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The humoral immune response, a key arm of adaptive immunity, consists of B cells
and their products. Upon infection or vaccination, B cells undergo a Darwinian evolu-
tionary process in germinal centers (GCs), resulting in the production of antibodies and
memory B cells. We developed a computational model to study how humoral memory
is recalled upon reinfection or booster vaccination. We find that upon reexposure to the
same antigen, affinity-dependent selective expansion of available memory B cells outside
GCs (extragerminal center compartments [EGCs]) results in a rapid response made up
of the best available antibodies. Memory B cells that enter secondary GCs can undergo
mutation and selection to generate even more potent responses over time, enabling
greater protection upon subsequent exposure to the same antigen. GCs also generate a
diverse pool of B cells, some with low antigen affinity. These results are consistent with
our analyses of data from humans vaccinated with two doses of a COVID-19 vaccine.
Our results further show that the diversity of memory B cells generated in GCs is criti-
cally important upon exposure to a variant antigen. Clones drawn from this diverse
pool that cross-react with the variant are rapidly expanded in EGCs to provide the best
protection possible while new secondary GCs generate a tailored response for the new
variant. Based on a simple evolutionary model, we suggest that the complementary roles
of EGC and GC processes we describe may have evolved in response to complex organ-
isms being exposed to evolving pathogen families for millennia.

affinity maturation j immune memory j antibody response j vaccine j virus

The adaptive immune system plays a critical role in protecting humans from assaults
by diverse pathogens. B lymphocytes (B cells) and their antibody products constitute
the humoral component of adaptive immunity. B cells express a surface receptor called
the B cell receptor (BCR). V-D-J recombination generates an enormous diversity of
BCRs, and most B cells in the repertoire express a distinct BCR (1). If a B cell’s BCR
can bind sufficiently strongly to the surface of a pathogen (antigen), such as viral spike
proteins, intracellular signaling activates new gene transcription programs. Activated
B cells can seed germinal centers (GCs) in lymph nodes, wherein B cells undergo a
Darwinian evolutionary process called affinity maturation (2). GC B cells multiply,
and because they express the activation-induced cytidine deaminase enzyme, mutations
are introduced in the Ig genes of these progeny at a high rate (somatic hypermuta-
tions). The B cells then undergo selection. Their mutated Igs encode BCRs that will
either lose or gain affinity to the antigen displayed on follicular dendritic cells (FDCs)
in the GC. Sufficiently strong binding can result in the B cell internalizing the antigen.
B cells then display antigen-derived peptides bound to major histocompatibility class II
molecules, which can bind to T cell receptors expressed on T helper cells. Successful
engagement results in a positive selection signal. B cells with BCR that bind more
strongly to antigen are more likely to be positively selected. GC B cells that are not
positively selected undergo apoptosis. Positively selected B cells can exit the GC as
memory B cells and antibody-secreting plasma cells. However, those that remain in the
GC are recycled for further rounds of mutation and selection (3, 4), resulting in anti-
bodies of increasing affinity over time (5).
Circulating antibodies and memory B cells generated upon primary infection mediate

the secondary humoral immune response upon reinfection with the same or similar anti-
gens. Memory B cells are rapidly reactivated upon reinfection, and ensuing processes
increase their frequency and affinity and lead to differentiation into antibody-secreting
plasma cells (6, 7). This pathogen-specific humoral memory response can protect against
productive reinfection. It is also the basis for vaccination and the reason why booster
shots confer more robust protection against infection.
Upon reinfection or reexposure to a vaccine, memory B cells can reenter GCs

and undergo affinity maturation (8–10). Memory B cells also expand outside the GC
and differentiate into plasma cells (8–10). It is known that B cells can interact with
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and acquire antigen at the follicle–subcapsular sinus boundary
(11–15), and memory B cells might be expanded in such com-
partments with activated B cells. Recently, it was discovered
that memory B cell expansion also occurs in lymph node struc-
tures called subcapsular proliferative foci (SPFs) (16). In these
structures, memory B cells can bind to and internalize antigen,
receive T cell help, and expand rapidly with little or no muta-
tion. In the SPFs, memory B cells also differentiate into plasma
B cells and a population of B cells with an RNA expression
profile similar to memory B cells (6, 16). Herein, we will refer
to affinity-dependent expansion of memory B cells outside the
GC as extragerminal center compartment (EGC) processes,
which may occur in various compartments such as the SPF.
Despite significant advances over the years, many aspects of

the humoral memory immune response are not well understood.
(1) What are the determinants of the duration of humoral mem-
ory? (2) To what extent do memory B cells enter GCs and
undergo further evolution upon reinfection or a booster vaccine
dose (8, 9)? (3) How do secondary GCs and expansion of mem-
ory B cells outside GCs work together to shape the recall
response to the same antigen or its variants? The answers to these
questions are fundamentally important and can guide the design
of vaccination strategies against evolving viruses such as influenza
and emerging severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants of concern. This article focuses primarily
on the third question but also provides information pertinent to
the second question.
We first developed a computational model to address these

questions. Our results suggest that, upon reexposure to the
same antigen, existing high-affinity memory B cells are selec-
tively and rapidly expanded in the EGCs. Over longer times,
memory B cells that enter GCs can produce even more potent
memory B cells and antibodies. GC processes also result in a
diverse set of memory B cells, some with low antigen affinities
(17). We find that this diversity serves an important purpose
upon exposure to a variant antigen. Cross-reactive B cells
drawn from this diverse pool of cells may have the highest
affinity for a variant antigen. These cells are rapidly expanded
in the EGCs to confer protection against infection by a variant
antigen. Over a longer time, both memory and naive B cells
that enter secondary GCs create a tailored high-affinity anti-
body response specific to the variant antigen. As the difference
between the variant antigen and those encountered previously
increases, it becomes more important for naive B cells to seed
recall GCs to respond to the variant. We positively tested these
computational results in a limited way by analyzing data on
memory B cells and antibodies generated after the first and sec-
ond doses of COVID-19 messenger RNA (mRNA) vaccines.
Finally, we studied why expansion of memory B cells outside
the GC and secondary GCs may have evolved together to opti-
mally protect organisms from pathogens such as evolving virus
families.

