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ABSTRACT Many HIV-1-infected patients evolve broadly neutralizing antibodies
(bnAbs). This evolutionary process typically takes several years and is poorly under-
stood as selection taking place in germinal centers occurs on the basis of antibody
affinity. B cells with the highest-affinity receptors tend to acquire the most antigen
from the follicular dendritic cell (FDC) network and present the highest density of
cognate peptides to follicular helper T (Tfh) cells, which provide survival signals to
the B cell. bnAbs are therefore expected to evolve only when the B cell lineage
evolving breadth is consistently capturing and presenting more peptides to Tfh cells
than other lineages of more specific B cells. Here we develop mathematical models
of Tfh cells in germinal centers to explicitly define the mechanisms of selection in
this complex evolutionary process. Our results suggest that broadly reactive B cells
presenting a high density of peptides bound to major histocompatibility complex
class II molecules (pMHC) are readily outcompeted by B cells responding to lineages
of HIV-1 that transiently dominate the within host viral population. Conversely, if
broadly reactive B cells acquire a large variety of several HIV-1 proteins from the
FDC network and present a high diversity of several pMHC, they can be rescued by a
large fraction of the Tfh cell repertoire in the germinal center. Under such circumstances
the evolution of bnAbs is much more consistent. Increasing either the magnitude of the
Tfh cell response or the breadth of the Tfh cell repertoire markedly facilitates the evolu-
tion of bnAbs. Because both the magnitude and breadth can be increased by vaccina-
tion with several HIV-1 proteins, this calls for experimental testing.

IMPORTANCE Many HIV-infected patients slowly evolve antibodies that can neutral-
ize a large variety of viruses. Such broadly neutralizing antibodies (bnAbs) could in
the future become therapeutic agents. bnAbs appear very late, and patients are typ-
ically not protected by them. At the moment, we fail to understand why this takes
so long and how the immune system selects for broadly neutralizing capacity. Typi-
cally, antibodies are selected based on affinity and not on breadth. We developed
mathematical models to study two different mechanisms by which the immune sys-
tem can select for broadly neutralizing capacity. One of these is based upon the
repertoire of different follicular helper T (Tfh) cells in germinal centers. We suggest
that broadly reactive B cells may interact with a larger fraction of this repertoire and
demonstrate that this would select for bnAbs. Intriguingly, this suggests that broad-
ening the Tfh cell repertoire by vaccination may speed up the evolution of bnAbs.
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Many human immunodeficiency virus type 1 (HIV-1)-infected patients evolve
broadly neutralizing antibodies (bnAbs) that can effectively neutralize a large

subset of phenotypically different HIV-1 variants (1). Treatment with bnAbs may
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prevent infection upon challenge (2–4), transiently reduce the viral load during chronic
infection (5–7), and enhance humoral activity (8). Most of the antibodies in the serum
of HIV-infected patients are nonneutralizing, and the small subset of antibodies with
significant neutralizing capacity tends to bind epitopes in Env that are relatively
conserved because these sites are of functional importance for the virus when it enters
target cells (9). One good example of this type of epitope is the CD4-binding site. The
mere fact that neutralizing antibodies bind relatively conserved epitopes helps to
explain their broad reactivity to many variants of HIV-1. The germ line ancestors of the
bnAbs typically fail to recognize the concealed and conserved epitopes that their
progeny target after years of evolution (10). The evolution of a bnAb takes many
mutations in both the CDR3 and the framework regions of the antibody variable region
genes (11).

Most bnAbs have a number of unusual features: they carry a large number of
somatic mutations, i.e., up to 30% of the heavy V-chain nucleotides (9); they appear
only after several years; and they tend to have long heavy-chain CDR3 regions. The long
CDR3 regions would enable them to penetrate deep into conformationally concealed
and/or heavily glycosylated sites to contact functional and conserved residues located
deep in the structure of Env (12–14). Somatic hypermutation only infrequently in-
creases the length of the CDR3 regions of bnAbs (15), and most of the CDR3 lengths of
bnAbs observed in HIV-1-infected patients are therefore determined by the original
recombination event at the stage when the naive B cell developed (13). Importantly,
this means that the long evolutionary process whereby B cells in a single patient learn
to produce bnAbs traces back to relatively rare ancestors with particular VDJ rearrange-
ments having long CDR3 regions (16). Hence, the capacity to become broadly neutral-
izing is earned by a slow and long sequence of accumulating point mutations and
requires repeated rounds of selection of the fittest mutant. Because the process of
affinity maturation in germinal centers is known to select for affinity and has no
mechanism to select for neutralizing activity, it remains an open question as to how the
rare B cells producing bnAbs ultimately become selected.

After the infection of a new host, HIV-1 diversifies by mutation and recombination
into a genetically diverse population that is often called a quasispecies. Since the viral
population during the chronic infection phase is typically not composed of a single
“master sequence” with a cloud of mutants around it but, rather, consists of various
lineages, each having numerous mutants, it seems more natural to view the total viral
population as a set of quasispecies. We will here refer to each of these as a viral lineage.
Particular lineages (or haplotypes) increase in frequency when they carry the best
combination of immune escapes from T and B cell responses (17). Immune escape
mutations in viral B cell epitopes are expected to reduce the affinity of their cognate
antibodies. Although the epitopes targeted by neutralizing antibodies (nAbs) tend to
contain relatively conserved amino acid residues, there is strong selection pressure on
the virus to mutate these sites, and escape mutations impeding the binding of early
nAbs rapidly increase in frequency (18). Thus, the antigenic evolution of HIV-1 within
each host provides ample substrate for an ongoing evolution of antibody specificities
to better recognize the predominant form of the epitope that the virus is evolving (19).

B cell selection in germinal centers (GCs) involves proliferation and mutation in the
dark zone and subsequent selection in the light zone, with some fraction of the
selected B cells recycling to the dark zone for additional rounds of proliferation and
mutation (20). To be able to proliferate, B cells need to be stimulated by antigen, and
the degree of clonal expansion depends on the availability of antigen and the relative
affinity of the B cell receptor (BCR) for the antigen (20). In the light zone, B cells acquire
antigenic proteins by pulling them off the follicular dendritic cell (FDC) network
(21–23). These proteins are internalized and processed into peptides that get presented
on MHC molecules (pMHC) to CD4� follicular helper T cells (Tfh cells). Tfh cells specific
for the pMHC expressed by the B cell can positively select such a B cell, i.e., provide a
rescue signal (20, 24–27). Thus, germinal centers select for affinity, based on the
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efficiency of acquiring antigen, and for T-B cell collaboration, based on the likelihood
of receiving a rescue signal from Tfh cells.

The important role that Tfh cells play in the evolution of bnAbs has been demon-
strated in several studies comparing the frequency and breadth of Tfh cells in simian
immunodeficiency virus (SIV)- or simian-human immunodeficiency virus (SHIV)-infected
macaques and in HIV-infected patients, with and without bnAbs (28–32). Tfh cell
frequencies tend to be higher in patients with bnAbs (28, 30–32). For chronic SHIV
infections, Yamamoto et al. (30) found that the frequency of Env-specific IgG� GC B
cells correlates positively with the frequency of Env-specific Tfh cells, suggesting that
Env-specific Tfh cells help Env-specific IgG� GC B cells. Ranasinghe et al. (31) report that
the breadth of the Tfh cell responses to HIV Env and Gag are higher in viremic controller
patients with bnAbs than in controller patients lacking bnAbs. Since Env-specific Tfh
cell responses can be induced by vaccination in rhesus macaques (33) and since
well-designed mosaic vaccines can enhance CD4� T responses (34–36), we urgently
need to understand the consequences of increasing Tfh cell numbers and/or breadth
on the evolution of bnAbs (28–32).

The selection of B cells in germinal centers operates on the relative affinities of the
competing clones for the most prevalent antigen (37). In the absence of competition,
low-affinity B cells become selected (38), and B cells with low- or high-affinity BCRs
generate GCs with similar kinetics growing to similar sizes (39). The size of an individual
GC is closely correlated with the availability of follicular T cell help in that GC (40),
suggesting that rescue signals by Tfh cells limit the selection of B cells in the light zone.
T cells preferentially form synapses with B cells with the highest surface pMHC density
(41, 42), and B cells with higher cognate pMHC surface densities tend to monopolize T
cell help, physically interfering with a T cell’s ability to interact with low-affinity B cells
(25). This seems to be a form of “winner-takes-all” selection (43) whereby the probability
of becoming rescued is not determined by the affinity, or even the amount of pMHC,
but by the relative amounts of pMHC presented by the B cells present at the border of
the T and B cell regions in the germinal center (20, 25, 26). Interestingly, the amount of
pMHC presented by a low-affinity B cell is essentially unaffected by the absence or
presence of high-affinity competitors (25), and low-affinity B cells tend to be retained
in GCs (44, 45). Thus, the BCR captures antigen from FDCs and mediates its internal-
ization and processing in proportion to its affinity (21, 46), essentially mapping BCR
affinity onto surface pMHC density. It has indeed been shown that germinal centers are
populated by Tfh cells with different antigen specificities (30, 47) and with frequencies
reflecting those of conventional CD4� T cells (48).

