
MIT Open Access Articles

Mechanisms that promote the evolution of cross-reactive 
antibodies upon vaccination with designed influenza immunogens

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Yang, Leerang, Caradonna, Timothy M, Schmidt, Aaron G and Chakraborty, Arup K. 
2023. "Mechanisms that promote the evolution of cross-reactive antibodies upon vaccination 
with designed influenza immunogens." Cell Reports, 42 (3).

As Published: 10.1016/j.celrep.2023.112160

Publisher: Elsevier BV

Persistent URL: https://hdl.handle.net/1721.1/157801

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of use: Creative Commons Attribution-NonCommercial-NoDerivs License

https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/157801
https://creativecommons.org/licenses/by-nc-nd/4.0/


Article
Mechanisms that promote
 the evolution of cross-
reactive antibodies upon vaccination with designed
influenza immunogens
Graphical abstract
Highlights
d Engineered influenza immunogens can elicit cross-reactive

antibodies

d Chimeric design results in better antigen capture by cross-

reactive GC B cells

d Cocktail immunogens allow cross-reactive GC B cells to

interact with diverse T cells

d Chimera elicits more cross-reactive GC B cells when T cell

selection is stringent
Yang et al., 2023, Cell Reports 42, 112160
March 28, 2023 ª 2023 The Author(s).
https://doi.org/10.1016/j.celrep.2023.112160
Authors

Leerang Yang, Timothy M. Caradonna,

Aaron G. Schmidt, Arup K. Chakraborty

Correspondence
arupc@mit.edu

In brief

Yang et al. describe the mechanisms

underlying differences between how two

engineered influenza hemagglutinin

immunogens elicit broadly cross-reactive

antibodies targeting a conserved epitope.

The results are consistent with in vivo

experiments, and the observations aid in

the design of universal influenza vaccines

and further our understanding of cross-

reactive antibody development.
ll

mailto:arupc@mit.edu
https://doi.org/10.1016/j.celrep.2023.112160
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.112160&domain=pdf


OPEN ACCESS

ll
Article

Mechanisms that promote the evolution
of cross-reactive antibodies upon vaccination
with designed influenza immunogens
Leerang Yang,1 Timothy M. Caradonna,2 Aaron G. Schmidt,2,3 and Arup K. Chakraborty1,2,4,5,6,7,*
1Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2Ragon Institute of MGH, MIT, and Harvard, Cambridge, MA 02139, USA
3Department of Microbiology, Harvard Medical School, Boston, MA 02115, USA
4Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
5Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
6Institute of Medical Engineering and Science, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
7Lead contact

*Correspondence: arupc@mit.edu
https://doi.org/10.1016/j.celrep.2023.112160
SUMMARY
Immunogens that elicit broadly neutralizing antibodies targeting the conserved receptor-binding site (RBS)
on influenza hemagglutinin may serve as candidates for a universal influenza vaccine. Here, we develop a
computational model to interrogate antibody evolution by affinity maturation after immunization with two
types of immunogens: a heterotrimeric ‘‘chimera’’ hemagglutinin that is enriched for the RBS epitope relative
to other B cell epitopes and a cocktail composed of three non-epitope-enriched homotrimers of the mono-
mers that comprise the chimera. Experiments in mice find that the chimera outperforms the cocktail for
eliciting RBS-directed antibodies. We show that this result follows from an interplay between how B cells
engage these antigens and interact with diverse helper T cells and requires T cell-mediated selection of
germinal center B cells to be a stringent constraint. Our results shed light on antibody evolution and highlight
how immunogen design and T cells modulate vaccination outcomes.
INTRODUCTION

The mutability of viruses like human immunodeficiency virus

(HIV) and influenza poses a major public health challenge. No

effective vaccine is available for HIV, and seasonal variation of

influenza requires annual vaccine reformulation. Additionally, se-

vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is

rapidly evolving variants that reduce the efficacy of current vac-

cines, raising the possibility that booster shots may be required

periodically.1,2 Developing vaccines that can induce broadly

neutralizing antibodies (bnAbs) against highly mutable patho-

gens could address these challenges. BnAbs can neutralize

diverse mutant strains by targeting relatively conserved regions

on viral surface-exposed proteins. Although bnAbs for HIV3–5

and influenza6–8 have been identified, their natural development

is typically rare and delayed.9,10 Therefore, significant efforts

are devoted to designing immunogens11–13 or vaccination

regimens14,15 that may elicit bnAbs with the ultimate goal of

creating so-called ‘‘universal’’ vaccines. The complexity of this

challenge has also motivated several theoretical and computa-

tional studies focused on the mechanisms underlying bnAb

evolution.16–26

Upon natural infection or vaccination, antibodies are elicited

through a Darwinian evolutionary process called affinity matura-
This is an open access article under the CC BY-N
tion.27 Naive B cells that express a B cell receptor (BCR) with suf-

ficiently high affinity for an antigen, such as a viral protein, can

seed germinal centers (GCs). GC B cells multiply and diversify

their BCRs through somatic hypermutation and subsequently

interact with the antigen presented on follicular dendritic cells

(FDCs). GC B cells internalize varying amounts of antigen based

on the binding affinity of their BCRs to the cognate antigen and

then display peptides derived from the antigen complexed with

major histocompatibility complex (MHC) class II molecules

(pMHC complexes) on their surfaces.28 These B cells compete

to interact with helper T cells. Productive interactions result in

positive selection that leads to proliferation and mutation, while

failure to obtain sufficient help signal triggers B cell apoptosis.

Many rounds of mutation and selection ensue, resulting in a pro-

gressive increase in B cell binding affinity; some B cells differen-

tiate into memory B cells and plasma cells that produce

antibodies.29

BnAb evolution is rare upon natural infection for at least two

reasons. First, the frequency of germline B cell precursors that

target conserved epitopes is low.30 Many germline B cells that

target highly variable regions on the antigen can co-seed GCs

and ultimately outcompete rare B cells that recognize the

conserved epitope during affinity maturation.31 Second, the

conserved epitope-directed B cell precursors may acquire
Cell Reports 42, 112160, March 28, 2023 ª 2023 The Author(s). 1
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Figure 1. Schematics of the study design

(A) Schematic of the two rsHA immunogen designs: the cocktail of three rsHA homotrimers and the heterotrimeric ‘‘chimera.’’

(B) Classifications of the GCB cells based on their target epitopes as RBS directed or off target and based on their breadths as cross reactive or strain specific; an

RBS-directed B cell can bind three, two, or one of the rsHA components, and an off-target B cell can only bind one of the three components.

(C) Schematic of how a mutation can alter the breadth of an RBS-directed B cell.

(D) Fraction of affinity-changing mutations in the simulations that are beneficial for one or two specific rsHA components or all three. Interchanging the specific

rsHA components referred to in the panel yields the same result.