Materials and Methods

Our computational model includes processes that occur both in GCs and in
EGCs. Upon the first exposure to an antigen, naive B cells seed GCs, undergo
affinity maturation, and generate a pool of memory B cells. Upon reexposure to
the same or variant antigens, naive and memory B cells can seed secondary GCs
and undergo affinity maturation. Memory B cells can also expand in EGCs. These
processes included in our computational model are illustrated in Fig. 1.

Model for GC Processes.
Initializing the simulation. Our model for GC processes is based on our past
work (18, 19). Naive B cells are drawn from a precursor distribution of B cells

that can bind to different epitopes of the antigen and an initial binding free
energy distribution drawn from a uniform distribution (detailed further in SI
Appendix, Supplement 1). The choice of precursor frequencies and method to
determine binding free energies are described later. The B cells chosen in this
initial step are then tested for their ability to internalize antigen. We have
adapted a method from our past work (18) (SI Appendix, Supplement 7) to
model antigen capture. Briefly, in this model, BCRs bound to antigen are sub-
jected to a pulling force, and depending upon whether the BCR–antigen bond
or the antigen–FDC bond breaks, antigen is internalized or not. Our model
requires that B cells internalize a small threshold amount of antigen (100 mole-
cules) to seed a GC. B cells that surpass this threshold are randomly selected,
with an expected value of 200 clones seeding the GC and undergoing affinity
maturation (SI Appendix, Supplement 7).
Mutation and selection. In the GC, B cells multiply at a basal rate of 1.5/d. Half
of the progeny of the proliferating B cells can mutate. The antigen binding free
energy upon mutation is more likely to decrease (lower affinity) because the
number of BCR sequences that bind better to a given antigen are fewer than
those that bind more weakly. This effect is reflected in experimental data on the
effect of mutations on affinity of protein–protein interfaces (20). We use a distri-
bution of affinity changes wherein deleterious mutations are more likely than
beneficial ones (SI Appendix, Supplement 7). Using other distributions (21)
that also reflect this effect does not change qualitative results (SI Appendix,
Supplement 6).

For the first step of selection, we determine the amount of antigen internal-
ized by a B cell, as described earlier (18) and in SI Appendix, Supplement 7. The
probability of capture success increases with antigen binding free energy and
the amount of available antigen. The amount of available antigen decreases as
antigen is captured. The effects of T helper cell selection is incorporated in a
coarse-grained way by accounting for the following three observations: A B cell
that internalizes more antigen is more likely to display more antigen and suc-
ceed in receiving T cell help; B cells that internalize more antigen divide a
greater number of times (22); and the availability of a larger amount of T cell
help makes selection less stringent, thus reducing the ability to discriminate
between B cells that internalize different amounts of antigen (4). These effects
are encapsulated in the following formula for the birth rate, βi, of the ith B cell
in the next round of replication and mutation:

βi = β0
C + Ai
C + hAi [1]

where β0 is the basal birth rate (1.5/d), C increases with the amount of available
T helper cells, Ai is the amount of antigen captured by B cell, i, and hAi is
the mean amount of antigen internalized by all GC B cells that have captured
antigen in the current round of affinity maturation. For most of the results

Fig. 1. Agent-based model described in the Materials and Methods. Naive
B cells enter prime germinal centers, where they expand and mutate, cap-
ture antigen, and are selected by T cells. Most are recycled for further
rounds of affinity maturation, while others exit as memory B cells. *The
model lumps memory B cells (MBCs) and plasma cells into one population.
It is assumed that plasma cells are derived from the high-affinity tails of
the GC B cell distribution. During the recall response, these MBCs then
seed secondary GCs (along with naive B cells) or EGCs. MBCs expanding in
the EGC undergo repeated rounds of antigen capture, T cell selection, and
expansion. Created with BioRender.com. SHM, somatic hypermutation.

2 of 10 https://doi.org/10.1073/pnas.2205598119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
M

A
SS

A
C

H
U

SE
T

T
S 

IN
ST

IT
U

T
E

 O
F 

T
E

C
H

N
O

L
O

G
Y

, M
IT

 L
IB

R
A

R
IE

S"
 o

n 
D

ec
em

be
r 

9,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

18
.1

0.
84

.1
62

.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205598119/-/DCSupplemental
https://BioRender.com


shown, C = 0, but we have varied this parameter as noted in context. The quali-
tative behavior of the model does not change much when C is changed (SI
Appendix, Supplement 2).

After each round of mutation and selection, most positively selected B cells
are recycled for repeated rounds of mutation and selection (3, 4). In our model,
90% of positively selected B cells are recycled, while the others exit the GC as
plasma and memory cells. For the purposes of addressing the questions of inter-
est in this article we do not need to distinguish between memory and plasma
cells, and so we do not do so.
Model for the binding free energy. Simulating the model described above
requires that we be able to compute the binding free energy of a BCR for the
antigen. The binding free energy has two components. As described in SI
Appendix, Supplement 7, one component reflects the “bare” binding free energy
without accounting for any steric or geometric effects. Because epitopes on real
antigens, like virus spikes, are presented in different geometries, the second
component of the binding free energy accounts for such effects. Many virus
spikes have a shape that has a globular head and a stalk; examples include
influenza and SARS-CoV-2. Our model for antigen geometry is inspired by a
coarse-grained representation of the influenza virus’s spike, but we incorporate
features common to many viruses, and so our qualitative results should be gen-
eral. In past work (18), the solvent-accessible surface of an influenza spike was
coarse-grained into 117-head and 67-stalk epitopes, with the latter being steri-
cally less accessible to antibodies. We have used this geometry as a coarse-
grained representation of an antigen. As mutations occur, the bare binding
free energy evolves as described above. To account for the differences in
geometry and steric accessibility of the different epitopes, we adjusted the
bare binding free energy of a BCR for a particular epitope by a fixed factor
that is different depending upon the geometry of the epitope (18). This factor
is determined by carrying out molecular dynamics simulations. In these simu-
lations, it was assumed that all epitopes have the same bare binding free
energy, and then the first passage time was calculated for an antibody bind-
ing to each epitope. Thus, for each epitope, we computed an on-rate for the
binding of one arm of the BCR/antibody to the antigen and a second conditional
on-rate for the binding of the second arm of the antibody. These on-rates corre-
spond to epitope-specific steric corrections to the bare binding free energy (SI
Appendix, Supplement 7).