Germinal centers develop a few days after infection and typically contract after a few
weeks when the antigen is cleared. It is unclear whether GCs also contract during
chronic infections, but numerous GCs can be found in patients chronically infected with
HIV-1 (49), and the number of germinal centers per lymph node increases during
chronic SHIV infection in rhesus macaques (50). GCs in HIV-infected patients are
abnormal because as HIV-1 infects Tfh cells (51–55) both Tfh cells and B cells expand
(49, 56), and lymph nodes become hyperplastic and undergo gradual remodeling
(57–59). Despite the fact that Tfh cells are expanded, they could still be limiting B cell
survival because in the GCs of chronically HIV-infected patients, the B cells expand
much more than the Tfh cells (49), a large fraction of the Tfh cells is dysfunctional (60,
61), and the number of GC B cells is correlated positively with the number of GC Tfh
cells (49). Mature GCs are open to invasion by B cells that were not present during the
initiation of the GC reaction (62–64) and could therefore continue to support the
evolution of higher affinities. Germinal centers are also open to migrating Tfh cells
recognizing different pMHC, and individual germinal centers contain polyclonal Tfh cell
responses (47). Additionally, ongoing GCs can be reused for different antigens provided
that T cell help for the novel antigen is available (63). One could therefore envision that
the selection for bnAbs takes place in chronic GCs displaying novel viruses on their FDC
network. Although the FDC network in germinal centers of HIV-1 infected patients
contains a large amount of virus (65, 66), the availability of antigen for single B cells
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could still be limiting if the frequency of viruses expressing their cognate epitopes
is low.

Since germinal centers select for affinity and not for neutralizing capacity and since
viruses evolving mutated Env proteins will also evolve novel epitopes triggering
novel—and typically nonneutralizing—immune responses from naive B cells, leading to
new rounds of affinity maturation among their progeny, a major open question is how
germinal centers manage to select for bnAbs in HIV-1-infected patients. A necessary
requirement seems to be that bnAbs recognize a larger fraction of all the virions in the
body than other antibodies. Recognizing a large fraction of the various viral quasispe-
cies can be brought about by evolving poly- or cross-reactive antibodies that also bind
mutated forms of the original epitope (11, 67) or by evolving antibodies focusing on the
concealed and most conserved residues around the original epitope (12, 13, 19).

Previous mathematical models for the evolution of bnAbs have either ignored Tfh
cells (68) or have made the simplifying assumption that the density of Tfh cells is
proportional to the concentration of antigen (69–71). Since we consider a repertoire of
Tfh cell clonotypes and vary the mechanism whereby Tfh cells rescue germinal center
B cells, we make other simplifying assumptions in order to develop a manageable
model with different antigen specificities. We model the chronic phase of HIV-1
infection and consider one lineage of B cells evolving bnAbs in a single germinal center
and adapting to a nonevolving, but diverse, set of viral lineages. The only temporal
variation of the viral quasispecies that we allow for are novel viral variants forming a
viral lineage that transiently dominates the pool of virus in the germinal center (e.g., a
viral sweep). We first consider a single population of Tfh cells (by ignoring their antigen
specificity) and find that a mechanism that is solely based upon the B cell surface
density of pMHC presented to Tfh cells is sensitive to the frequency at which novel viral
lineages sweep through the viral population. At early stages, when the B cell lineage
has yet to evolve broad reactivity, B cells from other lineages that respond specifically
to these sweeping viral lineages tend to outcompete the cells of the lineage evolving
bnAbs, akin to earlier results of Luo and Perelson (68). Only at late stages would the
bnAbs of the main B cell lineage acquire sufficient broad reactivity to also recognize
most of the variants sweeping through the viral population and become insensitive to
viral sweeps. Second, we subdivide the germinal center Tfh cells into clonotypes
specific for different pMHC and find that a rescue mechanism that is based upon the
B cell surface diversity of pMHC presented to cognate Tfh cells is largely insensitive to
viral sweeps. This is because a new sweeping viral lineage that is transiently dominant
is expected to contain fewer functional Tfh cell epitopes than the variety of strains
present in all viral lineages recognized by broadly reactive B cells. Selection mecha-
nisms based upon density or diversity of pMHC therefore lead to qualitatively different
predictions, and hence it is important to consider the breadth of the Tfh cell repertoire
for understanding the evolution of bnAbs.

Models with a single population of Tfh cells that select B cells on the basis of the
presented density of pMHC predict that increasing the number of Tfh cells by vacci-
nation could speed up the evolution of bnAbs, and this is in good agreement with data
showing higher Tfh cell frequencies in patients having bnAbs (30–32). Our results show
that this evolutionary process is sensitive to transient viral lineages sweeping through
the quasispecies. Importantly, our second model with various Tfh cell clonotypes
selected on the basis of the diversity of pMHC presented by GC B cells can account for
data demonstrating that the antigen specificity of Tfh cells matters (31, 72) and predicts
that the impact of concomitantly increasing the breadth of the Tfh cell repertoire
should be even larger as the evolution of bnAbs would not be compromised by viral
sweeps. Since vaccination strategies increasing HIV-specific CD4� T cell numbers can
also be detrimental because HIV-1 preferentially infects HIV-1-specific CD4� T cells (73,
74), this predicted beneficial effect of diversifying the Tfh cell repertoire calls for
experiments adding several CD4� T cell epitopes to current vaccines designed to
generate bnAbs (33, 75).
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MATERIALS AND METHODS
We develop several mathematical models for a germinal center harboring one B cell lineage

consisting of different B cell clones responding to a particular functional site on Env, e.g., the CD4-
binding site. The same germinal center also harbors several small Tfh cell clones, each specific for a
particular HLA class II-restricted epitope from the virus. We consider the chronic phase of the infection
and assume that the virus has already diversified into a diverse set of lineages. For simplicity, we ignore
further evolution of viral diversity by defining a fixed number, U, of viral lineages present at equal
frequencies (Fig. 1a). A viral lineage is here defined as all viruses expressing the same unique variant of
the B cell epitope under consideration, e.g., the CD4-binding site, and sharing a particular set of
functional T cell epitopes (Fig. 1c). Because all viral lineages are simultaneously present at equal
frequencies, we are studying a best-case scenario for the evolution of bnAbs. We allow for some temporal
variation of the viral quasispecies by randomly introducing novel viral lineages that transiently dominate
the virus pool (Fig. 1b). These viral sweeps represent viral lineages having mutated the CD4-binding site
such that they escape recognition by at least some of the clones in the B cell lineage evolving bnAbs.

