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SUMMARY 21 

Immunogens that elicit broadly neutralizing antibodies targeting the conserved receptor-binding site 22 

(RBS) on influenza hemagglutinin (HA) may serve as a universal influenza vaccine candidate. Here, we 23 

developed a computational model to interrogate antibody evolution by affinity maturation after 24 

immunization with two types of immunogens: a chimeric heterotrimeric ‘HAtCh’ antigen that is enriched 25 

for the RBS epitope relative to other B cell epitopes, and a cocktail composed of three non-epitope-26 

enriched homotrimeric antigens that comprise the HAtCh. Experiments in mice (Caradonna et al.) find 27 

that the chimeric antigen outperforms the cocktail for eliciting RBS-directed antibodies. We show that 28 

this result follows from an interplay between how B cells engage these antigens and interact with diverse 29 

T helper cells, and requires T cell-mediated selection of germinal center B cells to be a stringent 30 

constraint. Our results shed new light on antibody evolution, and highlight how immunogen design and T 31 

cells modulate vaccination outcomes.   32 
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INTRODUCTION 33 

 34 

The mutability of viruses like human immune deficiency virus (HIV) and influenza poses a major public 35 

health challenge. No effective vaccine is available for HIV, and seasonal variation of influenza requires 36 

annual vaccine reformulation. Additionally, the severe acute respiratory syndrome coronavirus 2 (SARS-37 

CoV-2) is rapidly evolving variants that reduce the efficacy of current vaccines, thus raising the 38 

possibility that booster shots may be required periodically (Cao et al., 2021; Zhou et al., 2021). 39 

Developing vaccines that can induce broadly neutralizing antibodies (bnAbs) against highly mutable 40 

pathogens could address these challenges. BnAbs can neutralize diverse mutant strains by targeting 41 

relatively conserved regions on viral surface-exposed proteins. Although bnAbs for both HIV (Burton et 42 

al., 1994; Hraber et al., 2014; Simek et al., 2009) and influenza (Corti et al., 2010; Whittle et al., 2011; 43 

Wrammert et al., 2011) have been identified, their natural development is typically rare and delayed 44 

(Stamatatos et al., 2009; Sui et al., 2011). Therefore, significant efforts are devoted to designing novel 45 

immunogens (Jardine et al., 2015; Kanekiyo et al., 2019; Steichen et al., 2019) or vaccination regimens 46 

(Escolano et al., 2016; Torrents de la Peña et al., 2018) that may elicit bnAbs with the ultimate goal of 47 

creating so-called “universal” vaccines. The complexity of this challenge has also motivated several 48 

theoretical and computational studies focused on the mechanisms underlying bnAb evolution (De Boer 49 

and Perelson, 2017; Childs et al., 2015; Ganti and Chakraborty, 2021; Luo and Perelson, 2015; Meyer-50 

Hermann, 2019; Murugan et al., 2018; Nourmohammad et al., 2016; Sachdeva et al., 2020; Shaffer et al., 51 

2016; Sprenger et al., 2020; Wang et al., 2015). 52 

 53 

Upon natural infection or vaccination, antibodies are elicited through a Darwinian evolutionary process 54 

called affinity maturation (Victora and Nussenzweig, 2012). Naive B cells that express a B cell receptor 55 

(BCR) with sufficiently high affinity for antigen (e.g., viral protein) can seed germinal centers (GCs). GC 56 

B cells multiply and diversify their BCRs through somatic hypermutation, and subsequently interact with 57 

the antigen presented on follicular dendritic cells (FDCs). GC B cells internalize varying amounts of 58 

antigen based on the binding affinity of their BCRs to the cognate antigen and then display peptides 59 

derived from the antigen complexed with class II MHC molecules (pMHC complexes) on their surface 60 

(Nowosad et al., 2016). These B cells compete to interact with T helper cells. Productive interactions 61 

result in positive selection that leads to proliferation and mutation, while failure to obtain sufficient help 62 

signal triggers B cell apoptosis. Many rounds of mutation and selection ensue, resulting in a progressive 63 
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increase in B cell binding affinity; some B cells differentiate into memory B cells and plasma cells that 64 

produce antibodies (Victora et al., 2010). 65 

 66 

BnAb evolution is rare upon natural infection for at least two reasons. First, the overall germline 67 

precursor frequency of B cells that target conserved epitopes is relatively rare (Jardine et al., 2016). 68 

Furthermore, many germline B cells that target highly variable regions on the antigen can co-seed GCs, 69 

and can ultimately out-compete rare bnAb precursors during affinity maturation (Pantophlet et al., 2003). 70 

Second, the bnAb precursors may acquire “specializing” mutations and lose their breadth of coverage 71 

during affinity maturation (Schmidt et al., 2015a; Wang et al., 2015; Wu et al., 2017). Specialization of 72 

bnAbs can occur if the BCR binding footprint is larger than the conserved region on the antigen epitope, 73 

which is true for both HIV and influenza RBS. In this case, the BCR can develop strong interactions not 74 

with the conserved residues but with the variable residues immediately surrounding them. Therefore, an 75 

engineered immunogen that can selectively enrich RBS-directed precursors and also guide them to 76 

acquire mutations that promote neutralization breadth is necessary for eliciting bnAbs. 77 