Of the 184 epitopes in our model, a small number (13) are the same for all
variant antigens. The others can be different, as described below. There are 40
naive precursors per epitope for the 13 epitopes that are shared by all variants
(520 naive B cells) and 8 naive precursors per epitope for the others (1,368
naive B cells), resulting in about 27.5% of naive B cells binding to conserved
epitopes. Of these 1,888 naive B cells, roughly 200 will seed the GC (SI
Appendix, Supplement 7). Our qualitative results do not depend on our arbi-
trarily chosen precursor frequencies (SI Appendix, Fig. S10). Similarly, changing
the number of conserved epitopes does not change the qualitative results, as it
is identical to changing the number of precursors.
Model for variant antigens. We study the recall response to the same antigen
that was encountered previously, as well as variant antigens. We model how dif-
ferent the variant is from that to which there was past exposure by defining a
correlation factor. If the correlation factor equals�1, the variant is as different as
it can be within our model; a value of +1 indicates that the new antigen is iden-
tical to the previously encountered antigen. A BCR will have different binding
free energies, E1 and E2, to an epitope on antigens 1 and 2, respectively. When
the GC simulation is initialized, the bare binding free energy for an epitope on
the variant antigen, E2, is drawn from a copula (23) in a way that depends upon
E1. The correlation factor between many samples of E1 and E2 equals the pre-
scribed value. As examples, when the correlation factor is 1, the binding free
energies are the same, and when the correlation is �1, the binding free ener-
gies are equal and opposite.

The change in bare binding free energy upon mutation for an antigen and its
variant is also related by the correlation factor. Two numbers, x1 and x2, are
drawn from a copula with a uniform distribution between 0 and 1. When the
correlation factor is �1, x2 = 1 � x1. To obtain the changes in binding free
energy, ΔE1 and ΔE2, x1 and x2 are used as the percentile of the change in
binding free energy as obtained from the cumulative distribution function of the
changes in binding free energy upon mutation. For example, if x1 is 0.2, then
ΔE1 will come from the 20th percentile of the distribution of changes in binding

free energy. This corresponds to ΔE1 = �0.701. If the correlation factor is �1,
then x2 will be 0.8, representing the 80th percentile. This means ΔE2 = 0.044.
This example is illustrated in SI Appendix, Fig. S7B.

Model for EGC Processes. In our model, memory B cells are allowed to
expand in EGCs in an antigen-dependent process (16). The dynamics are the
same as in the model for the GC, except for the following points: (1) Because
there is little or no activation-induced cytidine deaminase expression in SPF B
cells (16), we assume that there is no mutation (allowing a small amount of
mutations does not change qualitative results; SI Appendix, Supplement 8); and
(2) the number of generations of replication and selection that occur outside the
GC is not known, and so we have studied the effects of varying this parameter
(SI Appendix, Supplement 5). The strictness of T cell help may also be different
in the GCs and EGCs, but such differences have not been explored.

For computationally tractability, only about 22% of memory B cells generated
after the first exposure to an antigen were “sampled” and eligible to seed a sec-
ondary GC or EGC. This was modeled by allowing memory B cells to decay by
about 78% (exponential decay of 1.5 half-lives). This “decay” is more than the
two- to threefold decay of memory B cells over the first ∼100 d observed in
experiments (24, 25). The difference in the decay rates compared to experiments
does not affect qualitative results for two reasons. First, choosing a different
decay rate leads to a difference in the ratio of memory B cells to naive B cells in
the secondary GC. This parameter can instead be directly controlled in our simula-
tions, and we studied the effects of such variations (Figs. 2 and 3). Second, fewer
initial memory B cells in the EGC results in a higher number of generations of
replication because it takes longer to consume antigen. We directly studied the
effects of varying the number of generations (SI Appendix, Supplement 5).

Antibody Sequences from SARS-CoV-2 Vaccinated Humans. Antibodies
were obtained from a longitudinal cohort of SARS-CoV-2 mRNA vaccinated indi-
viduals (26). All participants provided written informed consent before participa-
tion in the study, and the study was conducted in accordance with good clinical
practice principles. The study was performed in compliance with all relevant ethi-
cal regulations, and the protocol (DRO-1006) for studies with human participants
was approved by the institutional review board of The Rockefeller University.
B cells expressing antibodies that bind to the receptor binding domain of
SARS-CoV-2 were purified by flow cytometry and their antibody genes cloned
by established molecular biology methods. Binding and sequence characteris-
tics for individual antibodies were as described (26).

Results

Relative Roles of GC and EGC during the Recall Response to
the Same Antigen. We first used our computational model to
consider the recall response upon reexposure to exactly the
same antigen. This could happen due to natural infection, or
the reexposure could be due to a booster shot of a vaccine. The
distribution of binding free energies for the memory B cells
that were generated in the GC upon the first infection or the
first dose of a vaccine (prime) is shown as identical light blue
curves in Fig. 2 A and B. The EGC and GC processes act on
this B cell population if memory B cells alone enter secondary
GCs. The binding free energy distributions emerging from the
EGC (red curve) and recall GCs (dark blue curve) are also
shown. In the EGC, there is selective expansion of the available
higher-affinity memory B cells. This is why the median affinity
of the B cells generated in the EGC is higher than that of the
memory B cells generated after the prime (compare light blue
and red curves in Fig. 2A). For the same reason, the frequency
of high-affinity B cells and antibodies represented by the high-
affinity tail of the red curve is also higher than that of the exist-
ing memory B cells. The affinity distribution of the products of
the EGC is dependent on the number of generations of replica-
tion, with more generations resulting in a larger increase in
median affinity and the population in the high-affinity tail of
the distribution (SI Appendix, Supplement 5).
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Memory B cells (generated during the prime) that seed sec-
ondary GCs are subjected to mutation and selection, resulting in
a broader binding free energy distribution than the EGC prod-
ucts (compare red and dark blue curves in Fig. 2A). Because
mutations are more likely to be deleterious rather than beneficial
(20), the median binding free energy of the EGC products is
higher than that of the GC products. However, the GC products
have a fatter high-affinity tail and generate the highest-affinity
antibodies. This is because beneficial mutations can be positively
selected in the GC to generate the best antibodies, whereas the
EGC can only expand the existing memory B cell distribution.
Secondary GCs can also be seeded by naive B cells (8). The

