be-
tween 0.2 to 0.6 changes the GC size 3-fold. In the latter case the
GC reaction starts 2 days earlier and lasts for slightly less than 3
wk. Another effect is visible on the GC production (i.e., on the
population size of the memory/plasma cells,M). An increase inpr

from 0.2 to 0.6 results in an increase of the GC output by 2-fold.
Several parameter values are not well established experimen-

tally and need further discussion. In the simulations we set the

FIGURE 1. The model GC reaction. The simulations start with a few
seeder cells of centroblast phenotype,B0. The subscript ofB indicates the
number of cell divisions that the specific centroblast has undergone. After
n cell divisions, centroblasts differentiate to centrocytes,C. Interaction with
the Ag on FDCs is the first stage in the centrocyte selection. The centro-
cytes that can bind Ag becomeC*, whereas those that fail die by apoptosis.
The second stage of selection involves a cognate interaction with GC T
cells. Ag-presenting centrocytes,C*, that fail to make a cognate interaction
with a GC T cell also die by apoptosis. The remaining cells either regain
the centroblast phenotype (B0), with chancepr, or simply leave the GC to
populate the memory or Ab forming cell compartment (M).
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length of the proliferation cascade ton 5 10 cell divisions. Thus,
the centroblast differentiation to the centrocyte phenotype occurs
after 10 cell divisions. To obtain our resultsn should be large
enough, i.e.,n . 4, but need not be 10. For small values liken 5
2, the GC reaction starts very early and burns out rapidly. Note that
for n . 4, and with an average cell division time of;6 h, the
centroblasts stay in the dark zone for more than 24 h. The rate of
Ag consumption per centrocyte,u, and the saturation constant for
FDC-centrocyte complex formation,sA, are also unknown. Assum-
ing that there are more than 100 FDC per GC, and that a single
FDC can bind 3–7 B cells (35), we set the initial Ag concentration

A(0) 5 500. The parametersu andsA are then tuned such that the
model fits the kinetics of an in vivo GC reaction. In the majority
of simulations the competition between proliferating centroblasts
is disabled by settingKB 5 `. Only when studying the effect of the
Ag dose on GC kinetics we alter this parameter.

The role of T cells

It has been known for some years that T cells influence the kinetics
of a GC reaction. Animals preprimed with a certain carrier develop
a GC reaction within 36 h when immunized with haptens conju-
gated to the same carrier (25). The follicle response in these ani-
mals develops with the same speed and size as is typical for the
secondary antihapten response (25). The major effect of preprim-
ing with a carrier is an increase in the number of carrier-specific T
cells. This we simulate in Fig. 2B by a 10-fold increase in the
influx of T cells into the follicular area. Indeed this results in a
faster and larger GC reaction.

The main set of experiments that suggests a regulatory role of T
cells in GC reactions involves the blockage of cognate interactions.
When animals are treated with anti-CD40L Ab at day 6 after im-
munization, all established GC reactions diminish (13). However,
soluble CD40-Ig fusion protein (CD40-Ig) injected in the same
time window fails to have an effect either on GC formation, or on
memory induction (14). Injection of anti-CD40L Ab results in the
total blockage of T-B cell cognate interactions, for example, by
deleting Ag-specific T cells (13). In the model we simulate anti-
CD40L Ab treatment by reducing the formation of T-B complexes.
In Fig. 3A, the dotted line represents the GC-kinetics for a 6-fold
increase of the T-B complex saturation constantsT. The GC reac-
tion terminates soon after the treatment, which is in agreement
with the experimental data. Cognate interactions can also be
blocked with CD40-Ig protein (14). Because this is probably less
efficient than blocking with anti-CD40L Ab, this can be incorpo-
rated by increasingsT 3-fold (instead of 6-fold). In Fig. 3A, the
dashed line shows that this partial blocking with CD40-Ig protein
marginally affects the GC reaction. The effect of partial blocking
depends on its timing, however (see Fig. 3B). When this treatment
is given during the first 2–3 days after immunization, it markedly
affects the induction of B cell memory (Fig. 3B). Later treatments
have much smaller effects. Thus, the effect of treatments resulting
in a partial blockage of the cognate interactions are apparent only
when the treatment is given early.