We order the clones in the B cell lineage by the probability that they recognize variants of the B cell
epitope. Consider a situation where B cells scan a particular area of the FDC network and attempt to bind
all viruses in this area depending on their affinity to the epitope in Env on each virus (Fig. 1). The first
clone, B1, is the most specific and recognizes the lowest fraction, f(1), of viral lineages. The second, B2,
binds a larger fraction, f(2), than B1, and so on [i.e., f(i � 1) � f(i) for all i]. Since all the clones belong to
one B cell lineage, we let Bi�1 cells appear by somatic hypermutation from clone i; i.e., we consider the
case where B cells gradually evolve the capacity to capture more variants of the epitope. This evolution
of breadth could be due either to evolving novel B cell receptors that better penetrate the glycosylated
sites that are concealing a conserved B cell epitope (12–14) or to the evolution of more flexible B cell
receptors that bind more variants of this epitope (11, 67). In both cases, Bi�1 cells capture more virus than
Bi cells. We initiate the germinal center reaction with a single nonmutated progenitor cell of the B cell
lineage and add a subscript 0 to indicate that this cell has undergone zero divisions; i.e., the initial
condition is defined as B1,0 � 1. Considering only one progenitor cell implies that this cell has a
sufficiently high-affinity for its cognate B cell epitope to outcompete all other B cells not belonging to
this B cell lineage (which could be specific for the same or for other epitopes on Env). Thus, B cells not
belonging to the B cell lineage are initially ignored, and the germinal center is founded by a progenitor
cell of the B cell lineage, which subsequently develops breadth through somatic mutation.
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FIG 1 Cartoons explaining the structure of the models. (a) The area on the FDC network scanned by a single
B cell contains a total of V � 12 virions of which U � 6 are unique (the digits refer to viral lineage numbers,
and each lineage here consists of two strains). The most specific B cells, B1, can bind only the B cell epitope
defining one of the viral lineages (say lineage 1), has a specificity f(1) � 1/U, and is expected to capture protein
from f(1)V � V/U � 2 virions. B cells of the next class, B2, can bind all strains from two of the viral lineages
(say 1 and 2), have a specificity f(2) � 2/U, and would bind f(2)V � 2V/U � 4 virions and so on. The most
broadly reactive B cells can bind viruses from all lineages, i.e., f(6) � 6/U � 1, and are expected to capture and
present protein from all V � 12 virions in the area. (b) A transiently dominant viral lineage, here number 0,
occupies � � 0.5 of the FDC area (replacing one virion of each lineage). The most specific B cells, B1, are now
expected to bind at least (1 � �)f(1)V � 1 virions and will bind virus from lineage 0 with the same probability
f(1) � 1/6 that they would bind other viruses [in which case they would bind (1 � �)f(1)V � 6 virions]. The
broadest reactive B cells, having f(6) � 1, will still bind all 12 virions. (c) Viral lineages have one unique B cell
epitope (indicated by the gray bars at the right hand side of each line) and carry e T cell epitopes elsewhere
in their sequence (the horizontal line). T cell epitopes can be functional (black) or have escaped MHC binding
(open boxes) with probability �. A B cell capturing virus from all four lineages depicted in panel c would
present pMHC for all four T cell epitopes, whereas a B cell processing virus from lineage 1 can only be rescued
by only two of the four Tfh cell clonotypes. Note that the number of unique viral lineages captured by a Bi

cell is defined as f(i)U � i.
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B cells proliferate at per capita rate p as centroblasts, and we use a second index, j, to denote the
number of divisions they have completed since their last rescue; i.e., Bi,j is the number of B cells
recognizing a fraction f(i) of the epitope variants and having completed j divisions since their last
productive interaction with a Tfh cell (Fig. 2). We assume that, after an average of n divisions, B cells
become centrocytes that need to interact with a Tfh cell to prevent rapid cell death by apoptosis (at rate
dB). A B cell that forms a conjugate with a Tfh cell appears as a “rescued” B cell, Ri, upon the dissociation
of the conjugate (at rate kd). The Tfh cell then becomes available to form other conjugates. Rescued B
cells may recycle into another round of proliferation, with probability r/(r � dR), or leave the germinal
center at rate dR. Note that n here represents the average number of divisions that B cells complete in
the dark zone before they migrate to the light zone to interact with Tfh cells (Fig. 2). There will probably
be some stochastic variation in the number of divisions individual B cells complete before requiring a
rescue signal, but only the average is considered here. Because the precursor frequency of naive B cells
with long heavy-chain CDR3 regions that are able to develop breadth is low, simulations start with a
single progenitor cell of the B lineage in its most specific class, B1,0 � 1.

For reasons of simplicity, we assume that the fraction of viral variants that a B cell of type i, Bi, is able
to bind is a simple linear function, f(i) � i/U, where U is the maximum number of unique viral lineages
in the area of the FDC network scanned by the B cell. Since we consider only this one area, U is the total
number of variants of the epitope under consideration. Further, we let V be the total number of virions
in this area. Since we typically consider the case where the viral population is diverse and contains a large
number of variants of the epitope, we treat f(i) as the expected fraction of viruses that can be captured
by a Bi cell (Fig. 1a); i.e., a Bi cell is expected to capture and present protein from f(i)V virions, where we
have chosen a scanning area sufficiently small that the ability of the B cells to capture and present
protein is not saturated. Further, we assume a B cell that captures and presents protein from more virions
is more likely to interact with Tfh cells and be rescued.

We start with a model considering one dominant T cell epitope that is recognized by one cognate
Tfh cell clonotype in the germinal center. A Bi cell forms a conjugate with a free Tfh cell of this clonotype
at a maximum rate kaF, where ka is a mass action association rate constant, and F is the number of free
cognate Tfh cells. The actual conjugation rate is proportional to the density of pMHC on the B cell surface,
and this density is assumed to be proportional to the amount of viral protein, f(i)V, captured from the FDC
network. Scaling the total number of virions to V � 1 [by adjusting the association rate ka; i.e., ka � ka=/V
when the conjugation rate is written as ka=f(i)VF], we obtain that Bi cells bind free cognate Tfh cells at a
rate kaf(i)F. Because the total number of cognate Tfh cells, T, in the germinal center is limiting, we
distinguish between conjugated Tfh cells, Ci, and free Tfh cells, F, where the total number of cognate Tfh
cells is defined as

T � F �� Ci

Summarizing, we write for the density model:
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Bi,n

Tfh

Tfh Bi,n Tfh

Bi,n Tfh
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+
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FIG 2 Cartoon explaining the differential equations and their parameters. The vertical heavy arrows
denote loss of cells, either by rapid apoptosis at rate dB or by leaving the germinal center at rate dR. Note
that a free Tfh cell (gray circle) is written as F in the equations of the density model and as Fl in the
diversity model. Further, the association coefficient ka is multiplied with f(i) in the density model and with
g(i) in the diversity model.
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dBi,0

dt
� rRi � pBi,0 (1)

dBi,j

dt
� 2pBi,j � 1 � pBi,j, for j � 1, 2, � , n � 1 (2)

dBi,n

dt
� 2pBi,n � 1 � kaf(i) FBi,n � dBBi,n (3)

dCi

dt
� kaf(i) FBi,n � kdCi (4)

dRi

dt
� kdCi � rRi � dRRi (5)

F � T � �
i�1

i�m

Ci (6)

where Bi,j is the number of B cells that have undergone j divisions since their last rescue and which
recognize a fraction f(i) � i/U of the many variants of the epitope under consideration, with i � 1,2,. . .,m
specificity classes [we typically consider U � 25 viral lineages and evolutionary time periods where m
never exceeds U, i.e., f(i) � 1]. T is the total number of cognate Tfh cells in the germinal center, Ci is the
number of Bi-Tfh cell conjugates, and Ri is the number of rescued B cells of type i. The total number of
B cells of each type is defined as

Bi � �
j�0

j�n

Bi,j � Ci � Ri

Finally, in several simulations we consider novel lineages of the virus that appear randomly, which
transiently dominate the viral population in the germinal center (and do not overlap in time). The
average frequency � of a novel dominant lineage is chosen randomly between 0.5 and 1 from a uniform
distribution, and we let the dominant viral lineage be present for approximately 2 months (i.e., for a time
period drawn from a Gaussian distribution with a mean and standard deviation of 60 and 10 days,
respectively). Whenever a dominant viral lineage is present, we use (1 � �)f(i)V for the expected number
of virions bound by Bi cells and use f(i) to define the probability that Bi cells bind the �V virions of this
particular dominant lineage (see the legend of Fig. 1). These probabilities are drawn each time a novel
dominant viral lineage appears. The novel virus is expected to trigger a transient response from B cells
not belonging to the B cell lineage. These other B cells obey the same mathematical model and are
classified as B0 cells (Fig. 1b). We set the precursor frequency of normal naive B cells at 100-fold larger
than that of naive B cells with long CDR3 regions; i.e., we chose B0,0 � 100 cells as the initial condition
for the other clone each time a novel dominant viral lineage appeared. In humans, with more than a
1,000 germinal centers (76) and a total of about 1011 B cells, seeding each germinal center with an
average of 100 naive cognate B cells would correspond to a reasonable precursor frequency of 10�6 (this
remains a rough calculation since the number of germinal centers in chronically HIV-infected patients is
not known). Summarizing, B cells of clone Bi capture a fraction, (1 � �)f(i), of the current viral lineages
and will be able to capture virus from a sweeping lineage with probability f(i), whereas B cells of clone
B0 will capture a fraction � of the virions in the FDC area (Fig. 1b).