 78 

Here, we develop a computational model to study the mechanisms that influence the evolution of RBS-79 

directed influenza bnAbs during affinity maturation. Toward this goal, we study the relative efficacy of 80 

RBS-directed B cell evolution upon vaccination with two different types of antigens designed by 81 

Caradonna et al. (Caradonna et al., 2022). Both immunogens are “resurfaced” hemagglutinin (rsHA) 82 

antigens, where the RBS epitope of H1 A/Solomon Islands/03/2006 (H1 SI-06) is grafted onto 83 

antigenically distinct H3, H4, and H14 HA head scaffolds (Bajic et al., 2020) (Fig. 1A). The first class of 84 

immunogen is an HA trimeric chimera or ‘HAtCh’, a cystine-stabilized rsH3-rsH4-rsH14 heterotrimer 85 

each presenting the same H1 SI-06 RBS epitope; due to the antigenic distance between the H3, H4, and 86 

H14 scaffolds, the RBS epitope is enriched relative to all other epitopes. The second class is a cocktail of 87 

non-epitope-enriched homotrimers of each rsHA; this cocktail contains the same rsHA monomers as the 88 

HAtCh but arranged in a set of homotrimers rather than a single heterotrimer.  89 

 90 

Caradonna et al. report that immunization with the chimeric and cocktail immunogens in mice both elicit 91 

cross-reactive RBS-directed B cells, but the chimeric antigen qualitatively outperforms the cocktail. Our 92 

computational results reveal the mechanism underlying this result. By studying these new complex 93 
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antigens, we show how the outcome of GC processes is determined by the interplay of multiple factors: 94 

how B cells engage with these immunogens and internalize antigen, the diversity of T helper cells that GC 95 

B cells can interact with, and the stringency of T helper cell-mediated selection. We find that upon 96 

immunization with a cocktail of homotrimers, only the bnAb precursors can interact with T cells of 97 

diverse specificities, while the strain specific B cells must rely on a restricted set of helper T cells. In 98 

contrast, upon immunization with the chimeric heterotrimer, both bnAb precursors and strain specific B 99 

cells can interact with T cells of diverse specificities. So, intuition may lead us to the conclusion that 100 

immunization with the cocktail of homotrimers should perform better than the chimeric heterotrimer at 101 

promoting bnAb evolution. The experiments show that the opposite is true. This is because, upon 102 

immunization with the chimeric antigen, the bnAb precursors internalize far more antigen than the strain-103 

specific B cells, while these two types of B cells internalize similar amounts of antigen upon 104 

immunization with a cocktail of homotrimers. We show that the chimeric antigen performs better as a 105 

result of more effective antigen internalization coupled with helper T cells stringently discriminating 106 

between B cells based on the amount of pMHC displayed. 107 

 108 

Our results also help resolve a controversy in the literature. Gitlin et al. showed that T cell help is a 109 

stringent constraint on the selection of GC B cells (Gitlin et al., 2014), while another study suggested that 110 

this was not so (Yeh et al., 2018). Our finding that T cell help must be a stringent constraint on B cell 111 

evolution in the GC helps resolve this debate. Taken together, our study, and that of Caradonna et al., 112 

highlight the importance of immunogen design and T helper cells in determining vaccination outcomes 113 

and suggest that modulating these effects is necessary to elicit RBS-directed influenza bnAbs.   114 

 115 

RESULTS 116 

 117 

Model development 118 

 119 

Seeding the germinal center 120 
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We simulate GC reactions induced by either the cocktail of three homotrimeric rsHA antigens or the 121 

corresponding epitope-enriched heterotrimeric chimera, ‘HAtCh’ immunogen, described above and in the 122 

companion paper (Caradonna et al., 2022). Because off-target germline B cells outnumber the RBS-123 

directed bnAb precursors (Kuraoka et al., 2016; Schmidt et al., 2015a), we seed each GC with 99 strain-124 

specific off-target B cells and 1 RBS-directed bnAb precursor, making the total founder number 125 

representative of GCs in mice (Tas et al., 2016). Since the three HA scaffolds are antigenically distinct, an 126 

off-target B cell can recognize only one component, which is randomly designated at the beginning of the 127 

simulation; mutations change the affinity towards this component. An RBS-directed precursor can target 128 

all three components. The initial free energy of binding (or affinity) is set to be Ea for the target 129 

component for strain-specific B cells. For simplicity, the RBS-directed precursors are assumed to initially 130 

bind all three components with affinity, Ea, but as affinity maturation progresses the affinity of an RBS-131 

directed B cell for the three components can become different and even be below the recognition 132 

threshold for some components. The amounts of antigen captured by the RBS-directed B cells are 133 

determined by all three binding affinities. The absolute value of Ea does not affect the results because all 134 

other free energies are scaled to this reference. We choose Ea = -13.8 kBT, where kB is the Boltzmann 135 

constant and T is the temperature (~300 K), because it corresponds to a dissociation coefficient, Kd, of 1 136 