These results suggest that T cells play a major role in the for-
mation of GC reactions, and that their role decreases once the GC

FIGURE 2. A, A GC reaction in a true primary response. The time plot
of the number of centroblasts (in the dark zone) and centrocytes (in the
light zone) per GC is given. The simulation starts with 3 centroblasts. The
GC reaction becomes visible around day 5 and lasts for;3 wk. B, The
kinetics of a GC reaction when T cells are primed. We start the simulations
with a higher influx of T cells, i.e.,s 5 50 T cells per day. InA the influx
is only five T cells per day. The effect of T cell priming is seen both in size
and onset time: the GC reaction starts earlier and grows larger when T cells
are preprimed.

Table I. Initial conditions and parameter values

Parameter or Initial Condition Value Ref.

Number of seeder cells per GC
(B0(0))

3 27

Initial number of immune
complexes on FDCs (A(0))

500 35

Maximum proliferation rate of
centroblast cells (r)

4 day21 25

Maximum rate at which centroblasts
differentiate to centrocytes (d)

2 day21 25

Length of the centroblast
proliferation cascade (n)

10

Maximum apoptosis rate for
centrocytes (m)

3 day21 41

Death rate of centroblasts (dB) 0.8 day21 42
Maximum proliferation rate of GC

T cells (p)
2 day21 33

Death rate of GC T cells (dT) 0.8 day21 33
Average lifetime of immune

complexes on FDCs (1/z)
50 days

Saturation constant for centrocytes
binding FDC (sA)

500

Saturation constant for centrocyte-T
cell interaction (sT)

50

Consumption of antigen per
centrocyte-FDC complex (u)

0.15

Influx of T cells to a GC (s) 5 day21 33
Probability of recycling (pr) 0.15
Constant for density dependent

centroblast proliferation (KB)
104, 103, `

Constant for density dependent T
cell proliferation (KT)

100,`

FIGURE 3. Effect of treatments blocking the cognate interactions be-
tween T and B cells. InA we show the change in total number of GC B
cells when the treatment is started at day 6. Treatment with anti-CD40L
mAb is simulated by settingST 5 300 (dotted line) and the (less efficient)
treatment with CD40-Ig protein is studied by settingsT 5 150 (see the
dashed line). InB the effect of latter treatment on the induction of B cell
memory is given as a function of the day at which the treatment was
started.
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reaction is established. This behavior can be explained by the fol-
lowing argument. The GC T cell dynamics affect the number of
centrocytes that get rescued, and with that the influx of B cells into
the dark zone. Initially, there is a limited number of centroblasts in
the dark zone that are expanding by vigorous proliferation. As long
as centroblast numbers are low, an increase by the recycling of
centrocytes has a strong affect. Once the GC reaction is estab-
lished, however, the impact of the T cell-dependent recycling be-
comes small compared to the vigorous proliferation of the large
centroblast population. This effect becomes even stronger if the
centroblasts compete for nonspecific factors: supplying more cen-
troblasts by the recycling of centrocytes will only intensify the
competition. Note that this argument applies to the effects on the
GC size only: if affinity selection were the issue, the recycling of
rescued centrocytes would remain important throughout the GC
reaction (19).

Dynamics of immune complexes on FDCs

Centrocytes need the Ag available on FDCs both for being rescued
and for presenting Ag to the GC T cells. We study how the GC
kinetics is influenced by the dose of Ag and by the half-life of
immune complexes on FDCs. Remember that the initial number of
immune complexes on FDCs was assumed to be proportional to
the initial dose of antigen.

The immune complexes on FDCs decay by “natural” decay,
(i.e., each immune complex has an expected half-life) and due to
the internalization by centrocytes. In our model the latter is nu-
merically most important. This is shown in Fig. 4A, where we
compare a system with no Ag consumption by centrocytes (i.e., the
solid line) with one where Ag is taken up from FDCs by centro-
cytes (i.e., the dashed line). The GC reaction lasts much longer in
the former case. In the presence of Ag consumption by centrocytes
the half-life of the immune complexes on FDCs barely affects the
duration of a GC reaction. In Fig. 4B the dashed, solid, and dotted
lines correspond to simulations where the average life-span of im-
mune complexes is 500 days (z 5 0.002), 50 days (z 5 0.02), and
20 days (z 5 0.05), respectively. The changes in the average life-
span of the immune complexes have hardly any effect on the onset
and the termination of the GC reaction. This is a consequence of
a “buffering” mechanism that is inherent to the size of the GC
reaction. When immune complexes decay more slowly the GC
grows larger, which intensifies the consumption of the immune
complexes by centrocytes.