Diversity of Tfh cell epitopes. Next, consider an alternative model where we consider Tfh cells with
different specificities, i.e., several Tfh cell clonotypes, Tl, where l � 1,2,. . .,e epitopes. In this diversity
model we are more concerned with the diversity of Env molecules captured by a B cell and less by the
amount of protein collected. B cells targeting conserved epitopes or B cells having polyreactive BCRs
should capture more viral variants from the FDC network than specific B cells. Hence, they would process
a larger variety of HIV-1 proteins and present a larger repertoire of pMHC on their cell surfaces (but
possibly at a lower density than specific B cells). As a consequence, they can be rescued by a larger
fraction of the Tfh cell repertoire present in their germinal center.

The diversity of T cell epitopes that a B cell is expected to present depends on what they pull off the
FDC network and which viral proteins they process and present on class II MHC (77). HIV-1 is small
enough to be internalized by clathrin-mediated endocytosis (78), and if B cells were to pull entire virions
off the FDC network, they could in principle present T cell epitopes from any viral protein. For a much
larger virus, Sette et al. (77) provide evidence for a tight linkage between the protein specificities of CD4�

T cells and B cells. This linkage could persist for small virions when the protein targeted by the B cell
receptor is protected from intracellular degradation (79), so its peptides could preferentially be presented
on class II MHC (77). The fact that the frequency of Gag-specific Tfh cells better correlates with the
presence of bnAbs than with the frequency of Env-specific Tfh cells (31) does suggest that GC B cells are
presenting HIV Gag epitopes to Tfh cells. Studies of other small pathogens such as influenza virus,
vaccinia virus, and hepatitis B virus also indicate that protein specificity does not need to be shared by
helper CD4� T cells and B cells (80–84). Finally, rhesus macaques immunized with a vector expressing SIV
Gag/Pol rapidly develop Env antibodies, despite the absence of Env in the vaccine (85). Thus, the T cell
epitope could be a small peptide sample from any HIV-1 protein and will typically be unrelated to the
B cell epitope under consideration (Fig. 1c). Note that a Tfh cell can rescue only B cells that have captured
at least one viral protein lacking immune escape mutations in its cognate T cell epitope.

Defining �l as the frequency of viral immune escape mutations in Tfh cell epitope l, a B cell
presenting peptides from only one viral lineage has a chance of 1 � �l to present a functional cognate
peptide to a Tfh cell from clone l (Fig. 1c). A Bi cell having extracted proteins from f(i)U � i distinct viral

Broad Tfh Cell Responses Select for bnAbs Journal of Virology

November 2017 Volume 91 Issue 22 e00983-17 jvi.asm.org 7

 on D
ecem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


lineages can then be rescued by this Tfh cell with likelihood 1��l
i, where �l

i is the probability that all
i extracted viral lineages have an escape mutation in epitope l (see the legend of Fig. 1c). We therefore
define g(i, l) � 1��l

i as the probability that a Bi cell presenting several pMHC of one particular T cell
epitope, l, which were gathered from i different viral lineages, presents at least one functional form of
the epitope to a cognate Tfh cell. First, note that the probability of becoming rescued by a particular Tfh
cell is not dependent on B cell breadth, i, for all epitopes l lacking escape mutations; i.e., when �l � 0,
the probability g(i, l) � 1. Second, B cells cannot be rescued by Tfh cells specific for those epitopes that
have fully escaped, i.e., g(i, l) � 0 for �l � 1. Finally, because both B0 cells, which are specific for a
transiently dominant viral lineage, and B1 cells, which are the most specific cells of the B cell lineage
evolving bnAbs, are defined to extract proteins from a single viral lineage, we define

g(i, l) � �1 � �l, if i � 0 or i � 1

1 � �l
i, otherwise

(7)

Since we no longer consider the densities of pMHC in the diversity model, we can ignore the fact the
transiently dominant viral lineage is present at a higher frequency, �, than the other viral lineages. By
equation 7, we even make the simplifying assumption that B cells of the lineage evolving bnAbs never
bind the transiently dominant viral lineage. Since this slows down their evolution of neutralizing capacity
and since we find better evolution of bnAbs in the diversity model, this is a conservative assumption.

Now let e be the total number of different T cell epitopes in the virus, and assume that there exist clones
of Tfh cells that recognize each of these epitopes. Calling the set of cells recognizing the same epitope a
clonotype, there will be e cognate clonotypes of Tfh cells in the germinal center. We assume Bi cells form
conjugates with a free cognate Tfh cell from each clonotype, l, at a rate kag(i, l)Fl, where ka remains the
association rate, g(i, l) is the probability of rescue (see equation 7), and Fl is the number of free Tfh cells of clone
l. We write our new model by keeping equations 1 and 2 and replacing equations 3 to 6 with the following:

dBi,n

dt
� 2pBi,n � 1 � kaBi,n�

l�1

l�e

g(i, l)Fl � dBBi,n (8)

dCi,l

dt
� kag(i, l)FlBi,n � kd Ci,l, for l � 1, 2, � , e (9)

dRi

dt
� �

l�1

l�e

kdCi,l � rRi � dRRi (10)

Fl � Tl � �
i�1

i�m

Ci,l (11)

where Tl is the total number of cells per Tfh cell clonotype, for l � 1,2,. . .,e.
The typical number of Tfh cell epitopes, e, in an HIV-infected patient is expected to be relatively small.

Ranasinghe et al. (31) typically found five Tfh cell epitopes in Gag (maximally eight in their set of patients) and
typically two (maximally four) Tfh cell epitopes in Env in patients having evolved bnAbs. pMHC epitopes from
Gag could be overrepresented because Gag is an abundant, conserved, and preferred protein (72, 86).
Extrapolating these findings to the other HIV-1 proteins suggests that patients should typically have less than
e � 25 Tfh cell epitopes. This estimate resembles the numbers of CD8� T cell epitopes that are typically
found in HIV-infected patients (87, 88) and the number of dominant T cell epitopes found in HLA-
transgenic mice infected with vaccinia virus (89). The number of helper T cell epitopes will depend on
the HLA haplotype of the patient and could vary markedly between patients (90). Early in the infection
most of these T cell epitopes should not be mutated (90) since most patients are infected by HLA-
disparate donors (91). Since the virus evolves mutations in the MHC anchor residues of the epitopes over
the course of the infection (87, 92, 93), the total number of epitopes, e, should decrease over time, which
intensifies the selection between B cells for Tfh cell-mediated rescue.

Although we are interested in the effects of the breadth of the Tfh cell repertoire, we first make a
mean-field assumption. This assumption will make the density and diversity models very similar, which
helps to identify the major mechanistic difference between selecting for the density or diversity of pMHC.
Whenever the different Tfh cell clonotypes have the same size, Tl, and the viral quasispecies has the same
fraction of immune escape mutants, �l, per epitope, this mean-field model will be identical to the full
model. Thus, let Tl � T/e be the total number of Tfh cells per clone. Since we are assuming that all Tfh
cell clones behave similarly, we replace the sum over l in equation 8 with the term g(i)F, where g(i) � 1 �
�i remains the chance that a B cell having gathered proteins from i viral lineages presents at least one
nonescaped form of the T cell epitope, � is the average of the �l values (Fig. 3b), and

F � �
i�1

l�e

Fl

is the total number of free Tfh cells. Thus, the mean-field model can be described with the equations of
the density model [i.e., equations 1 to 6] by just replacing f(i) � i/U with g(i) � 1 � �f(i)U � 1 � �i, for
i � 1,2,. . .,m (Fig. 3). Importantly, the interpretation of the g(i) function remains very different, as the
specific B0 cells can present only pMHC from the dominant viral lineage (see equation 7), and each of its
T cell epitopes is expected to be functional with probability g(0) � 1 � �; we similarly define

g(i) � �1 � �, if i � 0 or i � 1

1 � �i, otherwise
(12)

(Fig. 3a). Thus, after any B cell somatic mutation allowing them to bind more than one viral lineage, B
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cells in the lineage evolving bnAbs are more likely to be rescued than specific B cells, i.e., g(i) � g(1) �
g(0) for i � 2,3,. . .,m. Surprisingly, replacing f(i) by equation 12 markedly changes the dependence of the
evolution of bnAbs on the frequency of novel variants sweeping through the viral population (see
Results).