µM, which is approximately the threshold for naive B cell activation (Batista and Neuberger, 1998). 137 

 138 

Selection, proliferation, and mutation 139 

To model the GC dynamics in mice, founder B cells divide four times without mutation, and then, the 140 

competitive phase of affinity maturation lasts for 28 cycles, or ~14 days (Meyer-Hermann et al., 2012; 141 

Victora et al., 2010). Each cycle, B cells that fail positive selection are subsequently removed from the 142 

GC via apoptosis. Additionally, ~10 % of positively selected B cells stochastically differentiate into 143 

memory and plasma cells, and exit the GC; the remaining GC B cells proliferate and further mutate. 144 

 145 

A positively selected B cell divides twice and one daughter cell can mutate in each division. A mutation is 146 

either fatal, silent, or affinity-changing with probabilities of 0.3, 0.5 and 0.2, respectively (Zhang and 147 

Shakhnovich, 2010). The PINT database (Kumar and Gromiha, 2006) shows that affinity changes of 148 

protein-protein interfaces upon mutations are more likely to decrease than to increase the binding affinity. 149 

We describe this data using a shifted log-normal distribution with parameters chosen so that about 5% of 150 
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the mutations are beneficial (Sprenger et al., 2020; Wang et al., 2015); for an off-target B cell, i, the free 151 

energy change due to mutation is given by:  152 

 153 

Δ�� � ����� � � 

 
(1) 

where Y is a standard normal random variable, and µ, σ, and δ are constants fitted to the empirical 154 

distribution (Kumar and Gromiha, 2006). 155 

 156 

For RBS-directed B cells, a mutation alters affinities for the individual HA components differently. To 157 

model this, we draw three random numbers [y1, y2, y3], one for each component, from a multivariate 158 

Gaussian distribution with the mean of zero and the covariance matrix of Λ defined as follows: 159 

 160 

Λ � �1 
 

 1 

 
 1� 

 

(2) 

The correlation, ρ, reflects the difference between the antigens and is chosen to be 0.7; we have also 161 

carried out calculations with ρ = 0.4. For a given bnAb precursor, i, each sampled number, yj, 162 

corresponding to the HA component, j, is then converted to the free energy change due to mutation, ΔEij, 163 

for this variant using Eq. 1 as follows:  164 

  165 

Δ��� � ������ � � 

 
(3) 

The distribution of free energy changes towards any one component after a mutation is equivalent to that 166 

of a strain-specific B cell mutation. 167 

 168 
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Antigen Capture by B Cells 169 

A cross-reactive RBS-directed B cell can bind to a single HAtCh heterotrimer with up to three BCRs, but 170 

an off-target B cell can bind a single heterotrimer with, at most, one BCR (Fig. 1A). For the cocktail of 171 

homotrimers, both an off-target B cell and an RBS-directed B cell can engage a single cognate antigen 172 

trimer with multiple BCRs; however, a strain-specific B cell can only recognize a third of the antigen 173 

molecules, while a cross-reactive B cell can recognize all the antigen molecules (Fig 1A).  174 

 175 

GC B cells extract antigens from the surfaces of FDCs using mechanical pulling forces (Nakanski et al., 176 

2013; Nowosad et al., 2016). The B cell synapse interacting with a FDC is modeled as a 2-dimensional 177 

circle divided into lattice points occupied by antigen molecules and BCRs (Fleire et al., 2006a; Tsourkas 178 

et al., 2007). BCRs and antigen molecules are initially randomly distributed on the lattice. The lattice 179 

spacing is 10 nm, which is of the same order as the collision radius of BCR and ligand (Fleire et al., 180 

2006a). During the clustering phase, BCR and antigen molecules diffuse freely and attempt to bind when 181 

they are within one lattice point (see STAR METHODS for details). The probability of success is: 182 

 183 

��	 � 1 � e
���∆
 · ���� � ��� 
 

(4) 

where the Iverson bracket sets the minimum affinity required for binding to be Ea, which is equal to the 184 

initial precursor affinity, and 185 

 186 

��	 � ��	� ������� 

 
(1) 

represents the steric factor. This factor is determined by narm, the number of free BCR arms (between 0 187 

and 2), nep, the number of free cognate BCR epitopes on the antigen (between 0 and 3), and the basal rate 188 

��	� = 10 s-1. With Δt = 5 × 10-4 s, which is the characteristic time scale of diffusion over the lattice, this 189 

basal rate results in the successful binding probability of pon = 5 × 10-3. This number approximately 190 

accounts for the entropic penalty of aligning two molecules. 191 
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 192 

An established BCR-antigen bond (labeled, i below) breaks with probability, 193 

 194 

��
��� � 1 � e
�����∆
  

 

(6) 

Where ��
���  is its off-rate. Assuming the activation barrier for bond formation is negligible compared to 195 

the binding free energy, the off-rate is related to binding free energy by: 196 

 197 

��
��� � ��

���  ����/��� . 