relative numbers of memory and naive B cells seeding these GCs
are probably determined by the precursor frequencies of naive B
cells specific to the antigen and the affinities of the memory B
cells generated during priming. Fig. 2B shows our simulation
results when the secondary GC is seeded by an equal number of
naive and memory B cells. Now, the naive and memory B cells
compete during the recall response, and so the median affinity of
GC products is lower than when only memory B cells seed sec-
ondary GCs. This difference is made evident by comparing the
differences between the medians of the dark blue and red curves
in Fig. 2 A and B because the red curves remain the same as
only memory B cells are expanded in the EGC. The GC pro-
cesses still generate the best antibodies (see right tails of distribu-
tions shown in Fig. 2B), but this effect is diminished when naive
B cells also seed GCs. If only naive B cells seed the secondary

GCs, the model’s resulting affinity distribution would be statisti-
cally identical to that generated upon priming.

Our results thus far regarding the recall response can be sum-
marized as follows. The processes that occur in the EGC selec-
tively expand the higher-affinity existing memory B cells. The
products of secondary GCs exhibit a wider affinity distribution
compared to those emerging from the EGC because mutations
can be both beneficial and deleterious. The median affinity of
GC products is lower than that of EGC products because
many mutations can be deleterious. However, the secondary
GCs produce the highest-affinity antibodies. As processes in the
EGC occur faster, its products provide the first protective recall
response generated from the higher-affinity memory B cells
available after the prime. The secondary GCs produce better
antibodies over longer times. If naive B cells also enter second-
ary GCs, this advantage is diminished. These results raise the
question of whether the low-affinity products of secondary GCs
are simply an unavoidable byproduct of mutation and selection
processes or whether they may serve a useful purpose.

Relative Roles of GC and EGC during the Recall Response to a
Variant Antigen. Next we used our computational model to
consider the recall response to an antigen that is a variant of
the one that led to the first exposure. For any two variant
antigens, some epitopes will be the same (conserved) for both
antigens. As described in Materials and Methods, the variable
epitopes can differ to differing extents, which is quantified in
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Fig. 3. Probability distributions of the binding free energies of different populations of B cells to a variant antigen obtained using our computational model
are shown. The vertical dashed lines represent median affinities. The light blue curves show the affinities of memory B cells (MBCs) generated during the
first exposure, the red curves show the affinities of EGC products after reexposure to the variant antigen, and the dark blue curves show affinities of sec-
ondary GC products. (A) Only MBCs seed secondary GCs. (B) Equal proportions (50/50 mixture) of naive and memory B cells seed secondary GCs.
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our model by the correlation factor describing the binding
affinities of the same BCR to two variant epitopes. The results
shown in Fig. 3 are for a variant antigen that is as different as
our model allows (correlation of �1; see Materials and Methods),
but the qualitative results are the same for other variant antigens
(SI Appendix, Fig. S4).
The light blue curve in Fig. 3A shows the affinity distribu-

tion of the available pool of memory B cells generated by the
prime. It is very different from the light blue curves in Fig. 2
(with many more low-affinity B cells) because the antigen is a
variant of the priming antigen. The red curve in Fig. 3A shows
that, in the EGC, the highest-affinity memory cells are selec-
tively expanded, resulting in a higher median affinity compared
to the existing memory pool. Note that these cross-reactive B
cells expanded in the EGC are unlikely to have high affinity for
the priming antigen. They consist of the few clones that target
the conserved epitopes and others that also bind with high
affinity to the variant epitopes. These memory B cells exist
because of the diversity created in GCs, which enables an early
recall response that helps control variant pathogens, consistent
with experiments using heterologous flavivirus (27, 28). We
will emphasize this point again in a later section.
The cross-reactive B cells also enter secondary GCs. As the

dark blue curve in Fig. 3A shows, over longer times, secondary
GCs result in the highest-affinity antibodies to the variant anti-
gen. This is because the high-affinity cross-reactive memory B
cells can evolve by mutation and selection to improve their
affinity for the variant antigen. Because deleterious mutations
evolve in the secondary GCs, the affinity distribution of these
GC products is wider than that of EGC products, and the
median is also lower. The diversity created by the secondary
GCs would be helpful for producing a rapid protective response
in the EGC to yet another variant antigen in the future.
We next studied how the results described in Fig. 3A change

if naive B cells also seed secondary GCs. Fig. 3B shows the
results when secondary GCs are seeded with equal proportions
of naive and memory B cells. As in Fig. 2A, the median affinity
of GC products is lower than that of the EGC products, but
now even the highest-affinity products of the secondary GCs
and the EGC are comparable. When a significant proportion of
naive B cells enter secondary GCs, the principal purpose of the
secondary GCs appears to be to create diversity rather than pro-
duce high-affinity antibodies. In SI Appendix, Fig. S11 we show
some conditions where the median affinity increases with the
proportion of naive B cells seeding secondary GCs. These cir-
cumstances include cases where the priming antigen and the
variant share no conserved epitopes, or T helper cell selection
does not differentiate well between B cells of different affinity.