(legend continued on next page)
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‘‘specializing’’ mutations and lose their breadth of coverage

during affinity maturation.16,32,33 Specialization can occur

when the BCR binding footprint is larger than the exposed

conserved region on the antigen epitope, which is true for

HIV and influenza RBS epitopes.32,34 In this case, the BCR

can develop strong interactions not with the conserved resi-

dues but with the variable residues surrounding them. There-

fore, an engineered immunogen that selectively enriches rare

B cell precursors for the conserved epitope and also guides

them to acquire mutations that promote high breadth is neces-

sary for eliciting bnAbs.

Here, we develop a computational model to study the mecha-

nisms that influence the evolution of influenza RBS-directed

B cells during affinity maturation. Toward this goal, we study

the relative efficacy of RBS-directed B cell evolution upon vacci-

nation with two different types of designed immunogens.35 Both

immunogens are ‘‘resurfaced’’ hemagglutinin (rsHA) immuno-

gens, where the RBS epitope of H1 A/Solomon Islands/03/

2006 (H1 SI-06) is grafted onto antigenically distinct H3, H4,

and H14 HA head scaffolds (Figure 1A).36 The first type of immu-

nogen is an rsHA trimeric ‘‘chimera,’’ a cystine-stabilized rsH3-

rsH4-rsH14 heterotrimer, each presenting the same H1 SI-06

RBS epitope; because of the antigenic distance between the

H3, H4, and H14 scaffolds, the RBS epitope is enriched relative

to all other epitopes.37 The second type is a cocktail of non-

epitope-enriched homotrimers of each rsHA; this cocktail

contains the same rsHAmonomers as the chimera but as homo-

trimers rather than a single heterotrimer.

Caradonna et al.35 report that immunization with the chimera

and cocktail immunogens in mice elicit cross-reactive RBS-

directed B cells, but the chimera qualitatively outperforms the

cocktail. Our computational results reveal themechanism under-

lying this result. By studying these complex immunogens, we

show how the outcome of GC processes is determined by the

interplay of multiple factors: how B cells engage with these im-

munogens and internalize antigen, the diversity of helper

T cells with which GC B cells can interact, and the stringency

of helper T cell-mediated selection. We find that, upon immuni-

zation with the cocktail of homotrimers, only the cross-reactive

B cells can interact with T cells of diverse specificities, while

the strain-specific B cells must rely on a restricted set of helper

T cells. In contrast, upon immunization with the chimeric hetero-

trimer, cross-reactive and strain-specific B cells can interact with

T cells of diverse specificities. So, intuition may lead us to the

conclusion that immunization with the cocktail of homotrimers

should perform better than the chimeric heterotrimer at promot-

ing the evolution of cross-reactive B cells. The experiments show

that the opposite is true. This is because, upon immunization

with the chimera, the cross-reactive B cells internalize far more

antigen than the strain-specific B cells in the early GCs, while

these two types of B cells internalize similar amounts of antigen

upon immunization with the cocktail. We show that the chimera

performs better as a result of more effective antigen internaliza-
(E) Schematic of the affinity maturation simulation and three general possible outc

cells are expanded, and the descending B cells are cross reactive.

(F) Schematics that summarize how the designs of the two immunogens affect t

compete for T cell help. See the main text for details.
tion coupled with helper T cells stringently discriminating be-

tween B cells based on the amount of pMHC displayed.

Previously, Gitlin et al.38 showed that T cell help is a stringent

constraint on the selection of GC B cells, while another study

suggested that this was not so.39 Our finding that T cell help

must be a stringent constraint on B cell evolution in the GC helps

resolve this debate. Furthermore, these data highlight the impor-

tance of immunogen design and helper T cells in determining

vaccination outcomes and suggest thatmodulating these effects

is necessary to elicit influenza RBS-directed B cells with breadth.

RESULTS

Model development
Overview of the model

We simulate GC reactions induced by either the cocktail or the

chimera immunogens, described above and in Caradonna

et al.35 The GC B cells that bind to these antigens are classified

as either ‘‘RBS directed’’ or ‘‘off target.’’ The three HA scaffolds

are antigenically distinct; the sequence homologies between the

rsHA components are �58.4% (rsH3-rsH4), �60.5% (rsH3-

rsH14), and�72.5% (rsH4-rsH14). These values are comparable

with or lower than the HA sequence homology of �70.8% be-

tween a pandemic influenza strain and a previous strain (H1N1

A/California/4/2009 and H1N1 A/Solomon Islands/3/2006) and

are much lower than the typical sequence homology resulting

from antigenic drift (e.g.,�95.4%betweenH1N1 A/NewCaledo-

nia/20/1999 and H1N1 A/Solomon Islands/3/2006). Therefore,

while it may not be impossible for off-target B cells to develop

cross-reactivity toward multiple rsHA components, such cases

are likely very rare. In our model, we assume that an off-target

B cell is always strain specific and can only target one of the

rsHA components (Figure 1B).

An RBS-directed B cell can potentially target all three compo-

nents because of the similarities of the resurfaced RBS regions.

However, because the grafted RBS is smaller than the typical

footprint of a BCR, we account for the fact that RBS-directed

B cells must contact peripheral residues that are variable.

Thus, different RBS-directed B cells may have different breadths

in our model, as summarized in Figure 1B. A mutation changes

the binding free energies of an RBS-directed B cell for the three

rsHA components differently (Figure 1C). These changes are

drawn from a positively correlated probability distribution to

account for the similarities of the RBS regions. However, some

mutations will be beneficial for binding to one or two rsHA com-

ponents and deleterious for the others (Figure 1D). As affinity

maturation progresses, the affinities of an RBS-directed B cell

for the three components can vary and even fall below the recog-

nition threshold for some components.

Figure 1E describes the process that occurs in GCs. Because

off-target germline B cells outnumber the RBS-directed germline

B cells,32,40 we seed each GC with 99 off-target B cells and

1 RBS-directed B cell, making the total founder number
omes of the GCs. The most desirable outcome is that the rare RBS-directed B

he abilities of cross-reactive and strain-specific B cells to capture antigen and

Cell Reports 42, 112160, March 28, 2023 3
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representative of GCs in mice.41 Each off-target B cell is

randomly assigned a single rsHA target at the beginning of the

simulation. To model the GC dynamics in mice, founder B cells

divide four times without mutation, and then the competitive

phase of affinity maturation lasts for 28 cycles, or

�14 days.29,42 These B cells undergo cycles of antigen capture

and competition for T cell help. In each cycle, B cells that fail pos-

itive selection are subsequently removed from the GC via

apoptosis. Additionally, �10% of positively selected B cells sto-

chastically differentiate into memory and plasma cells and exit

the GC. The remaining positively selected B cells divide twice,43

and one daughter cell mutates in each division.44

In this study, we ask how the design of an immunogen affects

its ability to expand the RBS-directed B cells in GCs and to shep-

herd them to acquire mutations that confer cross-reactivity.

Undesirable alternative outcomes are that RBS-directed B cells

become outcompeted by off-target B cells or that they become

strain specific by acquiring specializing mutations (Figure 1E).