 

(7) 

where ��
���  = 106 s-1 (Batista and Neuberger, 1998), and Eij is the binding free energy of BCR, i, for 198 

antigen, j .  199 

 200 

Our simulations result in the formation of antigen-BCR clusters, followed by antigen internalization 201 

through mechanical pulling. We assume that antigen molecules are tethered to the FDC membrane with a 202 

binding free energy of -19 kBT, which makes antigen capture most sensitive to affinity change in Kd of 1 – 203 

0.01 μM range, but affinity ceiling is reached when Kd < 1 nM (Batista and Neuberger, 1998). A pulling 204 

force of 8 pN is applied to each BCR (Nowosad et al., 2016), which is transferred to the antigen-BCR 205 

bonds and the FDC-antigen bonds (Amitai et al., 2018). If a BCR is bound to 2 antigen molecules, the 206 

force is divided equally by the two arms of the BCR. For a given antigen molecule, the force applied to its 207 

FDC-antigen bond is the sum of forces applied by all the BCR arms bound to it. The off-rates of both 208 

FDC-antigen and antigen-BCR bonds increase with applied force (Bell, 1978): 209 

��
��� � ���� � exp �������� 

 

(8) 
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where ��
���  is the off-rate under force, F is the force and xb is the bond length, taken to be 1 nm (Erdmann 210 

and Schwarz, 2004). When an antigen-BCR bond breaks, the BCR goes into a refractory state, which 211 

prevents instant rebinding with the same antigen (Erdmann and Schwarz, 2004). The duration is taken to 212 

be 0.1 s, which is much greater than the antigen diffusion timescale l2/4D = 5 × 10-4 s. At the end of each 213 

time step, any BCR or BCR-antigen cluster that is not connected to the FDC is internalized. 214 

 215 

Antigen capture depends on antigen design and cross-reactivity of B cells 216 

 217 

Fig. 1B shows the total amount of antigen captured as a function of BCR binding affinity for cross-218 

reactive and strain-specific B cells for the cocktail and chimeric antigens. Notably, neither immunogen 219 

design is better at conferring an advantage to RBS-directed B cells in capturing antigens across the entire 220 

affinity range. At low affinity, representative of the early GC, the advantage of cross-reactive B cells over 221 

strain-specific B cells is greater for the chimeric antigen while at high affinity, the opposite is true.  222 

 223 

At low affinity, antigen availability is not limiting, and the amount of antigen captured is largely 224 

determined by the forces imposed on the FDC-antigen bonds by the BCRs bound to the antigen 225 

molecules. Multiple off-target BCRs can engage a homotrimeric antigen in the cocktail, but not the 226 

chimeric antigen (Fig. 1A). Therefore, the forces on the FDC-antigen bonds are typically higher for the 227 

homotrimeric antigen bound by strain-specific B cells compared to the chimeric antigen bound by such 228 

cells. This point is illustrated quantitatively using results from our simulations. At the low B cell affinity 229 

of -14.8 kBT, successful extraction of homotrimers in the cocktail frequently results from high forces on 230 

FDC-antigen bonds (Fig. 1C), enabled by clustering of antigens and BCRs (Fig. S1). The maximum 231 

possible force of 24 pN is realized when three BCRs are bound to one antigen, each contributing 8 pN of 232 

force. Using Eq. 8, the off-rate for the FDC-antigen bond increases by ~300-fold if an antigen is bound by 233 

three BCRs. For the strain-specific B cells capturing chimeric antigen, however, the force on the FDC-234 

antigen bond is always equal to the force on a single antigen-BCR bond because only one BCR can bind 235 

to an antigen. Depending upon whether one or both arms of the BCR are bound to an antigen, this force is 236 

either 8 pN or 4 pN, respectively. So, the increase in off-rate is relatively modest compared to when 237 

strain-specific B cells engage the homotrimeric antigen. This is why strain-specific B cells internalize 238 

more of the homotrimeric antigen than the chimeric antigen when antigen-BCR binding affinity is low. 239 
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For both types of antigens, cross-reactive RBS-directed B cells can bind an antigen molecule with 240 

multiple BCRs. So, at low affinity, these cells capture a larger amount of antigen relative to strain-specific 241 

B cells for the chimeric antigen and a similar amount of antigen for the cocktail (Fig. 1B).  242 

 243 

For high BCR affinity, the cross-reactive B cells capture more antigen than the strain-specific B cells do  244 

when interacting with the cocktail of homotrimers (Fig. 1B). Beyond a certain affinity, the amount of 245 

antigen captured plateaus for the cocktail; this plateau corresponds to the B cell binding affinity 246 

approaching the FDC-antigen bond energy of -19 kBT. As a result, B cells capture most of the cognate 247 

antigens they encounter (Fig. 1B). Consequently, antigen availability becomes a limiting factor: cross-248 

reactive B cells are favored because they can bind all antigens while strain-specific B cells only recognize 249 

about a third of the antigen molecules presented as a homotrimeric cocktail. For the chimeric antigen, at 250 

very high affinity, all antigen molecules can be internalized successfully even with monomeric bonds, so 251 

the advantage of cross-reactive B cells is small. 252 

 253 

RBS-directed B cells evolve more readily upon immunization with chimeric antigen if T cell help is 254 

a stringent constraint for positive selection of GC B cells 255 

After antigen capture, B cells compete for positive selection by helper T cells by presenting the T cell 256 

epitopes that are derived from the internalized antigen. The homotrimeric cocktail allows only cross-257 

reactive B cells to capture diverse rsHA components, while the chimeric design allows both cross-reactive 258 

and strain-specific B cells to internalize all three components (Fig. 1A). If the T cell epitopes contained in 259 

each rsHA variant are distinct sets, then upon immunization with a cocktail, only the cross-reactive B 260 

cells can interact with diverse T cells (Fig. 2A). This is because each T cell is specific for its epitope, and 261 

a single mutation within a TCR epitope or flanking sites can abrogate recognition (Birnbaum et al., 2014; 262 