Data from Humans Vaccinated against COVID-19 Are Consis-
tent with the Computational Results. The computational
results described above apply to recall responses upon natural
infection or vaccination. Analyses of sera obtained from indi-
viduals vaccinated with two doses of an mRNA-based COVID-
19 vaccine provide a dataset to further explore the relative roles
of the EGC and GCs during recall responses and examine
whether the data are in harmony with the computational
results. Cho and colleagues sampled B cells from 11 individuals
after the first and second doses of the Moderna or Pfizer-
BioNTech vaccines (26). The samples were collected an average
of 2.5 wk after the first dose and an average of 1.3 and 5 mo
after the second. A total of 2,324 B cells were sequenced and
grouped into clonal families. We constructed phylogenetic trees
by using MATLAB’s seqlinkage function to minimize pairwise

distance between IGH nucleotides for each clonal family. If a
phylogenetic tree contained two or more identical sequences,
with at least one sequence sampled after the second dose, then
it was assumed that these clones were expanded in the EGCs
(SI Appendix, Supplement 14). This approximation is very con-
servative, as a low rate of mutation is possible in the EGCs. For
this reason and because the sequences are significantly under-
sampled, we can identify only a small subset of cells that were
expanded in EGCs during the recall response to the second
dose. The affinities of the 458 antibodies from the sampled B
cells were measured against the SARS-CoV-2 receptor binding
domain. These data, quantified as measured half maximal effec-
tive concentration values, were converted to a metric similar to
the binding free energy by taking the negative log of half maxi-
mal effective concentration and using a reference affinity (the
lowest-affinity 1.3-mo clonal antibody). Out of an abundance
of caution in avoiding sampling bias, only B cells that had
affinities measured at the specified timepoint (prime or 1.3 mo)
were included. For example, if an EGC B cell’s affinity was
measured before the boost, and it had a clone of identical
sequence after the boost whose affinity was not measured, we
did not include this affinity in the data after the prime. Graphs
that include such sequences, which are inferred to have the
same affinity because they have identical sequences, are shown
in SI Appendix, Supplement 15, and the results are qualitatively
the same.

Three B cells sampled after the first dose of the vaccine for
which affinity measurements were available were identified by
us as those that were later expanded in the EGC after the sec-
ond dose. Affinity measurements were available for B cells
belonging to other clonal families sampled after the first dose
and for B cells not belonging to these clonal families (singlets).
Fig. 4A shows the affinities of the clones sampled after the first
vaccine dose that were later selected in recall EGCs and the
other B cells sampled after the first dose. The clones identified
as those that were later expanded in the EGC have a higher
mean affinity and a lower variance compared to the other B
cells. These data are consistent with the notion that high-
affinity memory B cells available after the first exposure to the
antigen are selectively expanded in the EGCs upon reexposure.
This point is reinforced by our analyses of the cells sampled
after the second vaccine dose.

From the cells sampled after the second vaccine dose, mea-
sured affinities were available for 19 of the ones we identified as
being expanded in the EGC. Fig. 4B shows that these cells’
affinities are also narrowly distributed around a high value. The
other clones sampled after the second dose are probably derived
from secondary GCs and exhibit a higher diversity of affinities.
Importantly, this population of B cells also contains the
highest-affinity clones (compare blue and red curves in Fig. 4).
These data are consistent with our computational results, which
show that the EGC selectively expands the high-affinity memory
B cells, and the products of the GC have a wider variance and
contain the highest-affinity B cells and antibodies (compare dark
blue and red curves in Fig. 2). We note that our analyses of the
human data after vaccination are limited by the paucity of
sequences for which affinities were measured. However, the avail-
able data support the computational results reported in Fig. 2.

We also examined the sequences obtained 5 mo after the sec-
ond dose of COVID vaccines. These data do not directly speak
to the issue of the recall response. However, we found that a
large fraction of the EGC clones we identified after 5 mo were
also observed after 1.3 mo and exhibit characteristics similar to
that shown in Fig. 4 (SI Appendix, Fig. S16).
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An Evolutionary Perspective on the Relative Roles of EGCs
and GCs during the Recall Response. In the spirit of past stud-
ies exploring the evolutionary origins of the immune system
(29, 30), we next explored whether evolution selected for the
relative roles of the EGC and GC processes described above
because organisms experienced repeated exposure to the same
pathogen and variants of the same family of pathogens. We
developed a simple model of infection and reinfection whose
parameters could be varied to study the consequences of varia-
tions in the relative roles of the EGC and GC.
The first ingredient in this model is a description of the

essence of GC processes, but it neglects stochastic effects. The
resulting mean-field dynamical equation is (Fig. 5 B and C):

dBi,GC=dt = rGCBi,GCðfi =hf iÞ � ð1� μÞ

+ ½μ=ðN � 1Þ� rGC∑j≠i

�
fj Bj,GC

�
=ðhf iÞ

�PCGCBi,GC [2]

Bi,GC, the number of B cells of type i in the GC, and each type
of B cell are characterized by a fitness, fi, that quantifies the abil-
ity to be positively selected and replicate. A three-dimensional
shape space model (31) is used to calculate the fitness of a B
cell, i. The antigens and B cells are represented as points in this
three-dimensional space. Past work has shown that a higher

dimensionality does not change qualitative results (32, 33). For
the first infection, the antigen is located at the origin, and the
initial pool of B cells is distributed uniformly in the space
spanned by the coordinates [(�1, �1, �1), (1, 1, 1)]. The shape
space is discretized in units of 0.2 units in each dimension. The
fitness is calculated as (1–dB�A=

ffiffiffi
3

p
), where dB-A is the Euclidean

distance between the B cell and the antigen in shape space (Fig.
5A). B cells evolve by mutation, with a rate equal to μ. The value
of μ was set equal to 0.05. The results are qualitatively the same
unless the mutation rate becomes very high (μ > 0.35) when the
response to a variant pathogen changes (SI Appendix, Fig. S12).
The first term in Eq. 2 describes the replication of B cells of type
i minus the mutations to other types of B cells. The second term
describes mutations in other types of B cells that result in transi-
tions to B cells of type i. N is the total number of B cell types;
N equals 1,331 (113) because we discretize shape space by using
11 bins between –1 and 1 in all three dimensions (distance
between bins is 0.2). The inverse of rGC sets the time scale
characterizing GC processes. The third term represents GC B
cells terminally differentiating into plasma cells. PCGC is the
rate at which GC B cells differentiate into plasma cells and cre-
ate antibodies. This term is small (6) compared to the others in
Eq. 2 and was ignored when we simulated Eq. 2.