The chimera and cocktail immunogens give advantages to

cross-reactive B cells over strain-specific B cells in different

ways during the antigen capture and T cell help steps, as sum-

marized in Figure 1F. The chimera antigen presented on the

FDC during the antigen capture step can form multivalent clus-

ters with cross-reactive B cells but not with strain-specific B

cells. This is because a cross-reactive RBS-directed B cell can

bind to a single chimera molecule with up to three BCRs, but a

strain-specific B cell can bind to a single chimera molecule

with, at most, one BCR. Then, during the competition for T cell

help, cross-reactive and strain-specific B cells that capture the

chimera can present peptides from all three rsHA components

(Figure 1F).

In contrast, after cocktail immunization, cross-reactive B cells

and strain-specific B cells can engage a single antigen trimer

with multiple BCRs and thus form multivalent clusters between

BCRs and antigen molecules. However, the strain-specific B

cells can only recognize a third of the total antigen molecules.

Then, during the competition for T cell help, only the cross-reac-

tive B cells present peptides from multiple rsHA components,

while strain-specific B cells only present the peptides from the

single component they target (Figure 1F).

Initial condition and mutation of B cells

The initial free energy of binding (or affinity) is set to be Ea for the

target rsHAcomponent for the off-targetB cells. For simplicity, the

RBS-directed precursors are assumed to initially bind all three

components with affinity Ea. The absolute value of Ea does not

affect the results because all other free energies are scaled

to this reference. We choose Ea = �13.8 kBT, where kB is the

Boltzmann constant, and T is the temperature (�300 K), because

it corresponds to a dissociation constant, KD, of 1 mM, which is

approximately the threshold for naive B cell activation.45

A mutation is fatal, silent, or affinity changing with probabilities

of 0.3, 0.5, and 0.2, respectively.46 The Protein-protein Interac-

tions Thermodynamics (PINT) database shows that affinity

changes of protein-protein interfaces upon mutations are more

likely to decrease than to increase the binding affinity.47 We

describe these data using a shifted log-normal distribution; for

an off-target B cell, i, the free energy change because of muta-

tion is given by
4 Cell Reports 42, 112160, March 28, 2023
DEi = em+sY � d (Equation 1)

where Y is a standard normal random variable, and m, s, and d are

parameters chosen so that about 5% of the mutations are

beneficial.16,18

For RBS-directed B cells, a mutation changes the binding af-

finities toward the rsHA components differently. However, the

marginal distribution of affinity change toward any one compo-

nent should be equivalent to that of an off-target B cell mutation.

To model this, we draw three random numbers, ȳ = [y1, y2, y3],

one for each component, from a multivariate Gaussian distribu-

tion with the mean of zero and the covariance matrix of L, as

follows:

y � exp
�� 1

2
yTL� 1y

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pÞ3jLj

q (Equation 2)

Where L =

2
4 1 r r

r 1 r

r r 1

3
5. Choosing the correlation, r, to be

smaller than 1 allows us to study the effects of the mutations

that make B cells specialize to a subset of rsHA components.

For a given RBS-directed B cell, I, each sampled number, yj, cor-

responding to the rsHA component, j, is then converted to the

free energy change because of mutation, DEij, for this variant

analogous to Equation 1 as follows:

DEij = em+ syj � d (Equation 3)

We chose r = 0.7; we also carried out calculations with r = 0.4,

and the qualitative findings are not affected by this change. In

Equation 2, by using symmetric L, we treat the antigenic differ-

ences between the RBS epitopes of the three rsHA components

as equidistant. Because the RBS is grafted on to the scaffold, the

variations among the RBS epitopes should be smaller than the

differences between the scaffolds and not directly correlated

to them. For simplicity, and because the qualitative findings of

the study do not depend on changing r, we use the same value

for each pair.

Antigen capture by B cells

GC B cells extract antigens from the surfaces of FDCs using me-

chanical pulling forces.28,48 The B cell synapse interacting with

an FDC is modeled as a 2-dimensional circle divided into lattice

points occupied by antigen molecules and BCRs.49,50 BCRs and

antigenmolecules are initially randomly distributed on the lattice.

The lattice spacing is 10 nm, which is of the same order as the

collision radius of BCR and ligand.50 During the clustering phase,

BCR and antigen molecules diffuse freely and attempt to bind

when they are within one lattice point (see STAR Methods for

details). The probability of success is

pon = 1 � e�qonDt,½Eij % Ea� (Equation 4)

where the Iverson bracket sets the minimum affinity required for

binding to be Ea, which is equal to the initial B cell affinity, and

qon = q0
onnarmnep (Equation 5)



Figure 2. Effect of immunogen design on antigen capture by B cells

(A) Schematics of force-based antigen extraction by a strain-specific B cell. For the chimera, the only two possible configurations of antigen and BCR interactions

are shown. For the cocktail, an example of many possible configurations of BCR-antigen clusters is shown. For the heterotrimeric chimera, one antigen molecule

can be bound by only one BCR, so the pulling force on the antigen-FDC bond is always equal to the pulling force on the antigen-BCR bond. For the homotrimer

molecules in the cocktail, multiple BCRs can pull on the same cognate antigen molecule so that greater force accumulates on the antigen-FDC bond.

(B) Amount of antigen captured as a function of antigen-BCR binding affinity. For the cross-reactive B cell, when the binding affinity toward all three rsHA

components is equal is shown.

(C) Histogram of the forces on antigen-FDC bonds when either the cocktail or the chimera antigenmolecules are extracted by a strain-specific B cell of low affinity

(�14.8 kBT).

(B) and (C) were constructed by taking the mean value from 30 simulations. See also Figure S1.
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represents the steric factor. This factor is determined by narm, the

number of free BCR arms (between 0 and 2); nep, the number of

free cognate BCR epitopes on the antigen (between 0 and 3);

and the basal rate q0
on = 10 s�1. With Dt = 5 3 10�4 s, which is

the characteristic timescale of diffusion over the lattice, this

basal rate results in the successful binding probability of pon =

5 3 10�3. This number approximately accounts for the entropic

penalty of aligning two molecules.

An established antigen-BCR bond (labeled i below) breaks

with probability

poff
i = 1 � e� koff

i
Dt (Equation 6)

where koffi is its off-rate. Assuming that the activation barrier for

bond formation is negligible compared with the binding free en-

ergy, the off-rate is related to binding free energy by

koffi = koff0 e
Eij
kBT (Equation 7)

where Eij is the binding free energy of BCR, i, for antigen j, and

koff0 = 106 s�1.45

Our simulations result in formation of antigen-BCR clusters,

dependent on the cross-reactivity of the B cell and the design

of the antigen. The clustering is followed by antigen internaliza-

tion through mechanical pulling. We assume that antigen mole-

cules are tethered to the FDC membrane with a binding free

energy of�19 kBT, which makes antigen capture most sensitive

to affinity change in KD of 1–0.01 mMrange, but the affinity ceiling

is reached when KD << 1 nM.45 A pulling force of 8 pN is applied

to each BCR,28 which is transferred to the antigen-BCR bonds

and the antigen-FDC bonds,51 as schematically shown in Fig-

ure 2A. If a BCR is bound to 2 antigen molecules, then the force

is divided equally by the twoarmsof theBCR. For a given antigen

molecule, the force applied to its antigen-FDCbond is the sumof
forces applied by all the BCR arms bound to it. The off-rates of

antigen-FDC and antigen-BCR bonds increase with the applied

force52

koffF = koff 3 exp

�
xbF

kBT

�
(Equation 8)

where koffF is the off-rate under force, F is the force, and xb is the

bond length, taken to be 1 nm.53 When an antigen-BCR bond

breaks, the BCR goes into a refractory state, which prevents

instant rebinding with the same antigen.53 The duration is taken

to be 0.1 s, which ismuch greater than the antigen diffusion time-

scale of 5 3 10�4 s (STAR Methods). At the end of each time

step, any BCR or antigen-BCR cluster that is not connected to

the FDC is internalized.