Finally, we analyze and simulate the full diversity model to study how the breadth of Tfh cell
epitopes, e, affects the evolution of bnAbs, by drawing random values for the immune escapes, �l, and
Tfh cell densities, Tl. Summarizing, the basic idea is that a broadly reactive B cell will capture a larger
diversity of each HIV protein than specific B cells and is hence more likely to present at least one
wild-type form of the pMHC upon the encounter of a cognate Tfh cell. The parameter �l should be
interpreted as the average frequency of immune escape mutants in a particular T cell epitope (Fig. 3b),
which is used to define the probability that a B cell presents at least one functional epitope to a particular
Tfh cell. Likewise, in the mean-field model, � does not reflect the fraction of escaped Tfh cell epitopes
but the frequency of escapes in a single epitope. Since B cells cannot be rescued by Tfh cells specific for
epitopes that have been lost completely from the viral quasispecies, i.e., epitopes l for which �l � 1, and
because all B cell lineages have equal chance to be rescued by a Tfh cell specific for an epitope that has
no immune escape mutations (�l � 0), the main effect of the breadth, e, of the Tfh cell repertoire is to
allow for a variety of Tfh cell epitopes selecting for broadly reactive B cells. In the mean-field model, we
consider an average epitope making such a difference by restricting 0 � � �1.
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FIG 3 The probability that a B cell having gathered proteins form various viral lineages presents a functional cognate epitope to a cognate Tfh cell. Panel a
depicts the function g(i) defined by equation 12 as a function of the number of B cell mutations i, which here reflects the number of viral lineages presented
by a Bi cell [i.e., f(i)U � i]. The special case g(0) � 1 � � denotes the probability with which B0 cells present a functional cognate epitope derived from a transient
dominant viral lineage (which is the same as the probability with which nonmutated B1 cells present Tfh cell epitopes) (see equation 12). Note that � � 0.5
means that in this Tfh cell epitope, half of the viral lineages carry an escape mutation in the Tfh cell epitope. We also depict g(i) for � � 0.25 and � � 0.75
because � increases from 0 to 0.75 in the data shown in Fig. 6. Panel b illustrates how the fraction of escape mutations averaged over all epitopes increases
over time (for a representative example). The dashed lines represents five arbitrary escape mutations (�l, for l � 1,. . .,5) slowly evolving to fixation. The heavy

line illustrates how the average ��� �
l�1

5

�l ⁄ 5� increases over time (in the data shown in Fig. 6 we simplify this by letting � increase from 0 to 0.75 in a linear

manner). Panel c depicts how the normalized sum 1⁄e � �
l�1

e

g�i,l� in the rescue probability of equation 8 hardly depends on the breadth e of the Tfh cell response

(see the text). Panel d illustrates that the presence of a single wild-type Tfh cell epitope, i.e., setting �e � 0 and 0 � �l � 1, for l � 1,2,. . .,l � 1, markedly reduces
the differences in the rescue probabilities of the various Bi clonotypes when the number of epitopes, e, is small.
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Parameter values. We are considering a human lymph node, and most parameter values are
discussed in the legend of Fig. 4. For the somatic mutation of B cells, we consider only mutants that bind
an increased fraction, f(i), of the virus lineages in the quasispecies. This is done in a stepwise manner as
in the affinity maturation model of Kepler and Perelson (94, 95), and B cells binding a fraction f(i � 1) of
the viral lineages evolve from the clone binding a fraction f(i) of them. Since we consider only such
successful mutations, it is difficult to estimate the effective mutation rate, and we define Bi/106 as the
daily probability that one cell is added to population Bi�1,0. Since the maximum clone size in our model
is about 105 cells (Fig. 4), large clones generate single cell mutants with an increased breadth approx-
imately once every 10 days. In the density model we use U � 25 unique viral variants, so we need 25
somatic mutations to approach full neutralizing capacity. In the diversity model we will increase �, 0 �

� � 1, over time to model the evolution of immune escapes. The model was implemented in the C
programming language using the variable time step Runge Kutta integrator ODEINT provided by Press
et al. (96), and the code is available upon request.

RESULTS
Density model. The general behavior of the models is illustrated by depicting the

immune response of the density model with a single clone of B cells responding to a
fixed amount of virus (Fig. 4). Figure 4a depicts a clone (B10) starting with a single cell,
B1,0 � 1, recognizing all of the virus, f(1) � 1 [where f(i) is a fraction of the epitope
variants i], which expands rapidly by performing n � 5 divisions in a few days. Most of
its progeny are rescued because the Tfh cells are not yet limiting, i.e., kd f(i)F �� dB

(where kd is the dissociation rate, F is the number of free cognate Tfh cells, and dB is the
rate of B cell death by apoptosis) (Fig. 2). A small fraction, i.e., r/(r � dR) � 0.09, of the
cells, having completed five divisions, recycles to the dark zone to complete another
round of clonal expansion (Fig. 2). After a few weeks the free Tfh cell density becomes
limiting, i.e., F ¡ 1 cell after 3 weeks because at steady state about 99% of the 100 Tfh
cells are bound in conjugates, and the B cell clone size approaches a steady state of
B1 � 7.8 � 104 cells (where B1 is the first B cell clone) (Fig. 4a). At the steady state, most
of the cells are dividing centroblasts, i.e., B1,j cells (where j is the number of B cell
divisions since the last interaction with a Tfh cell). B cells recognizing 10% of the virions
on the FDC network, e.g., f(1) � 1/10, take about a week longer to approach a slightly
smaller maximal clone size and approach a steady state with about 90% of the Tfh cells
in conjugates (compare Fig. 4a and b).

Evolution of bnAbs in the density model. In the density model bnAbs can evolve
only if broadly reactive B cells, on average, capture more viral protein from FDC-bound
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FIG 4 The behavior of a single clone of B cells in the density model (equations 1 to 6) for a clone recognizing all viruses, i.e., f(1) � 1 in
panel a, and a clone recognizing 10% of the virions, i.e., f(1) � 1/10 in panel b. We assume that B cells perform five divisions in the dark
zone before moving to the light zone where they can be rescued by a Tfh cell. Since conjugates of B cells and Tfh cells are short-lived
(117, 118), we set kd, the dissociation rate, such that these complexes have an expected life span of 3 min. Apoptosis of expanded B cells
that fail to get rescued by Tfh cells is a fast process, and we set dB such that B1,5 cells have an expected life span of 2 h. The association
rate, ka, is set such that a B cell presenting a high density of pMHC associates with any of the 100 Tfh cells in 2 min. B cells are allowed
to perform two divisions per day, and rescued B cells leave the germinal center in about 2 h. Ten percent of the rescued B cells recycle
to perform another round of expansion. With these parameters, i.e., T � 100 cells, dB � dR � 12 day�1, kd � 480 day�1, ka � 7.2 cell�1

day�1, p � 2 day�1, r � 1.2 day�1, and n � 5 divisions, the maximal size of a germinal center is B1 � 7.8 � 104 cells (panel a). A clone
recognizing 10% of the virions (panel b) expands somewhat more slowly and approaches a slightly lower steady state with far fewer free
Tfh cells.
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virus than other B cells. This is not necessarily expected to happen because a broadly
reactive B cell need not bind more virions on the FDC network than a B cell specifically
binding a currently dominant lineage of the virus; i.e., broadly reactive B cells may bind
many viral variants but not necessarily the most virus. The evolution of bnAbs could be
helped by averaging over time because broadly reactive B cells are more likely to
remain activated when the current dominant viral lineage is replaced by a novel
dominant lineage, while specific B cells are expected to decline when the frequency of
their cognate viral lineage declines. These arguments require that the frequency
distribution of the several viral lineages be fairly even as B cells specific for the most
dominant lineage within the viral population should not capture more antigen than B
cells binding various subdominant lineages. Interestingly, the frequency distribution of
the major viral lineages (or haplotypes) broadens slowly over time (17), which could be
a reason why bnAbs evolve late.

We first study this scenario with the density model. For simplicity, consider a viral
population with a fixed number of lineages present at equal frequencies and study the
evolution of neutralizing capacity over the first 2,000 days after infection (Fig. 5a). The
first B cell clone, B1, binds the lowest fraction, f(1), of all virions in a small area of the FDC
network (Fig. 1a) and approaches its maximal size after about a month. These progen-
itors generate mutants and are replaced by the second clone, B2, after about 3 months
(Fig. 5a). This clone-by-clone replacement continues, with f(i) increasing, and at day
2,000 clone number 12 is taking over. Running 100 simulations and scoring the
maximum clone number obtained, we summarize the outcome of these evolutionary
simulations by the black line in Fig. 5c, depicting the number of cases at which each
level of neutralization was achieved. In all 100 cases bnAbs evolve, and they typically
accumulate 11 to 13 mutations. This variation seems too little to account for the
observed variation in the evolution of bnAbs in different HIV-1-infected patients (1).