Carson et al., 1997; Huseby et al., 2005, 2006).  263 

 264 

The rsHA components use antigenically distinct scaffolds derived from different subtypes, which results 265 

in the antigenic distances between the overall proteins (except for the RBS epitope) to be very large. The 266 

sequence homology between the rsHA components are 58.4% (rsH3-rsH4), 60.5% (rsH3-rsH14), and 267 

72.5% (rsH4-rsH14). The large antigenic distance between the scaffolds raises the possibility that the 268 

components in the cocktail carry distinct T cell epitopes.  269 
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 270 

We used the Immune Epitope Database and Analysis Resource (IEDB) MHCII binding prediction tool to 271 

analyze the predicted T cell epitopes in the H3, H4, and H14 rsHA antigens (Table S1) (Jensen et al., 272 

2018; Nielsen and Lund, 2009; Nielsen et al., 2007; Wang et al., 2008, 2010). Mice immunized with the 273 

cocktail or chimeric antigens were mixed 129/Sv and C57BL/6 mice. Therefore, we used the I-Ab MHC 274 

allele to ask whether the T cell epitopes contained in the three HA components were distinct. None of the 275 

predicted 15-mer peptides that ranked in the top 20 percentile against randomly generated peptides were 276 

fully conserved in two different variants. When we relaxed the criteria to just the 9-mer cores, only two 277 

pairs were conserved in two different variants (Fig. 2B). We further focused on the identity of just P2, 5, 278 

7, and 8 of the cores, which are the most likely TCR-contacting residues for the I-Ab haplotype (Nelson et 279 

al., 2015). Still, only five pairs were conserved in all pairwise comparisons (Fig. 2C). B cells that capture 280 

rabbit serum albumin and human serum albumin (76% sequence homology) do not compete with each 281 

other due to mutations in T cell epitopes in mice with I-Ab haplotype (Woodruff et al., 2018). For this 282 

rabbit and human serum albumin, we found 3 pairs of conserved 9-mer cores and 3 pairs of conserved 283 

peptides 2, 5, 7, and 8 in both proteins, which is comparable to the resurfaced HA components (Fig. S2). 284 

Therefore, we conclude that the components of the cocktail likely contain distinct T cell epitopes. We 285 

account for this feature in our simulations by keeping track of which antigen a B cell internalizes and 286 

partitioning T helper cells into three distinct groups based on their specificity for epitopes derived from 287 

each of the HA variants. The number of T cells in each group is the same. 288 

 289 

T cells make numerous short contacts with diverse B cells (Allen et al., 2007). For each contact, there is a 290 

small chance of it being a productive encounter, which increases with the amount of peptide presented 291 

(Shulman et al., 2014). It is conjectured that positive selection likely requires several productive 292 

encounters (Dustin, 2014). Therefore, the amount of help a B cell receives will increase with the number 293 

of encounters with cognate T cells, which is determined by the types of pMHC it presents, the number of 294 

cognate T cells, and the number of competing B cells. Therefore, we represent the probability of positive 295 

selection of a B cell i as follows: 296 

 297 
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 299 

where Aki is the amount of the HA component k internalized by the B cell i; 〈Ak〉 is the mean amount of 300 

HA component k internalized by the B cells that recognize this component; NB,k is the number of such B 301 

cells; and Tk is the number of T cells that target the epitopes from the HA component k, which we assume 302 

to be equal for all variants. The maximum probability of selection, Pmax, accounts for the fact that GC B 303 

cells are inherently apoptotic irrespective of BCR affinity (Mayer et al., 2017). We can consider Pmax to be 304 

the chance of avoiding the default fate of apoptosis: 1 – Papoptosis. We chose Pmax = 0.6 as it results in good 305 

correspondence between the timescales predicted by our model and experiments (Caradonna et al., 2022); 306 

other values were also tested, and the qualitative result does not change. 307 

An important feature of the model is the exponent x; larger values of it imply T cell help more stringently 308 

depends on the amount of pMHC presented. If x is less than 1, small differences (e.g., 2-fold) in pMHC 309 

displayed on two B cells would have a relatively small effect on selection outcome, whereas if x is greater 310 

than 1, such small differences would likely lead to the selection of the B cell that displays more antigen. 311 