Competition for helper T cells

Briefly, after the antigen capture step, B cells present peptides

derived from each rsHA component they have captured, in pro-

portion to the amount captured. We developed a model that ac-

counts for B cells competing for selection by helper T cells based

on the types and amounts of peptides they present. We discuss

this in more detail later.

Antigen capture depends on immunogen design and
cross-reactivity of B cells
Figure 2B shows the total amount of antigen captured as a func-

tion of BCR binding affinity for cross-reactive and strain-specific

B cells, capturing the cocktail or the chimera immunogen.

Notably, neither immunogen design is better at conferring an

advantage to RBS-directed B cells in capturing antigens across

the entire affinity range. At low affinity, representative of the early

GC, the advantage of cross-reactive B cells over strain-specific

B cells is greater for the chimera. At high affinity, the opposite

is true.
Cell Reports 42, 112160, March 28, 2023 5
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At low affinity, antigen availability is not limiting, and the amount

of antigen captured is largely determined by the forces imposed

on the antigen-FDC bonds by the BCRsbound to the antigenmol-

ecules. A strain-specific B cell can engage a homotrimeric antigen

in the cocktail with multiple BCRs but not the chimera (Figures 1F

and S1A). Therefore, the forces on the antigen-FDC bonds are

typically higher for the homotrimeric antigen bound by strain-spe-

cific B cells compared with the chimera bound by such cells. This

point is illustrated quantitatively using results fromour simulations.

At the low B cell affinity of �14.8 kBT, successful extraction of

homotrimers in the cocktail frequently results from high forces

on antigen-FDC bonds (Figure 2C), enabled by clustering of anti-

gens and BCRs. When multiple BCRs pull on the same antigen,

the force on the antigen-FDC bond is greater than the force on

each of the antigen-BCR bonds (Figure 2A), so the off-rate of

the former is relatively increased. The maximum possible force

of 24 pN is realized when three BCRs are bound to one antigen,

each contributing 8 pN of force. Using Equation 8, the off-rate

for the antigen-FDC bond increases by �300-fold when an anti-

gen is bound by three BCRs, while the off-rate for each antigen-

BCR bond increases by �7-fold. For the strain-specific B cells

capturing the chimera, however, the force on the antigen-FDC

bond is always equal to the force on a single antigen-BCR bond

because only one BCR can bind to an antigen (Figure 2A). Thus,

the pulling forces do not increase the relative off-rate of the anti-

gen-FDC bond compared with the antigen-BCR bonds. This is

why low-affinity strain-specific B cells internalize smaller amounts

of the heterotrimeric antigen than homotrimeric antigen (Fig-

ure 2B). For both types of immunogens, cross-reactive RBS-

directed B cells can bind an antigen molecule with multiple

BCRs (Figures 1F and S1B). So, at low affinity, these cells capture

a larger amount of antigen relative to strain-specific B cells for

the chimera and a similar amount of antigen for the cocktail

(Figure 2B).

For high BCR affinity, the cross-reactive B cells capture more

antigen than the strain-specific B cells do when interacting with

the cocktail of homotrimers (Figure 2B). Beyond a certain affin-

ity, the amount of antigen captured plateaus for the cocktail;

this plateau corresponds to the B cell binding affinity approach-

ing the antigen-FDC bond energy of �19 kBT. As a result, B

cells capture most of the cognate antigens they encounter (Fig-

ure 2B). Consequently, antigen availability becomes a limiting

factor, and cross-reactive B cells are favored because they

can bind all antigens, while strain-specific B cells only recog-

nize about a third of the antigen molecules presented in the

cocktail. For the chimera, however, all antigen molecules can

be internalized successfully even with monomeric bonds at

very high affinity, so the advantage of cross-reactive B cells

is small.

The results of antigen capture shown were obtained from

simulations with 120 BCRs and 120 antigen molecules in the

immune synapse. The multivalent antigen-BCR clustering be-

haviors are well manifested at this number (Figure S1B).

Changing these numbers does not change the qualitative

trends of antigen capture (Figures S1C and S1D) because

they are the results of qualitative differences in the ways B

cells and antigens engage based on their types, as described

above.
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Cross-reactive B cells evolve more readily upon
immunization with the chimera when T cell help is a
stringent constraint for positive selection of GC B cells
After antigen capture, B cells compete for positive selection by

helper T cells by presenting the T cell epitopes that are derived

from the internalized antigen. The homotrimeric cocktail allows

only cross-reactive B cells to capture diverse rsHA components,

while the nature of the chimeric design allows cross-reactive and

strain-specific B cells to internalize all three components (Fig-

ure 3A). Thus, after immunization with the chimera, all B cells

will compete for diverse T cells, and the differences in competi-

tive advantages will be based on the amounts of antigen

captured. However, if the T cell epitopes contained in each

rsHA variant are distinct sets, then, upon immunization with the

cocktail, only the cross-reactive B cells can interact with diverse

T cells, while strain-specific B cells can only interact with a

subset of the T cells (Figure 3A). This is because each T cell is

specific for its epitope, and a single mutation within a TCR

epitope or flanking sites can abrogate recognition.54–57

The rsHA components use antigenically distinct scaffolds

derived from different subtypes, which results in large antigenic

distances between the overall proteins (except for the RBS

epitope). The large antigenic distance between the scaffolds rai-

ses the possibility that the components in the cocktail carry

distinct T cell epitopes.

We used the Immune Epitope Database and Analysis

Resource (IEDB) MHC class II binding prediction tool to analyze

the predicted T cell epitopes in the H3, H4, and H14 rsHA com-

ponents (Table S1).58–62 Mice immunized with the cocktail or

the chimera immunogens were mixed 129/Sv and C57BL/6

mice. Therefore, we used the I-Ab MHC allele to determine

whether the T cell epitopes contained in the three HA compo-

nents were distinct. None of the predicted 15-mer peptides

that ranked in the top 20 percentile against randomly generated

peptides were fully conserved in two different variants. When

we relaxed the comparison criteria to just the 9-mer cores, still

only two pairs were conserved in two different variants (Fig-

ure 3B). We further focused on the identity of just the amino

acids at position 2 (P2), P5, P7, and P8 of the cores, which

are the most likely T cell receptor (TCR)-contacting residues

for the I-Ab haplotype.63 Still, only five pairs were conserved

in all pairwise comparisons (Figure 3C). In mice with the I-Ab

haplotype, B cells that capture rabbit serum albumin and hu-

man serum albumin (76% sequence homology) do not compete

with each other because of mutations in T cell epitopes.64 For

this rabbit and human serum albumin, we found 3 pairs of

conserved 9-mer cores and 3 pairs of conserved P2, P5, P7,

and P8 in both proteins, which is comparable with the resur-

faced HA components (Figure S2). Therefore, we conclude

that the components of the cocktail likely contain distinct

T cell epitopes. We account for this feature in our simulations

by keeping track of which antigens a B cell internalizes and par-

titioning helper T cells into three distinct groups based on their

specificity for epitopes derived from each of the rsHA compo-

nents. The number of T cells in each group is the same.