The Ag dose is another parameter that might affect the GC ki-
netics. Experimental in vivo data suggest that the GC kinetics is
fairly independent of the initial number of immune complexes
bound to the FDCs (36). Fig. 5 depicts simulations with two dif-
ferent antigen doses: 500 and 5000 (see the solid and the dashed
lines, respectively). The higher the Ag availability on FDCs, the
more centrocytes receive rescue signals from the FDC. The GC
duration is hardly affected by the Ag dose, however, because large
number of centrocytes consume the Ag faster (see Fig. 5,C andD).
If T cell help remains limiting (Fig. 5A), only a small fraction of
the Ag-presenting centrocytes get rescued to recycle. This results
in a GC that is only slightly larger than the GCs during a low dose
response. If, on the other hand, T cell help is not limiting (which
can be realized by settingKT 5 `), almost all of Ag-presenting
centrocytes are rescued and recycle to the dark zone. Even allow-
ing for competition between proliferating centroblasts (e.g.,KB 5
104, see Fig. 5B dotted lines), this results in several-fold increase
in GC size. Obviously, it is possible to limit the GC size, by mak-
ing centroblast competition stronger (e.g.,KB 5 103, see Fig. 5B
dashed line). Having similar numbers of centrocytes, however, the
Ag competition remains normal and hence for higher Ag dose we
obtain longer GC reactions. In summary, we suggest that the ob-
served GC kinetics and sizes when the Ag dose is high can be
explained by 1) larger number of Ag-presenting centrocytes and
therefore faster consumption of Ag, and 2) the competition for
cognate interaction with a limited population of T cells.

Duration

In our model the termination of a GC reaction is determined by the
availability of Ag. When Ag vanishes, the first survival signal of

FIGURE 4. A, The decay of antigen on FDCs is largely due to uptake by
centrocytes. When centrocytes do not consume Ag (i.e., when the “uptake
parameter”u 5 0; see the solid line), the GC reaction lasts much longer
than when some uptake occurs (e.g.,u 5 0.15, dashed line).B, the half-life
of immune complexes on FDCs has a negligible effect on GC kinetics. The
dashed line shows GC kinetics where the average life-span of immune
complexes is 500 days (z5 0.002); the solid line is for an average life-span
of 50 days (z 5 0.02) and the dotted line is for an average life-span of 20
days (z 5 0.05). FIGURE 5. The kinetics of a GC reaction is hardly influenced by the Ag

dose. The simulations with two different Ag doses are given: 500 U (solid
lines) and 5000 U (dashed and dotted lines). InB andD, T cell help is not
limited (i.e.,KT 5 `), but centroblasts compete for resources and space for
proliferation (e.g.,KB 5 104 for dashed and solid lines andKB 5 103 for
dotted line).A, The total number of B cells in the GC: the 10-fold increase
in the Ag dose results in 2-fold (dashed line) increase in the GC size. Here
T cell help is limited.B, When T cell help is not limiting, either the GC size
increases several-fold (compare solid line with dashed line) or the GC
reaction lasts longer (dotted line). In the former centroblast competition is
relaxed compared to the latter case. The Ag consumption occurs in a time
scale independent of the initial value inC. However, when the maximum
number of centrocytes is limited due to the centroblast competition (D,
dashed line), the antigen is consumed slower, and hence the GC reaction
lasts longer.
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centrocytes decreases. Consequently too few centrocytes get res-
cued, which reduces the influx to the dark zone such that the GC
reaction eventually terminates.

To study the effect of the GC T cells on the duration of a GC
reaction, we relax the T cell-based selection by increasing the max-
imum number of T cells per GC 10-fold; e.g., by settingKT 5
1000. When T cells are nonlimiting, all centrocytes that interact
with FDCs also receive the second survival signal. This causes an
increase in the GC size (to;7-fold), because more rescued cen-
trocytes recycle back to the centroblast compartment. As was dem-
onstrated above, a larger GC rapidly consumes the available Ag
and therefore lasts for a shorter time (results not shown). This
result is interesting because it opposes the view that GC T cells can
be crucial in determining GC termination (24).