For the first exposure to an antigen at the origin of shape
space, Eq. 2 is simulated for a time, t, equal to 32 * τ, where τ

-6 -4 -2 0 2
Binding Free Energy

0

0.2

0.4

0.6

0.8

1

C
um

ul
at

iv
e 

Fr
ac

tio
n

A
EGC Clones
Other Prime Clones
Prime singlets

-6 -4 -2 0 2
Binding Free Energy

0

0.2

0.4

0.6

0.8

1

C
um

ul
at

iv
e 

Fr
ac

tio
n

B
EGC Clones
Other 1.3 mo Clones
1.3 mo singlets

Fig. 4. Clinical data obtained from humans who received COVID-19 vaccines. (A) The cumulative distributions of binding free energies of B cells sampled
after the first dose of the vaccine (prime). Data for those identified to be expanded subsequently in EGCs (red), part of other clonal families (blue), or singlets
(light blue). Dashed lines indicate means. (B) Similar data as in panel A for cells sampled after the second vaccine dose (boost).

C

BA

Fig. 5. Illustrations of B cells in shape space. (A) Example calculation of fitnesses, f, for B cells binding to viruses 1 and 2. (B) One B cell clone undergoing
mutation across shape space. The size of each B cell represents the clonal size. (C) Expansion of B cells is dependent upon relative fitness. The size of each
B cell represents the clonal size. Created with BioRender.com.
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is the inverse of the rate of replication of the antigen rantigen (see
below). The initial condition is 3,000 total B cells. The resulting
distribution of B cells becomes the memory pool that is available
upon reexposure to the same or variant antigen. In some simula-
tions, for reasons described in context, the memory pool is arbi-
trarily taken from the distribution at an earlier timepoint of t =
6 * τ (34). If the second antigen to which one is exposed is the
same, it is still located at the origin. We also show results by
using a variant antigen placed at the location [0.8, 0.8, 0.8] in
shape space. This represents a large antigenic distance of 80% of
any individual BCR’s radius of binding (dB�A <

ffiffiffi
3

p
).

When we challenge the available pool of memory B cells
with the same or variant antigen, the recall response involves
both GC and EGC processes. The fitness of each B cell for the
antigen is calculated in the same way as before, and the GC
processes that ensue are still described by Eq. 2. The dynamics
of the EGC is described by the following mean-field equation
for each type of B cell that enters the EGC (Fig. 5C):

dBi,EGC=dt = rEGCBi,EGCfi =hf i � PCEGCBi,EGC [3]

The inverse of rEGC defines the time scale of EGC processes,
which is known to be faster than that corresponding to rGC. The
second term represents EGC B cells terminally differentiating
into plasma cells. For the results shown in the main text, this
term is ignored in Eq. 3 because the average population growth
of EGC B cells depends only upon the difference (rEGC �
PCEGC). The average population growth of EGC B cells is what
is observed experimentally (6). We find that ignoring the differ-
entiation of plasma cells in Eq. 3 does not meaningfully change
the results (SI Appendix, Fig. S13).
For the boost GC and boost EGC each, there are 3,000 total B

cells distributed across shape space according to the memory
pool’s affinity distribution. Upon a recall infection, B cells that
had a low fitness to the prime antigen may be a small, fractional
amount. If a given Bi(t = 0) <1, then Bi(t = 0) = 0. Note that
the recall GC will be able to quickly populate these empty Bi,GC
locations via mutation, while the EGCs cannot, so the EGCs will
only expand the existing clones. As the number of B cells becomes
large, the model behaves like a continuous model without the cut-
off for Bi(t = 0) <1 noted above (SI Appendix, Supplement 13).
The B cells in the GC and the EGC can produce antibodies

because these cells can differentiate into plasma cells. The dynam-
ics of the population of antibodies of type i, Ai, is modeled by
production of antibodies from plasma cells and consumption of
antibodies bound to virus by diverse mechanisms involving innate
immunity. The equation describing these effects is:

dAi=dt = PCEGCBi,EGC + PCGCBi,GC � kab � fi � Ai � V [4]

The first two terms in Eq. 4 represent the production of anti-
bodies in the EGC and the GC. PCEGC and PCGC represent
the rates of production of antibodies secreted by B cells in the
EGC and the GC, respectively. These rates encapsulate the rates
at which B cells differentiate into plasma cells and produce anti-
bodies. PCEGC is considered to be larger than PCGC, because a
considerably larger fraction of SPF/EGC B cells become plasma
cells compared to GC B cells (6). The third term represents
consumption of antibodies. Antibodies bind and clear the anti-
gen at a rate proportional to their fitness and a basal scale, kab,
for the rate of this clearance process. The quantity, V, in Eq. 4
represents the number of antigen particles.
For the first infection, a small number of antigen particles

(10) represent the initial antigen load. Upon reinfection, the
memory B cell population is challenged with an initial antigen
load equal to 1,000 antigen particles. This higher viral load is

required to generate a meaningful infection because the primed
immune system rapidly clears infection with a low initial viral
load, and it is difficult to study the dynamics. Changing the
boost viral load to 100 or 3,000 does not change the qualitative
results. The amount of antigen (V) changes with time accord-
ing to the following mean-field equation:

dV =dt = rantigen � V �∑iðfi � AiÞ � kabV [5]

The first term above represents the growth of the antigen at a
rate rantigen. The second term is the rate at which the antigen is
cleared by antibodies.

Eqs. 2 and 4 are simulated until t = 32 * τ or the antigen load
is larger than 109, a large number meant to represent severe con-
sequences for the patient. When the antigen load is less than 1,
the virus has been cleared.

First, we consider reinfection with the same antigen. We vary
the relative roles of the EGC and GC by varying the relative rates
of the processes that occur therein. Specifically, we vary the quan-
tities, α = rEGC/rantigen. and β = rGC/rantigen. The case where α
equals zero describes a situation where only the secondary GCs
can protect against reinfection. We calculated the maximum viral
load during reinfection as α and β were varied (Fig. 5A). A large
change in rGC (going from left to right) has a small effect on the
maximal viral load compared to slightly changing α or rEGC (tra-
versing from curve to curve). These results show that during a
recall response the EGC plays the dominant role in combating
infection. This is because EGC B cells differentiate into a higher
fraction of plasma cells, as shown in the SPF (6) (PCEGC is
greater than PCGC), because they have a higher growth rate (6)
(α is greater than β) and because the mean fitness is higher for
the products of the EGC (Figs. 2–4). The findings in Fig. 6A are
consistent with experimental data showing serum responses to fla-
viviruses are similar with or without secondary GCs (28). The
results in Fig. 5A are robust to changes in parameters. A higher
kab represents faster viral clearance by antibodies and reduces the
required α or β needed for protection. A higher initial antigen
load requires a higher value of α or β to combat the virus.