T cells make numerous short contacts with diverse B cells.65

For each contact, there is a small chance of it being a pro-

ductive encounter, which increases with the amount of peptide



Figure 3. Effect of immunogen design on selection by T cells

(A) Schematics showing the differences between how cross-reactive and

strain-specific B cells interact with helper T cells. For immunization with the

chimera, strain-specific and cross-reactive B cells present pMHCs from all

three rsHA components, but the cross-reactive B cells capture much more

antigen. For the cocktail immunization, only the cross-reactive RBS-directed B

cells present pMHCs derived frommultiple rsHA components, but the amount

of antigen captured is not sufficiently different.

(B and C) Pairwise comparison of computationally predicted helper T cell

epitopes in the rsHA components. Each axis corresponds to the ranks of the

top 20th percentile predicted 15-mer T cell epitopes, derived from the three

rsHA components.

(B) Number of conserved residues in pairwise comparisons of the 9-mer cores

of the predicted epitopes.

(C) Number of conserved residues in pairwise comparisons of the P2, P5, P7,

and P8 residues of the 9-mer cores.

See also Table S1 and Figure S2.
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presented.66 It is conjectured that positive selection likely requires

several productiveencounters.67Therefore, theamountofhelpaB

cell receives will increase with the number of encounters with

cognate T cells, which is determined by the types of pMHC it pre-

sents, thenumberofcognateTcells, and thenumberofcompeting
B cells. Therefore, we represent the probability of positive selec-

tion of a B cell i as follows:

Pi = Pmax

P
k

�
Tk
NB;k

�
,
�

Aki

CAk D

�c

1+
P
k

�
Tk
NB;k

�
,
�

Aki

CAk D

�c (Equation 9)

where Aki is the amount of the HA component k internalized by

the B cell i, CAkD is the mean amount of HA component k internal-

ized by the B cells that recognize this component, NB,k is the

number of such B cells, and Tk is the number of T cells that target

the epitopes from the HA component k, which we assume to be

equal for all variants. The maximum probability of selection,

Pmax, accounts for the fact that GC B cells are inherently

apoptotic irrespective of BCR affinity.68 We can consider

Pmax to be the chance of avoiding the default fate of apoptosis:

1 – Papoptosis. We chose Pmax = 0.6 because it results in good cor-

respondence between the timescales of our model results and

experiments; other values were also tested, and the qualitative

result does not change.

An important feature of the model is the exponent c; larger

values of it imply that T cell help depends more stringently on

the amount of pMHC presented. If c is less than 1, then small dif-

ferences (e.g., 2-fold) in pMHC displayed on two B cells would

have a relatively small effect on selection outcome, whereas if

c is greater than 1, then such small differences would likely

lead to selection of the B cell that displays more pMHC.

Figure 4A shows predictions of our model upon immunization

with the chimeric and cocktail immunogens for the temporal

evolution of the fraction of GC B cells that evolve from the initial

RBS-directed B cell precursors; i.e., B cells that have acquired

higher binding affinities than the precursors. A striking feature

of these results is that, for immunization with the chimera immu-

nogen, the evolution of RBS-directed B cells becomes increas-

ingly more efficient as T cell selection becomes more stringent

(larger values of c), but for immunization with the cocktail immu-

nogen, the opposite is true. Figure 4B shows the fraction of

evolved RBS-directed B cells that are cross reactive toward at

least two rsHA components in the immunogens. A low value in-

dicates that RBS-directed B cells tend to specialize to only one

component. Our model predicts that cross-reactive mutants

evolve more readily upon immunization with the cocktail when

T cell help is permissive but with the chimera when T cell help

is stringent. The cocktail improves in selecting cross-reactive

B cells in the late GC when T cell help is stringent because of

the advantages in antigen capture at high affinity (Figure 2B).

However, by day 14, only a small fraction (12% for x = 1.5) of

the simulated GCs still have any RBS-directed B cell (Fig-

ure S3A). So, our model predicts that cross-reactive RBS-

directed B cells will evolve more readily upon immunization

with the chimera compared with the cocktail when T cell help

is a stringent constraint for positive selection of B cells.

Figures S3B and S3C show that this qualitative trend is not

changed when r is changed to 0.4 or when Pmax is changed to 1.

In Figure 4C, we compare the model predictions with the

experimental findings by Caradonna et al.35 for the fraction of

B cells that are RBS directed and cross reactive in early and
Cell Reports 42, 112160, March 28, 2023 7



Figure 4. Model predictions and experimental results for the

expansion and evolution of cross-reactive B cells upon immuniza-

tion with the cocktail or the chimera immunogen

(A) Fraction of GC B cells that are RBS directed as a function of time in the

simulations. Changing the stringency of T cell selection has opposite effects

for immunization with the chimera or the cocktail immunogen.

(B) Fraction of RBS-directed B cells that are cross reactive. When selection by

T cells is permissive (c< 1), the cocktail outperforms the chimera for evolving

cross-reactive B cells. The opposite is true for stringent selection (cR 1).

(C) Fraction of GC B cells that are RBS directed and cross reactive in early and

late GCs. Model predictions for varying levels of T cell selection stringency are

compared with the results of mouse immunization experiments. All fractions

were calculated after combining B cells from 1,000 independent stochastic

simulations.

See also Figure S3.
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late GCs after immunization with either type of immunogen.

These data represent the combined objectives of expanding

rare RBS-directed B cells (Figure 4A) and shepherding them to

accumulate cross-reactive mutations (Figure 4B). We assume

that days 8 and 15 post immunization in experiments correspond

to days 2 and 9 of the GC because GC initiation typically takes

about 6 days.69 While Caradonna et al.35 report the value as a

fraction of all immunoglobulin G (IgG)+ GC B cells, because our

model does not consider background GC B cells that do not
8 Cell Reports 42, 112160, March 28, 2023
bind to any rsHA, we only consider the B cells that bind to at least

one rsHA component from the experimental data. The qualitative

trends in the data are not affected by the background B cells.