 312 

Fig. 3A shows predictions of our model upon immunization with the chimeric and cocktail immunogens 313 

for the temporal evolution of the fraction of GC B cells that evolve from RBS-directed bnAb precursors; 314 

i.e., B cells that have acquired higher binding affinities than the precursors. A striking feature of these 315 

results is that, for immunization with the chimeric immunogen, the evolution of RBS-directed B cells 316 

becomes increasingly more efficient as T cell selection becomes more stringent (larger values of x); but 317 

for immunization with a cocktail of antigens, the opposite is true. Fig. 3B graphs a related quantity, the 318 

fraction of RBS-directed B cell mutants that can recognize at least two of the three HA components in the 319 

immunogens (“scaffold-independent”). A low value indicates that RBS-directed B cells tend to specialize 320 

to only one component. Our model predicts that cross-reactive mutants evolve more readily upon 321 

immunization with the cocktail when T cell help is permissive, but with the chimera when T cell help is 322 

stringent (Fig. 3B). The cocktail improves in selecting cross-reactive B cells in late GC if T cell help is 323 

stringent (Fig. 3B), but by day 14 only a small fraction (12 % for x = 1.5) of the simulated GCs still have 324 

RBS-directed B cells (Fig. S3A). So, our model predicts that cross-reactive RBS-directed B cells will 325 

evolve more readily upon immunization with the chimeric antigen, compared to the cocktail, if T cell help 326 

is a stringent constraint for positive selection of B cells. Fig. S3D and S3E show that this qualitative trend 327 

is not changed when ρ is changed to 0.4 or when pmax is changed to 1. 328 

 329 
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Fig. 3C shows the number of RBS-directed GC B cells that bind to at least two of three components as a 330 

fraction of all HA-binding GC B cells on days 8 and 15 after mice were immunized with the two types of 331 

immunogens (Caradonna et al., 2022). We assume days 8 and 15 post-immunization correspond to days 2 332 

and 9 of GC, since GC initiation typically takes about 6 days (Jacob et al., 1991). While Caradonna et al. 333 

report the value as a fraction of all IgG+ GC B cells, because our model does not consider background GC 334 

B cells that do not bind to any HA, we extract the fraction of RBS-directed B cells among B cells that 335 

bind to HA from the experimental data. The qualitative trends in the data are not affected by the 336 

background B cells. Fig. 3C shows a comparison of our model predictions and experimental data for the 337 

fraction of cross-reactive RBS-directed B cells in the GCs on these days. The model predictions are 338 

obtained by combining the results in Figs. 3A and 3B.  339 

 340 

The experiments show a qualitatively higher frequency of cross-reactive RBS-directed B cells in GCs 341 

both day 8 and day 15 after immunization with the chimeric antigen (also see Cardonna et al, 2021). 342 

These experimental results are consistent with our predictions when T cell help is stringent but not when 343 

it is permissive. The model predicts that, if the T cell help is stringent (x ≥ 1), a higher fraction of GC B 344 

cells will be RBS-directed and cross-reactive after immunization with the chimeric antigen than with the 345 

cocktail (Fig. 3C). For example, if x = 1, 3.8 % of GC B cells are RBS-directed and cross-reactive on day 346 

2 for the chimeric antigen and 1.5 % for the cocktail. On day 9, the numbers are 14 % for the chimera and 347 

5.5 % for the cocktail. In contrast, if T cell help is permissive (x < 1), the cocktail favors the evolution of 348 

cross-reactive B cells. For example, if x = 0.4, 3.1 % of GC B cells are RBS-directed and cross-reactive 349 

on day 2 for the cocktail and 1.7 % for the chimera; the same trend is true at day 9 (39 % for the cocktail 350 

and 7.2 % for the chimera). We emphasize that what is important is not the precise numbers noted above, 351 

but that the qualitative trend of which type of antigen promotes the evolution of RBS-directed cross-352 

reactive antibodies is opposite for stringent versus permissive selection by T helper cells. The model 353 

predictions have the same trend as the experimental data when T cell help is a stringent constraint. 354 

Therefore, we conclude that T cell help stringently depends on pMHC density. We also note that even 355 

under the most stringent selection tested (x = 1.5), stochasticity in evolution allows for clonal 356 

heterogeneities inside individual GCs (Fig. S3B) (Tas et al., 2016) and broad affinity distribution of B 357 

cells both within and across GCs (Fig. S3C) (Kuraoka et al., 2016), consistent with previous findings in 358 

the literature. 359 

 360 
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Mechanism for why T cell selection stringency promotes cross-reactive B cell evolution for the 361 

chimeric immunogen, but not the cocktail 362 

 363 

For the chimeric immunogen, cross-reactive RBS-directed B cells can bind to the antigen multivalently, 364 

while the off-target B cells cannot, and so the former can capture significantly more antigen than the latter 365 

in the early stages of the GC reaction (Fig. 1). Events that occur in the early GC are critically important 366 

for the RBS-directed precursors as they are few in number and could be easily extinguished due to 367 

stochastic effects. Thus, to promote the evolution of RBS-directed B cells, their principal advantage over 368 

off-target B cells (more antigen captured) must be amplified by the selection force. This advantage is 369 

amplified if positive selection by T helper cells discriminates stringently based on the amount of captured 370 

antigen, as this favors the selection of the cross-reactive B cells. Indeed, our simulation results show that 371 