Viral sweeps in the density model. The fact that bnAbs readily evolve in the
density model was to be expected because the different viral lineages remain present
at similar densities, and broadly reactive B cells therefore always do better than specific
B cells [i.e., f(i � 1) � f(i)]. The evolution of bnAbs is much more difficult when a limited
number of viral lineages dominate the quasispecies (68). There is good evidence that
viral lineages replace each other by selective sweeps due to immune selection (87, 92,
93), and hence B cells recognizing epitopes expressed by transiently dominant viral
lineages could capture much more antigen than their current competitors that are
broadly reactive (68). We model this here by randomly introducing novel viral lineages
that are specifically recognized by an additional B cell clone, B0, of another B cell
lineage (called autologous B cells in Luo and Perelson [68]).

Consider a virus lineage that transiently appears at a high frequency, 0.5 � � � 1
(where � is average frequency), in the viral population (Fig. 1b) and which triggers a
response from a novel specific clone of B0 cells [i.e., f(0) � 0 for all the other viral
lineages]. The probability that the existing Bi cells of the lineage evolving bnAbs will
bind the dominant viral lineage should be given by the function f(i), whereas the
expected fraction of the other (1 � �)V (where V is the total number of virions)
nondominant viruses that they should still be able to capture reduces to (1 � �)f(i)V
(Fig. 1b). Since a dominant viral lineage is likely to be missed by B cells in the evolving
bnAb lineages having a low f(i), this tends to reduce the amount of pMHC they are
expected to present. The novel B0 cells are expected to bind a large number of virions
(i.e., �V) (Fig. 1b) and therefore tend to outcompete the Bi cells that have just started
to develop broad neutralizing capacity (i.e., Bi cells in the lower classes). More broadly
reactive Bi clones are also more likely to bind the dominant viral lineage, and, if they do,
are expected to bind a large fraction, � � (1 � �)f(i), of all viruses. On average, broadly
reactive B cells will therefore be less affected by the specific B cell response to
dominant viral lineages sweeping through the population. Thus, we expect that
transient sweeps through the viral population will initially slow down the evolution of
bnAbs and that this effect will peter out over time.
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The effect of transient sweeps through the viral population is studied in Fig. 5b and
c. The average frequency of the sweeping variants, �, is drawn uniformly between 0.5
and 1, and we let the dominant viral lineage be present for approximately 2 months.
Setting � � 0 afterwards causes the specific B0 cells to decline rapidly. When dominant
viral lineages appear frequently they strongly affect the evolution of bnAbs (Fig. 5b,
where the first row denotes the various B0 clones). We quantify the effect of dominant
viral lineages by performing 100 simulations and recording the highest clone number
that is obtained and observe that the presence of transiently dominant viral lineages
can markedly hamper the evolution of bnAbs (Fig. 5c, colored lines). Thus, the evolution
of bnAbs is not a robust property of the density model, confirming that this model
requires the strong assumption that the viral lineages should be present at relatively
similar frequencies. Little is known about the frequency distribution of the viral
haplotypes or about the frequency of the transiently dominant sweeps, but one could
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FIG 5 Evolution of bnAbs in the density model [i.e., using f(i) � i/U in equations 1 to 6]. The gray scale in panels a and b depict the Bi densities on a logarithmic
scale (where black is the highest density and white indicates low or zero density). The upper row depicts the various B0 clones. In panel a there are no sweeps,
and the B cell lineage accumulates 12 mutations after 2,000 days; in panel b, sweeps occur every 100 days, and the B cell lineage accumulates only 4 mutations.
Panel c depicts the maximum clone number attained in 100 simulations with sweeps occurring never, or every 50, 100, 200, or 400 days. Parameters are as
defined in the legend of Fig. 4, and U � 25 unique viral lineages and m � 20 B cell clones.
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argue that the variation between the cases shown in Fig. 5c can explain why bnAbs
evolve in only a subset of HIV-1-infected individuals (1).

Mean-field diversity model. Although the diversity model is built upon a repertoire
of Tfh cell clonotypes and although the density model considers only one Tfh cell
population, the two models differ only in the functions f(i) and g(i), representing the
probability that a recycling B cell is rescued by a Tfh cell, after making the mean-field
assumption explained in Materials and Methods. Hence, the behavior of a single clone
of B cells in the diversity model is identical to that of the density model shown in Fig.
4 [replacing f(1) with g(1) � 1 and g(1) � 0.1 in Fig. 4a and b, respectively]. In the
density model, f(i) is the probability that a B cell binds a particular variant of the
epitope, whereas in the diversity model g(i) is the probability that a B cell presents a
functional pMHC to a cognate Tfh cell in the same germinal center. The latter depends
on the frequency of immune escape mutants, �, in a Tfh cell epitope, which will turn
out to be important for the effect of sweeps through the viral population.

In the absence of sweeps the evolution of bnAbs is much slower in the diversity
model than in the density model as the g(i) function saturates (Fig. 3a), which decreases
the selective advantage of mutant B cells with a broader reactivity, whereas the f(i)
function is linear. Since both functions have a phenomenological nature, this difference
need not reflect a true biological difference. For instance, HIV-1 tends to escape from
the T cell responses in its host, and the parameter � should increase over time because
for each T cell epitope that is under selection, the frequency of escape variants is
expected to increase over time (Fig. 3b). Additionally, if cognate Tfh cells were limiting
the bnAb responses and if bnAb responses were to impede viral replication, there
would be strong selection pressure for the virus to evolve immune escapes in their Tfh
cell epitopes (90). Since the value of � influences the shape of the g(i) function (Fig. 3a),
we also study the evolution of bnAbs in simulations starting without immune escapes
in the Tfh cell epitopes, i.e., � � 0, and linearly increase it to � � 0.75 at day 500 (and
keeping it at � � 0.75 for the next 1,500 days) (Fig. 6c and d). This slows down the early
evolution of bnAbs but speeds up the late evolution of B cells with broader neutralizing
breadth [until the g(i) function starts to saturate again] (Fig. 3a).

(i) Viral sweeps in the mean-field diversity model. Sweeps work completely
differently in the diversity model because the evolving bnAbs in the B cell lineage will
only miss the e(1 � �) functional T cell epitopes (where e represents the number of Tfh
cell epitopes, or breadth) expected to be present in all strains of the dominant viral
lineage. The specific B0 cells responding to the dominant viral lineage can only present
pMHC from the strains in this lineage, which are expected to be functional with
probability g(0) � 1 � �, whereas Bi cells in the lineage evolving bnAbs are expected
to present at least the g(i) � (1 � �i) functional epitopes present in the other viral
lineages (see equation 12). Thus, the cells of the lineage evolving bnAbs are not
expected to be outcompeted by the B0 cells (Fig. 6). Early in infection, when � is small,
the difference in the rescue rates, g(0) and g(i), will be small since all B cell clones should
present a similar number of functional epitopes to a particular Tfh cell. Later, when
several T cell epitopes have escaped, Bi cells capturing protein from more than just one
viral lineage, i � 1, should have a selective advantage over the B0 cells responding to
the novel dominant viral lineage (Fig. 6b and d). Note that the B0 clones are rapidly
outcompeted in the examples shown in Fig. 6 (i.e., the B1 bands are darker and broader
than the B0 bands) but that they would expand perfectly well in germinal centers
lacking the lineage evolving bnAbs as the probability of B0 clones becoming rescued is
identical to that of the progenitors of the B cell lineage [i.e., g(0) � g(1) in equation 12],
which are expanding vigorously initially.