The experiments show a qualitatively higher frequency of

cross-reactive RBS-directed B cells in GCs on day 8 and day

15 after immunization with the chimera.35 These experimental re-

sults are consistent with our predictions when T cell help is strin-

gent but not when it is permissive. The model predicts that, if

T cell help is stringent (c R 1), a higher fraction of GC B cells

will be RBS directed and cross reactive after immunization with

the chimera than with the cocktail (Figure 4C). If c = 1, then

3.8%of B cells in day 2 GCs are RBS directed and cross reactive

after chimera immunization and 1.5% after the cocktail immuni-

zation. On day 9, the numbers are 14% for the chimera and 5.5%

for the cocktail. In contrast, if T cell help is permissive (c < 1), then

the cocktail favors the evolution of cross-reactive B cells. For

example, if c = 0.4, then 3.1% of B cells in day 2 GCs are RBS

directed and cross reactive after cocktail immunization and

1.7% after the chimera immunization; the same trend is true on

day 9 (39% for the cocktail and 7.2% for the chimera). We

emphasize that what is important is not the precise numbers

noted above but that the qualitative trend of which type of immu-

nogen promotes the evolution of RBS-directed cross-reactive

antibodies is opposite for stringent versus permissive selection

by helper T cells. The model predictions have the same trend

as the experimental data when T cell help is a stringent

constraint. Therefore, we conclude that T cell help stringently de-

pends on pMHC density. We also note that, even under the most

stringent selection tested (c = 1.5), stochasticity in evolution al-

lows clonal heterogeneities inside individual GCs (Figure S3D)41

and broad affinity distribution of B cells within and across GCs

(Figure S3E),40 consistent with previous findings in the literature.

Mechanism forwhy T cell selection stringency promotes
cross-reactive B cell evolution for the chimera
immunogen but not the cocktail
Events that occur in the early GC are critically important for the

RBS-directed precursors because they are few in number and

could be easily extinguished because of stochastic effects. For

the chimera immunogen, cross-reactive RBS-directed B cells

can bind to the antigen multivalently while strain-specific B cells

cannot, so the former can capture significantly more antigen

than the latter in the early stages of the GC reaction (Figure 2).

Thus, to promote the evolution of RBS-directed B cells, their

principal advantage over off-target B cells (more antigen

captured) must be amplified by the selection force. This advan-

tage is amplified when positive selection by helper T cells dis-

criminates stringently based on the amount of captured antigen

because this favors selection of the cross-reactive B cells.

Indeed, our simulation results show that the probability that

RBS-directed precursors are positively selected in the early

GC grows with the value of c upon immunization with the

chimera (Figure 5A). If RBS-directed B cells are more readily

positively selected in the early GC, then they multiply more and

thus have a higher chance of acquiring the rare mutations that

confer breadth. Such an effect of an early advantage affecting

future fate has been observed in evolving asexual populations.70

Consistent with this expectation, simulation results under



Figure 5. Potential mechanism of how T cell selection stringency

affects expansion and evolution of RBS-directed B cells

(A) Selection probability of the RBS-directed B cell precursor at GC initiation as

a function of T cell help stringency.

(B) Average number of unique mutations that occur in a GC in the first 5 days

that increase the affinities of RBS-directed B cells toward multiple rsHA

components.

(A and B) The effects of T cell selection stringency are opposite for immuni-

zations with the cocktail and chimera.

(C–F) Positive selection probabilities of unique RBS-directed B cell mutants in

day 5 GCs, simulated under either stringent T cell selection (C and E) or

permissive T cell selection (D and F) conditions after immunization with either

the chimera (C and D) or the cocktail (E and F). The mutants are classified

based on how many rsHA components they can bind (from one to three).
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stringent T cell selection show that, upon immunization with the

chimera, rare mutations that confer breadth are quickly found in

the population (Figure 5B). The resulting cross-reactive cells are

then selected for and proliferate because they have a large

advantage in antigen capture, which translates to a high proba-

bility of selection by T cells (Figure 5C).

Specializing mutations occur frequently for RBS-directed B

cells, but such mutations result in loss of cross-reactivity, and

this inhibits antigen capture. When selection is stringent, this

disadvantage in the amount of antigen captured is magnified

during selection. In early GCs (day 5), when selection is stringent

(c = 1.5), the median selection probability of the RBS-directed B
cells that bind all three rsHA components and that of the B cells

that bind only one is 0.49 and 0.17, respectively (Figure 5C).

When selection is permissive (c = 0.4), the corresponding values

are 0.40 and 0.30 (Figure 5D). Therefore, while mutations

generate strain-specific RBS-directed B cells in both cases,

these mutated B cells are more heavily disfavored when selec-

tion is stringent. These reasons promote cross-reactive B cell

evolution upon immunization with the chimera when T cell selec-

tion is a stringent constraint.

For immunization with the cocktail immunogens, the difference

in the amounts of antigen captured by low-affinity, cross-reactive,

and strain-specific B cells is small in the early GC when antigen is

not limiting (Figure 2B). Therefore, increasing the stringency of

how positive selection probability depends on the amount of anti-

gen captured will not favor the cross-reactive B cells. The pre-

dominant difference between the cross-reactive and strain-spe-

cific B cells in the early GC is that only the former can capture

diverse types of rsHA components so it can be positively selected

by T cells with diverse epitope specificities, while the latter seeks

help fromonly a part of the repertoire of helper T cells. Cross-reac-

tive B cells are promoted when this difference helps them during

T cell selection. If selection stringency is permissive, then each

encounter with a cognate helper T cell will give a similar chance

of receiving positive selection signals. Cross-reactive B cells will

encounter cognate T cells more frequently by capturing diverse

epitopes, and despite the lower pMHC density of each epitope,

the total probability of receiving help will be greater than strain-

specific B cells that capture a similar total amount of antigen.

Mathematical analysis of Equation 9 (STAR Methods) shows

that this is truewhen c < 1. Consistent with this analysis, our simu-

lation results show that the selection probability of RBS-directed

precursors in the earlyGC increaseswith decreasingc (Figure 5A).

The enhanced early selection probability allows RBS-directed B

cells to more readily evolve future cross-reactive mutations (Fig-

ure 5B). The cross-reactive mutants have a distinct advantage

over strain-specific mutants when selection is permissive and

therefore selectively accumulate, but not when selection is strin-

gent (Figures 5E and 5F). This is because, for less stringent selec-

tion, the ability of cross-reactive B cells to be positively selected

by interacting with diverse T cells is amplified.

DISCUSSION

Eliciting bnAbs is a necessary step toward a universal influenza

vaccine that confers protection against seasonal variants and

pandemic-causing novel strains. Influenza RBS is a promising

target for bnAbs, but germline B cell precursors that target the

RBS are rare relative to off-target sites,32 and affinity-matured

RBS-directed B cells often have low breadth because they

strongly interact with the variable residues within their foot-

prints.37,71 Thus, vaccination strategies to amplify the rare

RBS-directed B cell precursors and shepherd their mutation

pathways toward high breadth are required. Here, we study

the evolution of cross-reactive B cells that target the conserved

HA RBS upon immunization with either a heterotrimeric RBS-en-

riched chimera or a cocktail of three homotrimeric rsHAs.35 To-

ward this end, we developed a computational model of affinity

maturation upon vaccination with the chimera and cocktail
Cell Reports 42, 112160, March 28, 2023 9
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immunogens. Our analyses of the pertinent processes and simu-

lation results (Figures 1–5) provide mechanistic insights into the

factors that influence antibody repertoire development upon

vaccination with different types of immunogens.