The results shown in Fig. 6A suggest that EGCs evolved to
react quickly by selectively expanding the high-affinity memory
B cells with little or no mutation and quickly ramping up anti-
body production upon reinfection with the same antigen. GC
processes occur over longer times, and waiting for this duration
would not allow the recall response to quickly suppress infec-
tion and prevent disease. So why did evolutionary forces not
lead to abrogating secondary GCs, which consume metabolic
resources? Over longer times, the GC does produce better anti-
bodies, but the results we discuss next suggest an even stronger
reason why secondary GCs are very important.

Fig. 6B compares the results of our simulations upon reinfec-
tion with the same antigen and a variant as rGC/rEGC (or β) is var-
ied. As the solid lines show, infection with a variant leads to
higher antigen loads (solid red and green lines in Fig. 6B). This is
because the antibodies produced by the EGC are not as potent.
Fig. 6B also shows the importance of primary and secondary
GCs. Increasing β specializes the prime GC memory B cell pool
more to the original antigen. This lack of diversity makes the
response to a variant antigen worse. As β increases to much larger
values, the number of antibodies produced by secondary GCs
increases, allowing better control of the variant antigen. Since rGC
is smaller than rEGC (6), β is unlikely to be so high, and so our
results suggest that the diversity generated in GCs is very impor-
tant for protecting against future infections by variant antigens.
To highlight the importance of the diversity created by the GC,
we also studied a situation when the memory B cell pool available
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after the first infection is restricted to those that existed at an early
timepoint in the GC (36) (dashed line) rather than at the end of
the GC (solid lines). For reinfection with the same antigen, this
results in poorer control of reinfection. However, the EGC and
GC antibodies respond better to variant antigens if the memory
B cells emerge earlier in the primary GC because these cells are
more diverse and less specialized against the first antigen.
Upon reinfection, the secondary GCs can generate bespoke

antibodies tailored to the new variant (Fig. 3). Fig. 6C shows
the distributions of fitnesses to the variant antigen at the end of
the recall GC and EGC. The new diversity generated in the
recall GC populates the highest-fitness clones that did not pre-
viously exist and thus cannot be expanded in the recall EGC.
The importance of the recall GC-created diversity for infections
with future variants is emphasized in Fig. 6D. Here we show
the distribution of fitnesses of the memory B cell population
for a nearby variant located at [1, 1, 1] after the second infec-
tion, with the variant antigen located at [0.8, 0.8, 0.8]. The
recall EGC after the second infection can only expand preexist-
ing memory B cells, which are biased toward the first antigen,
but the recall GC generates B cells of low affinity to the second
variant that have high affinity to the variant at [1, 1, 1]. If the
secondary GCs do not create this diversity, a third infection
with a nearby variant antigen would not be controlled as effec-
tively by the resulting EGC response. This result is related to

ideas described recently based on concepts in decision theory
(35, 36). Therein it was suggested that generating diversity dur-
ing affinity maturation and later recalling such responses may
have emerged over evolutionary time scales to optimally protect
against viruses that evolve to a modest degree over time.

The results shown in Fig. 6 can be summarized as follows.
The more rapid EGC response is important for controlling the
pathogen’s proliferation while the GC processes are completed,
thus decreasing the risk of severe disease. The secondary GCs
generate the most potent responses over time, enabling greater
protection upon subsequent exposure to the same antigen.
Importantly, they also generate a diverse pool of B cells, and
upon exposure to yet another variant antigen, the cross-reactive
clones are rapidly expanded to provide the best protection pos-
sible while the GC process generates a bespoke potent response
for the new variant. Thus, the relative roles of EGC and GC
processes may have evolved because they are both essential for
protection against evolving families of pathogens that complex
organisms have been exposed to for a long time.

Discussion

Upon first exposure to a pathogen, the adaptive immune sys-
tem responds by generating antibodies and activated B cells
and T cells specific for the infecting agent. Importantly, after

0.8 1 1.2
rGC/rEGC = /

4.6

4.8

5

5.2

5.4

lo
g 10

(M
ax

 V
ira

l L
oa

d)

A

 (EGC) =0.9
 (EGC) =1.00
 (EGC) =1.1
 (EGC) =1.2

0.7 0.8 0.9 1 1.1 1.2 1.3
rGC/rEGC = /

0.5

1

1.5

2

2.5

3

3.5

4

4.5

M
ax

 V
ira

l L
oa

d

105B

V2=Same

V2=Same, Early MBCs
V2=0.8

V2=0.8, Early MBCs

0 0.2 0.4 0.6 0.8 1
Fitness

10-6

10-5

10-4

10-3

10-2

10-1

1

Fr
ac

tio
n

C Recall GC
Recall EGC

0 0.2 0.4 0.6 0.8 1
Fitness

10-3

10-2

10-1

1

Fr
ac

tio
n

D
Recall GC
Recall EGC
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response (t = 32τ) with a variant antigen at [0.8, 0.8, 0.8] when α = β = 1. (C) The fitness distribution to the antigen at [0.8, 0.8, 0.8] or (D) The fitness distribu-
tion to the antigen at [1, 1, 1] (nearby variant).
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an infection is cleared, a memory of this past exposure is
imprinted in the form of circulating antibodies and memory B
cells and T cells. This pathogen-specific immune memory is the
basis for vaccination. In this article, we used computational
modeling to study the way in which the humoral memory
response is recalled upon subsequent exposures to a pathogen
or vaccines. Our results suggest that the expansion of memory
B cells outside the GC (in structures such as the SPF) and sec-
ondary GCs play complementary roles in protecting organisms
from reinfection. These processes also enable protection from
future infections by variant antigens from the same family of
pathogens.
In addition to antibodies, a diverse repertoire of memory B