(ii) Number of Tfh cells. Searching for interventions that would speed up the
evolution of bnAbs, some theoretical studies have argued that it would be beneficial to
use broad vaccines composed of numerous lineages of HIV-1 (68), whereas others have
argued that it would be more beneficial to provide sequential immunization with single
strains (69, 97). In our current models broad reactivity evolves by slow and sequential
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mutations, despite the fact that we start during the chronic phase of the infection with
a diverse viral population (Fig. 5a and 6a). Since the selection for broad reactivity in our
models is brought about by competition for cognate Tfh cells, we studied the effect
increasing the number of Tfh cells, T. Increasing the number of Tfh cells is known to
increase the size of germinal centers (40), and we find that doubling T doubles the
steady-state number of B cells in our models (data not shown). Importantly, this
markedly speeds up the evolution of bnAbs because when B cell clone sizes become
larger, it takes less time for mutants to appear (Fig. 7a and b), which is in good
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FIG 6 Evolution of bnAbs in the diversity model [i.e., replacing f(i) with equation 12] in (equations 1 to 6). Panels a and b depict examples for � � 0.5, and
panels c and d depict simulations where � values increase linearly from � � 0 at day 0 to � � 0.75 at day 500. Panels b and d show the same simulations
in the presence of sweeps occurring, on average, every 50 days. Parameters are as defined in the legend of Fig. 5, with � � 0.5 (panels a and b) or 0� � �0.75
(panels c and d).
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agreement with recent observations finding higher frequencies of Tfh cells in patients
or monkeys with bnAbs (28–32). These findings suggest that the evolution of bnAbs
can be improved by vaccination strategies increasing the frequencies of CD4� Tfh cells
(33).

Full diversity model: breadth of the cognate Tfh repertoire. The breadth of the
CD4 T cell response to HIV-1 and the rate at which the breadth declines due to the
evolution of immune escapes will depend on the individual’s HLA (90, 98) as some HLA
molecules can present more peptides than average from conserved HIV-1 proteins.
Additionally, due to differences in HLAs some patients will have mounted larger Tfh cell
responses than others. Interestingly, this may also help to explain the variation in the
evolution of bnAbs in the population of patients (1, 99) because HLA polymorphisms
accounting for different Tfh cell responses in different individuals are expected to lead
to variations in the evolution of bnAbs.

Increasing the breadth of the Tfh cell repertoire, e, in the full pMHC diversity model
could have two different effects. First, greater breadth makes it more likely that there
is at least one Tfh cell epitope l that has mutated but has not approached fixation, i.e.,
at least one epitope l that is polymorphic with 0 � �l � 1, such that B cells
encountering a Tfh cell specific for this epitope are selected on the basis of the diversity
of the cognate pMHC they are presenting to this Tfh cell. Second, if B cells were to
typically encounter several Tfh cells in the light zone (42), great breadth could mean
that B0 cells that fail to become rescued by the first Tfh cell they encounter can still
become rescued by other Tfh cell clonotypes, e.g., those specific for wild-type epitopes.
Although the latter suggests that increasing Tfh cell breadth, e, decreases the differ-
ences among the summed probabilities

�
l�1

e

g(i, l)

determining the rate at which Bi cells are rescued (see equation 8), the data in Fig. 3c
show that this is not the case. To study the effect of Tfh cell breadth on rescue rates,
we draw e random 0 � �l � 1 values from a uniform distribution, and compute the
normalized sum

1

e
�
l�1

e

g(i, l)

for i � 0,1,. . .,15 [where g(i, l) is defined by equation 7]. Repeating this 1,000 times for
each value of e and depicting the average in Fig. 3c, we see that increasing breadth is
not expected to change the relative rescue probabilities of the Bi lineages. Thus, the
main effect of the breadth of the Tfh cell repertoire, e, is to increase the likelihood that
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FIG 7 Evolution of bnAbs in the density and diversity models for different numbers of cognate Tfh cells in the germinal center (in the absence
of sweeps). Parameters are as defined in the legend of Fig. 5 with U � 25 (panel a) and as defined in the legend of Fig. 6 with 0 � � � 0.75
(panel b).
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at least one of the Tfh cell epitopes is polymorphic and makes a difference.
Tfh cell epitopes that evolve complete immune escape, �l � 1, can be removed from

the sum in equation 8, which corresponds to a decrease in the number of epitopes e,
and we just showed that this fails to affect the rescue probabilities (Fig. 3c). However,
the rate of selection for broad B cell reactivity does decrease when some of the Tfh cell
epitopes are not mutated. For instance, assuming that one of the epitopes remains
functional, e.g., �e � 0, the normalized sum term becomes

1

e
�1 � �

l�1

e�1

g(i, l)	
and plotting the average of this for e � 1,2,. . .,5 and i � 0,1,. . .,15 shows that this
decreases the differences between the rescue rates of the Bi lineages (Fig. 3d), espe-
cially at low breadth, e.

Finally, we simulated the full diversity model, as defined by equations 8 to 11, to
study the effect of Tfh cell breadth on the evolution of bnAbs. This model is identical
to the mean-field model when we consider a single Tfh cell clonotype (by setting e �

1; where a clonotype is the set of cells recognizing the same epitope), but for e � 1, the
full model depends on Tfh cell breadth, e, whenever we use different densities, Tl,
and/or different frequencies of the immune escapes, �l, for the various Tfh cell
clonotypes. In the legend of Fig. 8 we describe that both are drawn randomly for each
simulation of the full diversity model. To study breadth independently of the Tfh cell
density, we normalize the e random T cell densities, Tl, such that the total remains a 100
Tfh cells. As above, we consider two scenarios, one in which the frequencies of the
immune escapes, �l, do not change over time (t) and another where the �l(t) increases
logistically over time (similar to the dashed lines in Fig. 3b), each with a uniformly
drawn rate of increase. Because the various transiently dominant viral lineages should
represent different samples from the viral quasispecies, we randomly draw the pres-
ence of the immune escapes in the sweeping viral lineage,

�0l
� 
0, 1�

from the expected frequencies, �l or �l(t), in the quasispecies. The behavior of the full
diversity model is very similar to that of the mean-field diversity model shown in Fig.
6 and is therefore not shown.

These simulations confirm that the B cell lineages evolve broader neutralizing
capacity when all Tfh cell epitopes remain polymorphic [compare Fig. 8a, where the �l

is fixed at a random value during each simulation, with c, where �l(t) is approximately
0 or 1 most of the time]. They also confirm that increasing the breadth of the Tfh cell
clonotypes improves the neutralizing capacity of the B cell lineage (Fig. 8, all panels).
The presence or absence of viral sweeps hardly affects the evolution of bnAbs (compare
Fig. 8a with b and c with d), implying that the evolution of bnAbs is hardly affected by
transiently dominant viral lineages sweeping through the quasispecies. Summarizing,
increasing the Tfh cell breadth should increase the rate at which bnAbs are selected
because there will be more polymorphic Tfh cell epitopes in the viral quasispecies that
can select for bnAbs.

DISCUSSION

We have identified two mechanisms by which cognate Tfh cells in germinal centers
can select for a larger breadth of B cell receptors. Broadly reactive B cells are expected
to present a larger diversity of Tfh cell epitopes when they capture a larger variety of
HIV variants from the FDC network, and they may present these epitopes at a higher
density. Although the density and diversity mechanisms are probably occurring simul-
taneously in germinal centers, we have modeled them separately to identify each of
their properties. We find that conventional selection on the basis of the density of
pMHC only is very sensitive to transient sweeps through the viral population, whereas
evolution on the basis of the diversity of pMHC presented to a repertoire of Tfh cells is
hardly sensitive to sweeps. Since HIV-infected patients harbor diverse repertoires of

De Boer and Perelson Journal of Virology

November 2017 Volume 91 Issue 22 e00983-17 jvi.asm.org 16

 on D
ecem

ber 7, 2018 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


HIV-specific Tfh cells (31, 72), the selection of B cells presenting a high diversity of Tfh
cell epitopes could play a major role in the evolution of bnAbs. We have seen that this
depends on the diversity and the polymorphism of Tfh cell epitopes in the viral
quasispecies, which calls for novel studies delineating the relative roles of these two
selection mechanisms during affinity maturation. As long as we have not ruled out the
markedly different selection based upon the diversity of the pMHC presented to Tfh
cells, we have to remain careful in interpreting the results of models implementing
selection on the basis of density only.