We identify two important variables: the valencywithwhich the

antigen is bound to BCR and the diversity of antigens captured

by B cells. If cross-reactive B cells engage antigen multivalently

and strain-specific B cells cannot, as is true for the chimera (Fig-

ure 2), then stringent selection of GCB cells by helper T cells pro-

motes cross-reactive B cell evolution (Figures 4 and 5). If the

diversity of antigens captured is the principal difference between

cross-reactive and strain-specific B cells, as is true for the cock-

tail (Figures 2 and 3), then selection stringency must be permis-

sive to promote the evolution of cross-reactive B cells (Figures 4

and 5). Because cross-reactive B cells aremore enriched in mice

immunized with the chimera immunogen, we conclude that pos-

itive selection of B cells by helper T cells is a stringent constraint

during GC reactions. Thus, our studies provide fundamental

mechanistic insights into the role of T cell help during affinity

maturation,39–41,43,72 which will help improve vaccine design.

Our result suggests that one promising future direction would

be to further optimize antigen valency using nanoparticles

and epitope enrichment to maximize the difference between

the antigen capture capabilities of cross-reactive and strain-spe-

cific B cells. Furthermore, we show that stringent selection by

T cells will maximize the efficacy of such immunogens. Many

nanoparticle-based immunogens that aim to optimize antigen

capture by cross-reactive B cells have large non-native protein

cores,13,73–75 which can contain many highly immunogenic help-

er T cell epitopes.76 However, an understanding of how this addi-

tionmight affect selection by helper T cells and the efficacy of the

designed immunogens is currently lacking. Our study highlights

the need for a better understanding of this relationship.

Alternatively, ourmodel predicts that if T cell selection ispermis-

sive, then a cocktail of antigenswith distinct T cell epitopes canbe

highlyeffectiveat elicitingcross-reactiveBcells. There is evidence

that some T follicular helper cells are of higher ‘‘quality’’ than

others; that is, they can maintain a greater GC B cell/T follicular

helper cell ratio.77,78 This observation suggests that such helper

T cellsmayhavemore frequent productive encounterswithBcells

while being less stringent regarding the amounts of pMHC pre-

sented by the B cells, consistent with permissive selection in our

model. This hypothesis can be tested by combining adoptive

transfer of T cells and graded delivery of peptides to GCB cells.38

Alternatively, it has been suggested that upregulating key surface

adhesion molecules on T cells, such as signalling lymphocytic

activation molecule (SLAM) and SLAM-associated protein (SAP),

may make themmore potent helpers.79 Upregulation of adhesion

molecules indendritic cells andmacrophagesenhanced their abil-

ities to activate adaptive immune cells,80 and a similar approach

could be applied to T cells to study its effect on selection strin-

gency. Finally, we can ask whether increasing the total number

of T cells affects the stringency of selection by individual T cells,

which can be tested by adoptive transfer of different numbers of

T cells. The answer will depend on the mechanisms of selection

by the T cells. Testing these hypotheses to further improve our

computational model and immunogen designs will shed light on

basic questions in immunology and vaccine design.
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Our results are generalizable for other epitope targets: first,

when amplification of rare B cells that target a conserved epitope

is the goal, and second, when a selective accumulation of muta-

tions that confer high breadth is needed. However, it will also be

necessary to consider the constraints of the specific target. For

example, for HIV CD4 binding site bnAbs, germline-targeting

immunogens are usually first used to amplify the rare germline

precursors.81 The approaches presented in this study can be

applied for shepherding the mutations required for these precur-

sor B cells to evolve into bnAbs. This is because strain-specific

variable residues shield the CD4 binding site, making the exposed

conserved target smaller than typical BCR footprints.34 For the

stem epitope of influenza, the shepherding step may not be as

important because the conserved region is large.82 However,

the steric hindrance for B cells to bind to this target is also a critical

consideration for an effective immunogendesign.83 Thus, an inter-

esting future direction may be to study how the design principles

outlined by our study can be incorporated with other design con-

straints specific to various targets of bnAbs.

Limitations of the study
We used a coarse-grained representation of the immune

response to limit the number of uncertain parameters in the

model and derive key mechanistic insights. For example, we

used a simplified mathematical representation of selection by

helper T cells, which allowed us to highlight the importance of

the stringency of selection and shed light on this issue. However,

while our model of antigen capture and T cell help explains the

experimental observations, we have not directly proven the sug-

gested mechanism. Further experiments based on our findings

will be necessary to provide definitive proof.
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METHOD DETAILS

Affinity maturation simulation algorithm
As described in the main text, we simulate in-silico germinal centers in which B cells capture antigen and then compete for help by

T cells in each cycle, for 28 cycles. The stochastic GC simulation is repeated 1,000 times. We keep track of the following quantities:

the number of GC B cells that target each epitope (rsH3, rsH4, or rsH14 off-target B cells or RBS-directed B cells), the binding

affinities of the GC B cells, the mutations that are carried by the RBS-directed B cells, and the probabilities of positive selection

of RBS-directed B cells at each round. For reporting the RBS-directed B cell fractions (see Figure 4), all B cells from the 1,000

GCs are first pooled together, and then the fraction is calculated.

The amounts and types of antigens captured by the B cells are determined by simulating the immunological synapse between the

B cell and the FDC. BCRs first cluster with antigens, then internalize them by applying force (see sections model development and

Antigen capture depends on immunogen design and cross-reactivity of B cells in the main text). Then, the probability of positive se-

lection by T cells is determined based on the amount and diversity of the antigens captured by the B cell, relative to other competing

B cells (see Equation 9 and the associated description in the main text). We provide further detail and analyses of these steps below.

Simulation of antigen capture
The immunological synapse is modeled as a circle of radius 0.5 mm divided up into lattice points with an interval of 10 nm that can be

occupied by the antigens and BCRs. No two homotypic molecules are allowed on the same lattice site, but a BCR and an antigen

molecule can occupy the same site. To begin the simulation, 120 BCRs and 120 antigen molecules are randomly distributed on the

lattice sites. During the clustering phase, BCR and antigenmolecules diffuse freely. In each time step, eachmolecule randomly choo-

ses one of the four neighboring sites, then moves to it with the probability of,

pmove =
4DDt

l2
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where D = 53104 nm2s� 1 is the diffusion constant for both antigen and BCR50 and l = 10 nm is the lattice size. For clusters of BCRs

and antigens, only those containing up to 3 molecules are allowed to diffuse and the diffusion coefficient is reduced to D=MwhereM

is the number of molecules in a cluster.84 The move is completed if the new sites are not blocked for the diffusing molecules. If any of

the new sites are already occupied or are outside the boundary of the immunological synapse, the move is not accepted and the

simulation continues to the next step.

When the distancebetweenaBCRandan antigenmolecule is either 0 or 1 lattice site, they can formabond, as described in themain

text.When several free epitopes on the antigenmolecules are recognized by theBCR, one is randomly chosenuponbinding. The sizes

of clusters stabilize within a few seconds of simulation time (data not shown), so we simulate the clustering phase for 10 seconds.