Discussion
We have developed a new model for GC reactions allowing for GC
T cells and their regulatory effects. To address the issue of GC
termination, we explicitly modeled the cell division history of cen-
troblasts and the Ag uptake by centrocytes. The model has many
characteristics of a GC reaction and allows us to study the regu-
lation of GC duration, the dynamics of GC B cells in different Ag
doses, and the effect of GC T cells during the different phases.
Focusing on the kinetics of a GC reaction, the results suggest that
the duration of a GC reaction depends largely on Ag availability,
but hardly on parameters such as the Ag dose and the half-life of
immune complexes (see Figs. 4B and 5). The size of a GC reaction
and the availability of T cell help affect GC duration in such a way
that the kinetics remain similar for a wide array of Ag parameters.
T cells play a major role at the onset of the GC reaction (Fig. 2B);
later very few T cells suffice to maintain a GC reaction. This is
because during the later stages of the GC reaction, there are suf-
ficient centroblasts to keep the GC going.

The reason why the termination of a GC reaction depends
largely on the availability of Ag, and hardly on T cell help, has to
do with the order of the survival signals and the proliferation of the
GC T cells. The order of the survival signals does not allow the
centrocytes to interact with T cells before they have bound, and
taken up, Ag on the FDCs. Thus, when the Ag availability is low,
the first survival signal is limiting, and most centrocytes die rapidly
by apoptosis even before they can interact with T cells. When, on
the other hand, Ag availability is high, GC T cells are also not
limiting because they proliferate in response to the Ag presented
by centrocytes.

Vora et al. (36) demonstrated that the GC kinetics, and affinity
maturation, stay intact if the number of immune complexes bound
to FDCs is increased on average 10-fold. Based on these observa-
tions, the authors suggest that the selection of B cells does not
depend on the amount of Ag available. In contrast to this sugges-
tion, we have demonstrated that in a model that is based on Ag-
driven selection, the kinetics of GC reactions remain quite similar
for a wide range of Ag doses (see Fig. 5). In our model, it is mainly
the size of the GC reaction that is influenced by the initial Ag load.
However, due to competition for a limited number of T cells, even
the size of the GC reaction changes less than proportional with the
Ag dose.

The results of our model suggest a correlation between the half-
life of the immune complexes on FDCs with the GC size but not
with the GC kinetics (Fig. 4B). In an earlier study, however, it was
suggested that GCs induced by viral proteins terminate later than
hapten-induced GCs, because viral proteins create immune com-

plexes that persist longer on FDCs (37). This view is not generally
accepted, however. A recent study suggests that hapten-induced
GCs can also persist over long times. At the later phases they just
become too small to be detected by histological methods (31).

Our results suggest that once GCs are formed, only a few T cells
are required to keep a GC reaction going. GC T cells play a crucial
role in GC formation only, which is in agreement with some in
vivo observations. For example, Bachmann et al. (37) reported
persistent GC reactions at a time when very few Ag-specific T
cells are left in the follicles. Moreover, in persistent GCs, e.g., in
the human tonsil, the frequency of proliferating T cells is very
low (2).

The obvious continuation of this project is to study the effects of
the (evolving) B cell repertoire on the GC kinetics. Our current
results suggest that the major differences are to be expected when
high affinity centrocytes pick up more Ag from the FDCs than low
affinity centrocytes can. One possibility is that the kinetics and size
of any GC is likely to be influenced by the “BcR repertoire” it
contains. As yet, there seem to be no data supporting this specu-
lation. GCs seeded by low, or by high affinity, cells show no de-
tectable differences in size or kinetics (38, 39).