bnAbs tend to evolve after years of infection, and there is a large variation among
patients in their ability to evolve bnAbs (1). Our modeling has identified a number of
mechanisms contributing to this. First, if the selection mechanism for B cell survival in
a germinal center is largely based on the density of pMHC, patients with frequent
sweeps through the viral population would be expected to evolve antibodies with a
limited breadth, as shown in Fig. 5c (which is similar to the results of Luo and Perelson
[68] obtained with a very different model allowing for viral evolution). Similarly, the
evolution of bnAbs is expected to depend on the frequency distribution of the major
haplotypes in the viral quasispecies within a host (17) and would be expected to slowly
speed up when this distribution becomes more even over the years. Second, according
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FIG 8 Evolution of bnAbs in the full diversity model for different numbers of cognate Tfh cell clonotypes in the germinal center, in the
absence (a and c) and presence (b and d) of sweeps. Each curve is the frequency distribution of a 100 simulations over 2,000 days of
chronic HIV infection (as shown in the data of Fig. 5c). For each simulation we draw random densities for the number of cells per Tfh cell
clonotype, Tl, from a uniform distribution and normalize these such that the total number of Tfh cells is �l

eTl � 100 cells. In panels a and
b, the fraction of immune escapes per Tfh cell epitope, �l, is fixed over time, and for each simulation these values are drawn from a
uniform distribution, 0 � �l � 1. In panels c and d, the �l values increase logistically over time, i.e., �l(t) � 1/(1 � e�rl(max[0,t�Δl])[1/
�l(0)�1]), with uniformly drawn rates at which they increase, 0 � rl �0.05, uniformly drawn starting times, 0 � Δl � 2,000 days, and fixed
starting values, �l(0) � 0.01. Whenever a new transiently dominant viral lineage appears, we randomly draw the presence of the e
epitopes in the sweeping viral lineage, �0l�{0,1}, from the expected frequencies, �l or �l(t), in the quasispecies. Finally, because g(i, l) �
1 when all �l � 1 (equation 7), which would imply that all B cell lineages are rescued at the same rate, we introduce the first immune
escape at day zero (i.e., Δ0 � 0) in panels c and d where the immune escapes are evolving. All other parameters are as defined in the
legend of Fig. 5.
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to both selection mechanisms, patients with a poor HIV-specific CD4 T cell response to
HIV-1 should evolve bnAbs more slowly than patients with a large and/or broad
HIV-specific CD4 T cell response. These two processes may reinforce each other because
the number of T cell immune escapes observed in a patient, which are responsible for
a subset of the sweeps, depends on the breadth of the T cell response (87, 100, 101).
Deep sequencing of the T and B cell repertoires in HIV-1-infected patients (102) will in
the future provide additional insights into the frequency distribution of B and T cell
clones.

Interestingly, there may be positive feedback in the evolution of bnAbs as neutral-
izing antibodies select for novel escape variants and thereby could be diversifying the
viral population (103). This positive feedback between bnAbs could also be responsible
for the cooperation that was observed between different lineages of bnAbs (104) and
could also explain why the evolution of bnAbs tends to be late and variable (1).
However, purifying selection can also decrease the diversity of the population, and the
virus can escape from a bnAb not only by mutating the conserved B cell epitope but
also by mutating the Tfh cell epitopes required for rescuing the B cells producing the
bnAb. Studying this would require more elaborate models describing both the evolu-
tion of the viral quasispecies and the repertoire of cognate Tfh and B cells. Additionally,
it would be interesting to develop models combining the density- and diversity-based
selection mechanisms. One could extend the existing spatially explicit models of
germinal centers that track cognate T and B cells (26, 43, 105) in this direction, but to
complement this with the evolution of a diverse viral quasispecies is challenging and
not within the scope of this study.

Affinity mutation in patients chronically infected with HIV-1 is expected to be
distributed over many germinal centers. In humans having about 550 (106) or more (76)
lymph nodes, each with several germinal centers, 100 to 200 Peyer’s patches (107), and
many germinal centers in the spleen, one readily expects thousands of active germinal
centers in an HIV-1-infected patient. Although little is known about the formation and
persistence of germinal centers during chronic infection, the mere fact that B cells in
HIV-1-infected patients perform somatic hypermutation and affinity maturation over a
time period of several years suggests that their memory B cells either populate existing
germinal centers or form new ones to undergo additional rounds of expansion,
mutation, and selection. Since our simple model considers only one germinal center,
we need to discuss whether our results depend on this simplifying assumption. First,
the large pools of virus captured on the FDC networks within the thousands of germinal
centers are most likely to be fairly similar as the FDC network appears to bind virus
reversibly, allowing exchange of virus particles with the circulation (108–113). Second,
mature GCs are open to invasion by higher-affinity B cells that can take over an existing
GC reaction (62–64). Although the first germinal centers are probably started by several
clones of naive B cells (44), the B cell clones they generate expand and form large
clones of circulating memory cells, and the reinitiation of germinal centers by memory
B cells becomes less stochastic because the largest B cell clones would contribute the
most seeders. Thus, during the chronic stage of the infection, germinal centers are
expected to have a similar composition of B cells and viruses, and modeling just one
germinal center seems a reasonable assumption.

We have argued that the repertoire of cognate Tfh cells capable of helping and
rescuing centrocytes in germinal centers is expected to be narrow because there are a
restricted number of CD4 T cell epitopes in a small virus like HIV-1. Because HIV
preferentially infects cognate CD4� T cells and because Tfh cells serve as a major
component for HIV-1 infection (51–53), Tfh cells are expected to become a limiting
resource during HIV-1 infection (29). We have shown that this should slow down the
evolution of bnAbs (Fig. 7). Given the paucity of T cell epitopes in the whole virus, it
would be very important to characterize the actual antigens that high-affinity HIV-
specific B cells pull off the FDC network and to know whether they present epitopes
from genes other than Env to the Tfh cells. For large viruses, Sette et al. (77) provide
evidence for a tight linkage between the protein specificities of CD4� T cells and their
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cognate B cells. Yamamoto et al. (30) quantified the frequencies of Gag- and Env-
specific Tfh cells in SHIV-infected macaques and found that the frequency of Env-
specific IgG� GC B cells correlates positively with the frequency of Env-specific Tfh cells
but not with the frequency of Gag-specific Tfh cells. On the other hand, Ranasinghe et
al. (31) found that the frequency of Gag-specific Tfh cells better correlates with the
presence of bnAbs than with the frequency of Env-specific Tfh cells, which suggests
that GC B cells are presenting Gag epitopes to Tfh cells. Finally, note that high-affinity
B cells would be able to acquire whole virions from the FDC network only if the binding
energy holding their BCR in the cell membrane as well as to the cognate Env epitope
is higher than the sum of the energies of the antibodies (or complement molecules)
that are binding the virion to the FDC network (114, 115). Hence, what B cells are
capturing and subsequently presenting to the Tfh cells may change dynamically as B
cell affinity increases by somatic mutation and selection.

The first vaccination experiments testing Tfh cell immunity used a vaccine encoding
SIV Env, Rev, Gag, and Nef, which was followed by two boosts with Env protein (33).
This vaccination procedure elicited Env-specific Tfh cells (33); other Tfh cell specificities
were not tested. Following several low-dose rectal challenges with SIVmac251, all
vaccinated macaques ultimately were infected and followed for approximately 40
weeks. Vaccinated monkeys approached an almost 10-fold-lower set point viral load
than unvaccinated controls (116). Unfortunately, whether the improved control was
due to (broadly neutralizing) antibodies was not tested. Moreover, although our results
predict that an initially broad Tfh cell response should speed up the evolution of bnAbs
after infection, this need not be beneficial clinically as HIV-infected patients are typically
not protected by the bnAbs they evolve naturally. A major final question therefore is
whether our modeling results suggest that bnAbs can evolve by vaccination only.

Since the B cells have to accumulate many somatic mutations, evolution of bnAbs
will require repeated vaccinations with a vaccine containing many viral variants (68) or
with different vaccines, each containing a limited number of strains (69, 97). We have
learned from our modeling that the various antigens in a vaccine should be presented
on the FDC network at similar densities; otherwise, B cells specific for the dominant
antigen in the vaccine(s) tend to be selected. As there should be no transiently
dominant antigens due to sweeping viruses during vaccinations aimed at generating
sterilizing immunity, a selection mechanism that is based solely upon the density of
protein that is internalized and presented to cognate Tfh cells should now be sufficient
(although presenting the highest diversity of Tfh cell epitopes remains advantageous).
For Tfh cell epitopes located in Env, one could develop different variants of a mosaic
vaccine containing many different T cell epitopes in Env (34–36) as our models predict
that vaccinations with successively different variants of Env should select for broadly
reactive B cells since they will present the highest diversity of the Tfh cell epitopes in
Env at the highest density. To include Tfh cell epitopes not contained in Env, one
should work with a viral vector that is pulled off from the FDC network in its entirety,
such that B cells binding many variants of Env also internalize many copies and/or
variants of the other HIV-1 proteins in the vaccine. To select for broad reactivity,
different T and B cell epitopes should be inserted in these vaccines. Whether such
repeated vaccinations with various vaccines are going to elicit bnAbs will depend on
the timing, the diversity, and the variation of the vaccinations and is unfortunately
difficult to predict.
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