cells is created by GCs during the first exposure to an antigen.
Upon reinfection with the same antigen, two processes ensue.
In the EGCs, high-affinity memory B cells are quickly selec-
tively expanded, and these differentiate into plasma cells that
produce antibodies and memory B cells (6, 16). This generates
a narrow distribution of high-affinity antibodies, with a higher
median than the original pool of memory B cells (Fig. 2).
Thus, a rapid protective response based upon some of the best
available memory B cells is generated. Over longer times, sec-
ondary GCs can produce even more plasma and memory cells
that encode high-affinity antibodies by additional mutation and
selection (Fig. 2). Importantly, GCs, including secondary GCs,
generate a diversity of cells, some with low affinity (17). Our
analyses of limited amounts of sequence and affinity data
obtained after the first and second doses of mRNA vaccines for
SARS-CoV-2 (26) are consistent with these computational
results (Fig. 2). Antibody sequences that are likely to have been
generated in the EGC (based on phylogenetic analyses) consist
of a narrow distribution of high-affinity clones (Fig. 4). The
sequences that probably evolved in secondary GCs exhibit a
broader distribution of affinities but include the highest-affinity
clones (Fig. 4).
These results led us to investigate the utility of the diversity

generated in GCs. Upon reinfection with a variant antigen that
differs from the first exposure, the available pool of memory
B cells consists mostly of those that have a low affinity for the
variant antigen, with only a few high-affinity cells (Fig. 3). The
latter cells either target conserved epitopes (which in our model
are few) or are the memory B cells with low affinity for the
original antigen, but high affinity for the variant, that exist
because of the diversity generated in the prime GC. In the
EGC, these higher-affinity cross-reactive memory B cells are
rapidly and selectively expanded to provide the best early pro-
tective response possible (Fig. 3). This response would not be
possible without the diversity generated by GCs. Over longer
times, the secondary GCs produce the highest-affinity responses
tailored to the variant antigen (Fig. 3). However, secondary
GCs also generate more diversity, which could help protect
against future infection with yet more variants. This generation
of GC diversity in addition to EGC expansion of the highest-
affinity memory B cells acts as an optimal bet-hedging strategy
to deal with variant viruses (35, 36).
We also explored why evolution may have led to comple-

mentary roles of the EGC and GCs for the recall response.
Our results (Fig. 6) suggest that the recall antibody response
due to expansion of memory B cells outside the GC is critical
because this process is faster (6), it selectively expands higher-
affinity cells that differentiate into plasma cells, and more anti-
bodies are created in the EGCs than the GC (6). This is also
true for the recall response to a variant antigen, which results
in expansion of the cross-reactive memory B cells that exist

because of the diversity created during the prime GC. The lat-
ter result is consistent with experimental results that show that
secondary GCs contribute weakly to the serum response to
infection with heterologous flaviviruses (28). Our results also
make clear the critical role of diversity created in secondary
GCs for protection against future infections with variants.
These findings suggest that the selection force imposed by
repeated infection by the same pathogens or their variants
probably shaped the complementary roles of EGC and GC
processes seen today.

Our results also suggest that exit of memory B cells from the
GC at earlier timepoints may help protect against future infec-
tion with variants, as the GC population at that time is more
diverse (Fig. 6B and SI Appendix, Supplement 3). This may
explain why some experiments suggest that memory B cells exit
the GC earlier and may come from lower-affinity memory B
cells (17, 37). Of course, over longer times GCs produce the
highest-affinity products for any given antigen. This result pro-
vides a rationale for why plasma cells are thought to be selected
from high-affinity clones (38) and at later timepoints (37) dur-
ing GC reactions (39).

Our results should be robust to the degree of biological com-
plexity included in the model, as they are based on a few main
principles. Indeed, this is the reason that the coarse-grained
mean-field evolutionary model is in harmony with the more
complex stochastic agent-based model. By including the biolog-
ical complexities of processes that occur in the GC and EGC,
we were able to demonstrate that the results we describe are not
because of some gross simplification of the biology in a more
coarse-grained model. Using our model, we could also describe
the robustness of our findings to variation in parameters that
describe biologically realistic processes.

Recent experiments in mice have highlighted that memory
B cells may not dominate in seeding recall GCs (8). While the
extent to which new naive B cells enter secondary GCs is proba-
bly determined by many factors, such as the precursor frequen-
cies and affinities of naive and memory B cells (11, 40, 41), our
results suggest an evolutionary benefit. Upon reinfection with a
variant antigen, populating the recall GCs with only memory B
cells may actually hinder the development of the highest-affinity
memory B cells and antibodies in the GC (SI Appendix, Fig.
S11). This is because the evolutionary paths needed for many
memory B cells to acquire high affinity to the variant may be
more unlikely than those of new naive precursors with higher
initial affinity for the variant. This result has been shown with
related influenza viruses in mice, although it may be caused by
an inability to further mutate B cell receptors (42). Moreover,
naive B cells seeding secondary GCs may help create diversity
that is beneficial for protection against future variants.

We hope that our work will motivate further studies of the
role of diversity generated in GCs and synergy between EGC
and GC responses in conferring protection from reinfection.
These issues may be especially important in the context of vac-
cination. For example, how can simple vaccine formulations be
designed to protect against variants that may emerge, such as
the SARS-CoV-2 variants that have caused so much havoc.
Also, the implications of our study for eliciting broadly neutral-
izing antibodies that target specific conserved epitopes on spikes
of highly mutable viruses, like influenza and HIV, also need to
be explored. Future work should include consideration of the
effect of the EGC’s antibodies on the contemporaneous GC. For
example, these antibodies may mask the epitopes they target on
antigens displayed on FDCs, thus leading to the evolution of
higher-affinity GC antibodies that target these epitopes (43) and
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may cause the GC to generate more diversity by promoting the
evolution of B cells that target other normally subdominant epit-
opes (44, 45).

Data, Materials, and Software Availability. Code data have been depos-
ited in GitHub (10.5281/zenodo.6399267) (46). Previously published data were
used for this work (https://doi.org/10.1038/s41586-021-04060-7).
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