Appendix: Model Equations
The interactions described in theModel section and in Fig. 1 can
also be described by the following system of differential equations:

dB0

dt
5 prmCT

* 2 rB0 2 dBB0, (1)

dBi

dt
5 r(1 1 aB)Bi21 2 rBi 2 dBBi,

for i 5 1, 2,. . ., n, (2)

dC

dt
5 drBn 2 mC, (3)

dC*

dt
5 mCA 2 mC*, (4)

dM

dt
5 (1 2 pr)mCT

* , (5)

dA

dt
5 2 zA2 uCA, (6)

dT

dt
5 s 1 paTCT

* 2 dTT, (7)

where the complexes of centrocytes with FDCs and of rescued
centrocytes with T cells are described by

CA 5
CA

sA 1 A
(8)

and

CT
* 5

C*T

sT 1 C*, (9)

respectively. TheaB andaT terms are density dependent “expan-
sion terms” defining nonspecific resource competition within the
centroblast, and within the GC T cell compartment, i.e.,

aB5
KB

KB 1 O
i50

n Bi

, (10)
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and

aT 5
KT

KT 1 T
, (11)

Thus centroblasts move through the proliferation cascade at rate
r, maximally yielding one new cell per round of cell division, i.e.,
in the absence of competition whenSBi ,, KB the expansion term
aB . 1. Similarly, the GC T cells reduce their proliferation rate at
high T cell numbers, i.e., their proliferation is halved whenT 5
KT. In our simulations we may switch off the competition by set-
ting KB and/orKT to infinity.

Equations 1 and 2 describe the dynamics in the proliferative
compartment, i.e., the dark zone. The variableBi represents the
number of centroblasts that has been throughi cell divisions. Equa-
tion 1 defines the dynamics for centroblasts that have not divided
yet. The first term in both equations gives the influx. TheBi pop-
ulation is increased byBi21 cells (see therBi21(1 1 aB) term).
The B0 equation is populated by a fraction of the rescued centro-
cytes (see theprmCT

* term). A centroblastBi completes cell divi-
sion at a rater; depending on the nonspecific competition,aB, this
may succeed in two cells at theBi11 stage. Aftern cell divisions,
i.e., when the proliferation cascade is complete, a centroblast dif-
ferentiates to a centrocyte. Centroblasts die at rate ofdB per day.

We denote unselected centrocytes byC, Ag-presenting centro-
cytes byC* , complexes of centrocytes with FDCs byCA, and com-
plexes of Ag-presenting centrocytes with T cells byCT

* . Equations
3 and 4 describe the centrocyte dynamics. The unselected centro-
cytes are populated by centroblasts that have maden divisions, i.e.,
by thedrBn term. The centroblasts gain centrocyte phenotype at
rated. Both unselected centrocytes and Ag-presenting centrocytes
disappear with ratem due to the formation ofcomplexes with FDCs
or T cells or due to apoptosis. We assume the following reaction for
the formation of the centrocyte-FDC complex:

CF 1 A^CA.

HereCF denotes the free centrocytes andCA denotes the centro-
cytes in complex with FDC. Equation 8 is derived by applying the
classical Michaelis-Menten approximation to the above scheme,
i.e., by assuming that 1)CA can be regarded as in equilibrium, and
2) by the conservationC 5 CF 1 CA. The parametersA is the
Michaelian saturation constant. While in complex with FDC each
centrocyte picks up some Ag, and after dissociation from the FDC
it becomes aC* cell. A freeTF cell may then form complexes with
C* cells, i.e.,

C* 1 TF^CT
* .

Applying the Michaelis-Menten approximation once more, i.e.,
assuming that 1)CT

* can be regarded as in equilibrium and 2) by
conservationT 5 CT

* 1 TF , we obtain Equation 9, withsT as the
saturation constant. The complex formation with T cells results in
a rescue signal for the Ag-presenting centrocyte and T cell prolif-
eration. One other possibility is the rescue of centrocytes by T
cell-secreted cytokines. This scenario can also be simulated by the
saturation function given in Equation 9. With probabilitypr the
rescued centrocytes regain the centroblast phenotype,B0. Other-
wise they leave the GC as memory or plasma cells,M.

In Equation 6,A is the number of immune complexes bound to
FDCs. Complexes decay exponentially at a ratez. To represent
persistent infections with growing viruses like HIV, the parameter
z can also be negative (40). The second term in Equation 6 gives
the uptake of immune complexes by centrocytes.

The T cell dynamics are given by Equation 7, where the variable
T denotes the GC T cells. GC T cells are populated by T cells

activated in T cell zones of secondary lymphoid tissues; this influx
is given by the parameters. GC T cells that manage to form
complexes with Ag-presenting centrocytes proliferate at a maxi-
mum ratep. At high GC T cell numbers the proliferation rate may
decrease. GC T cells die at a ratedT per day.
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