When the extraction phase begins, BCRs and any antigen molecules bound to them stop diffusing, but free antigen molecules still

diffuse. A pulling force is applied to each BCR, which affects the antigen extraction as described in the main text (see Equations 6–8).

The simulation terminates once all BCRs are internalized, and the number and types of internalized antigenmolecules are calculated.

The simulation of antigen capture is computationally intensive, so repeating it for thousands of B cells for each round of affinity

maturation is impractical. Therefore, we first run the antigen capture simulations to determine the mapping between the binding af-

finities of a B cell and the amount of antigen it captures, then use this mapping to quickly determine how much antigen each B cell

captures during the affinity maturation simulations. To obtain the mapping for a strain-specific B cell, we run 30 independent simu-

lations of antigen capture for each value of binding affinity between � 13:8 and � 20:8 kBT with an interval of 0.5 kBT. The mean

amount of antigen captured is determined at each point. This affinity range covers the limits of B cell affinities relevant in our affinity

maturation simulation. The amount of antigen captured by aB cell is determined from standard linear interpolation using the two near-

est points to its binding affinity. For the RBS-directed B cells, we run the antigen capture simulations for a set of grid points on a three-

dimensional grid, where each axis corresponds to the binding affinity towards one rsHA component, ranging between� 13:8 and�
20:8 kBT with an interval of 0.5 kBT. The amount of antigen captured by a given B cell is obtained from a standard trilinear interpolation

using the eight nearest points.

Selection by T cells
The main text describes how the probability of positive selection by T cells depends on both the amount and the diversity of the

captured antigens (see Equation 9). Here, we provide a mathematical analysis of why immunization with the cocktail antigen favors

cross-reactive B cells in the early GC when T cell help is permissive, but not when it is stringent (see Figure 4).

The low-affinity RBS-directed B cell precursor and off-target B cells capture similar amounts of total antigen. For simplicity, let us

assume that the amounts of antigen captured are equal. That is,A1 +A2 +A3 = A1;off whereA1;A2;A3 > 0 are the amounts of the three

variants captured by an RBS-directed B cell, andA1;off is the amount captured by an off-target B cell that, without loss of generality, is

assumed to target only the first variant.

Equation 9 is a monotonically increasing function of the numerator
P
k

�
Tk

NB;k

�
,
�

Aki

CAk D

�x
. Therefore, to understand how the positive se-

lection probability of the RBS-directed B cell compares with that of the off-target B cell, we will compare qRBS, defined asP
k

�
Tk

NB;k

�
,
�

Aki

CAk D

�x
and qoff , defined as

�
T1

NB;1

��
A1;off

CA1D

�x
.

In ourmodel, we assume that equal numbers of T cells target the epitopes from each of the three rsHA variants. That is, T1 = T2 =

T3. Also, each off-target B cell is randomly assigned the target variant with equal probability. Since there is a relatively large number of

founder B cells (99 off-target B cells), we can approximate that the number of B cells that capture each variant are equal, i.e. NB;1 =

NB;2 = NB;3.

Also, the mean amount of antigen k internalized by B cells that recognize antigen k, CAkD, is equal for all k at the beginning of the GC

because all B cells have the same affinity. Since GCs contain thousands of B cells, this equality also holds well due to symmetry even

when B cells begin to mutate, at least in early GCs. Taken together, the following equality holds.

qRBS

qoff

=

�
T1
NB;1

��
A1

CA1D

�x

+
�

T2
NB;2

��
A2

CA2D

�x

+
�

T3
NB;3

��
A3

CA3D

�x

�
T1
NB;1

��
A1;off

CA1D

�x =
Ax

1 +Ax
2 +Ax

3

Ax
1;off

=
Ax

1 +Ax
2 +Ax

3

ðA1 +A2 +A3Þx

To show that the RBS-directed B cells are favored for positive selection when T cell help is permissive, we will prove the following

inequality:

Ax
1 + Ax

2 +Ax
3 > ðA1 +A2 +A3Þxif 0 < x < 1

Consider the function fða1; a2; a3Þ = ax1 + ax2 + ax3 � ða1 + a2 + a3Þx defined for positive real numbers a1;a2;a3. The partial derivatives

are always positive if 0< x < 1:

vf

vai
= xax� 1

i � xða1 + a2 + a3Þx� 1 > 0 for i = 1; 2;3

because ai < a1 + a2 + a3 and x � 1< 0.
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Assume that there existsA1;A2;A3 > 0 such that fðA1;A2;A3Þ = s%0. Then, for any a1; a2; a3 such that a1 ˛ ð0;A1Þ;a2 ˛ ð0;A2Þ;a3 ˛
ð0;A3Þ, the following inequality must be true:

fða1; a2; a3Þ < fðA1;A2;A3Þ = s%0

However, f is a continuous function and lim
a1/0;a2/0;a3/0

fða1;a2;a3Þ = 0. Therefore, there must exist d> 0 such that

jfða1; a2; a3Þ � 0j < jsj for all a1; a2; a3 ˛ ð0; dÞ
which is contradictory.

Therefore, qRBS > qoff when x < 1, and by simple extension, pmaxqRBS

1+qRBS
> pmaxqoff

1+qoff
. That is, despite capturing the same amount of antigen,

the RBS-directed B cell has a higher probability of positive selection because of capturing diverse T cell epitopes. By similar analysis,

it can be shown that when x > 1 the opposite is true, and the RBS-directed B cells have a lower probability of positive selection.

T cell epitope prediction and comparison
T cell epitopes in the rsH3, rsH4, and rsH14 antigens (Figure 3) as well as in the rabbit serum albumin and human serum albumin

(Figure S2) are predicted with IEDB MHCII binding prediction tool. For the comparison of rabbit serum albumin and human serum

albumin, we excluded the peptides whose 9-mer core sequences were also found in mouse serum albumin, since such peptides

would not be immunogenic in mice.64 The following settings are used: Prediction Method – IEDB recommended 2.22; Select spe-

cies/locus – mouse, H-2-I; Select MHC allele – H2-I-Ab; Select length – 15. The predicted peptides are sorted by the percentile

rank given by the IEDB tool, and the peptides in the top 20 percentile are chosen for the pairwise comparisons of the epitopes in

different variants. This value corresponds to roughly �3000 nM predicted half-maximal inhibitory concentration (IC50) value. We

choose this cutoff to be comprehensive because most immunogenic MHC II T cell epitopes have an IC50 value under

1,000 nM.85 The 9-mer cores associated with the peptides, predicted by the smm_align method, are then used for the pairwise

comparisons.

QUANTIFICATION AND STATISTICAL ANALYSIS

The stochastic GC simulation was repeated 1,000 times for each parameter tested, with unique seeds for the random number gener-

ator in MATLAB. For reporting the RBS-directed B cell fractions, all B cells from the 1,000 GCs were first pooled together, and then

the fraction was calculated (see Figure 4 legend). The stochastic antigen capture simulation was repeated 30 times for each param-

eter tested, and the mean value of the antigen captured was reported (see Figure 2B legend).
16 Cell Reports 42, 112160, March 28, 2023
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