the probability that RBS-directed precursors are positively selected in the early GC grows with the value 372 

of x (Fig. 4A) upon immunization with the chimeric antigen. If bnAb precursors are more readily 373 

positively selected in the early GC, they multiply more and thus have a higher chance of acquiring the 374 

rare mutations that confer breadth. Such an effect of an early advantage affecting future fate has been 375 

observed in evolving asexual populations (Nguyen Ba et al., 2019). Consistent with this expectation, our 376 

simulation results (Fig. 4B) show that upon immunization with the chimeric antigen, mutations that 377 

confer breadth are more easily found in the population if T cell selection stringency is high. The resulting 378 

cross-reactive cells are then selected for and accumulate because they have a large fitness advantage (Fig. 379 

4C, top row). Moreover, although specializing mutations also occur for RBS-directed B cells, they are not 380 

selected for because the incurred loss of cross-reactivity would significantly inhibit antigen capture. The 381 

advantage of cross-reactive mutations over specializing mutations is pronounced for more stringent 382 

selection (Fig. 4C, top row). These reasons promote cross-reactive B cell evolution upon immunization 383 

with the chimeric antigen if T cell selection is a stringent constraint. 384 

 385 

For immunization with the cocktail immunogens, the difference in the amounts of antigen captured by 386 

cross-reactive and strain-specific B cells is small in the early GC when antigen is not limiting (Fig. 1). 387 

Therefore, increasing the stringency of how positive selection probability depends on the amount of 388 

antigen captured will not favor the bnAb precursors. The predominant difference between the cross-389 

reactive and strain-specific B cells in the early GC is that only the former can capture diverse types of 390 

antigens so it can be positively selected by T cells with diverse epitope specificities, while the latter seek 391 
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help from only a part of the repertoire of T helper cells. Cross-reactive B cells are promoted if this 392 

difference helps them during T cell selection. If selection stringency is permissive, each encounter with a 393 

cognate helper T cell will give similar chance of receiving positive selection signals. Cross-reactive B 394 

cells will encounter cognate T cells more frequently by capturing diverse epitopes, and despite the lower 395 

pMHC density of each epitope, the total probability of receiving help will be greater than strain-specific B 396 

cells that capture a similar total amount of antigen. Mathematical analysis of Eq. 9 (STAR Methods) 397 

shows that this is true when x < 1. Consistent with this analysis, our simulation results show that the 398 

selection probability of bnAb precursors in the early GC increases with decreasing x (Fig. 4A). The 399 

enhanced early selection probability allows bnAb precursors to more readily evolve future cross-reactive 400 

mutations (Fig. 4B). The cross-reactive mutants have distinct advantage over strain-specific mutants 401 

when selection is permissive and therefore selectively accumulate, but not when selection is stringent 402 

(Fig. 4C, bottom row). This is because, for less stringent selection, the ability of cross-reactive B cells to 403 

get positively selected by interacting with diverse T cells is amplified. 404 

 405 

 406 

 407 

DISCUSSION 408 

 409 

Eliciting bnAbs is a necessary step towards a universal influenza vaccine that confers protection against 410 

seasonal variants and pandemic-causing novel strains. Most efforts to achieve this goal have focused on 411 

bnAbs that target a conserved region on the HA stem (Amitai et al., 2020; Impagliazzo et al., 2015; 412 

Lingwood et al., 2012; Sagawa et al., 1996). In this paper, we study the evolution of cross-reactive B cells 413 

that target the conserved HA RBS upon immunization with either a heterotrimeric RBS-enriched chimera 414 

or a homotrimeric cocktail of three antigenically distinct rsHAs (Caradonna et al., 2022). 415 

 416 

Toward this end, we developed a computational model of affinity maturation upon vaccination with 417 

chimeric and cocktail immunogens. Our analyses of the pertinent processes and results (Figs. 1-4) provide 418 

new mechanistic insights into the factors that influence antibody repertoire development upon vaccination 419 

with different types of immunogens. We identify two important variables: the valency with which the 420 
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antigen is bound to BCR, and the diversity of antigens captured by B cells. If bnAb precursors engage 421 

antigen multivalently, and strain-specific B cells cannot, as is true for the chimeric antigen (Fig. 1), then 422 

stringent selection of GC B cells by T helper cells promotes cross-reactive B cell evolution (Figs. 3 and 423 

4). If the diversity of antigens captured is the principal difference between bnAb precursors and strain-424 

specific B cells, as is true for the cocktail (Fig. 1, 2), then selection stringency must be permissive to 425 

promote bnAb evolution (Figs. 3 and 4). Because cross-reactive B cells are enriched in mice immunized 426 

with the chimeric immunogen we conclude that positive selection of B cells by T helper cells is a 427 

stringent constraint during GC reactions. Thus, our studies provide fundamental mechanistic insights on 428 

the role of T cell help during affinity maturation (Finney et al., 2018; Kuraoka et al., 2016; Mesin et al., 429 

2016; Tas et al., 2016; Yeh et al., 2018), which will help improve vaccine design. 430 

 431 

Our result suggests that one promising future direction would be to further optimize antigen valency using 432 

nanoparticles and epitope enrichment, to maximize the difference between the antigen capture capabilities 433 

of cross-reactive and strain-specific B cells. Alternatively, our model predicts that if T cell selection is 434 

permissive, a cocktail of antigens with distinct T cell epitopes can be highly effective at eliciting bnAbs. 435 

Is the stringency of T cell selection constant in the GC, or can it be dynamically regulated? There is 436 

evidence that some T follicular helper (Tfh) cells are of higher “quality” than others, that is, they can 437 

maintain a greater GC B cell/Tfh cell ratio (Havenar-daughton et al., 2017; Locci et al., 2013). Is it 438 

possible that the high-quality T cells are less discriminative? Moreover, we may also ask whether 439 

selection stringency can be controlled. Direct modulation of Tfh cell-B cell interaction by upregulating 440 

key surface molecules, such as SAP and SLAM has been suggested to make Tfh cells more potent helpers 441 

(Hu et al., 2013). Can such modifications and T cell depletion affect the T cell help stringency, and thus 442 

outcomes of vaccination using different antigens? Testing these hypotheses using our computational 443 

model and further experiments with designed immunogens will shed new light on basic questions in 444 

immunology and vaccine design. 445 
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FIGURES 466 

 467 

Figure 1. Antigen Capture by B Cells. (A) Schematic of the valency of antigens bound by RBS-directed 468 

and off-target B cells when interacting with either HAtCh or the rsHA cocktail. (B) Amount of antigen 469 

captured as a function of binding affinity. For the RBS-directed B cell, the case when the binding affinity 470 

towards all three variants is equal is shown. The two antigens are equivalent in this case. (C) The forces 471 

on FDC-antigen bonds when either the cocktail or the chimeric antigen is captured by strain-specific off-472 

target B cells of low-affinity (-14.8 kBT). The histogram was constructed from data from 30 simulations. 473 

See also Figure S1. 474 

  475 
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 476 

Figure 2. Selection by T Cells. (A) Schematics showing the differences between how cross-reactive and 477 

strain-specific B cells interact with helper T cells. For the cocktail immunization, only the cross-reactive 478 

RBS-directed B cells present pMHCs derived from multiple rsHA components. For the chimera 479 

immunization, both strain-specific and cross-reactive B cells present pMHCs from all three rsHA 480 

components. (B-C) Pairwise comparison of computationally predicted helper T cell epitopes in the rsHA 481 

antigens. Each axis corresponds to the ranks of the top 20 percentile predicted 15-mer T cell epitopes, 482 

derived from the three rsHA variants. (B) Number of conserved residues in pairwise comparisons 483 

focusing on the 9-mer cores of the peptides. (C) Number of conserved residues in pairwise comparisons 484 

focusing on the P2, P5, P7 and P8 residues of the 9-mer cores of the peptides. See also Table S1, Figure 485 

S2. 486 
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 488 

Figure 3. Model predictions and experimental results for the evolution of cross-reactive B cells 489 

upon immunization with the cocktail or the chimeric antigen. (A) Fraction of GC B cells that are 490 

RBS-directed as a function of time in our simulations. Changing the stringency of T cell selection have 491 

opposite effects for the chimeric and the cocktail antigens. (B) Fraction of RBS-directed B cells that are 492 

cross-reactive to at least two rsHA components. When selection by T cells is permissive (x < 1), the 493 

cocktail favors the evolution of cross-reactive B cells, and the opposite is true for stringent selection (x ≥ 494 

1). (C) Comparison of model predictions for varying levels of T cell selection stringency with the results 495 

of mice immunization experiments at two time points. See also Figure S3. 496 

  497 
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 498 

Figure 4. Mechanism of how T Cell selection stringency affects bnAb evolution. (A) Selection 499 

probability of the RBS-directed precursor at GC initiation as a function of T cell help stringency. (B) 500 

Average number of unique mutations found by RBS-directed B cells that increase affinity towards at least 501 

two variants in the first 5 days of affinity maturation. In panels A and B, the effects of T cell selection 502 

stringency are opposite for cocktail and chimeric immunogens. (C) Positive selection probabilities of 503 

unique RBS-directed B cell mutants in day 5 GCs, simulated under either stringent or permissive T cell 504 

selection conditions. The mutants are classified based on how many variants they can bind (from one to 505 

three). See also Figure S3. 506 

 507 
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 519 

RESOURCE AVAILABILITY 520 

 521 

Lead contact 522 

Further information and requests for resources and reagents should be directed to and will be fulfilled by 523 

the lead contact, Arup Chakraborty (arupc@mit.edu). 524 

Materials availability 525 

This study did not generate new unique reagents. 526 

Data and code availability 527 

• Simulation data have been deposited on Mendeley at doi: 10.17632/2kt95vthcs.1 and are publicly 528 

available. 529 

• All original code has been deposited on Mendeley at doi: 10.17632/2kt95vthcs.1 and are publicly 530 

available. 531 

• Any additional information required to reanalyze the data reported in this paper is 532 

available from the lead contact upon request. 533 

 534 

METHOD DETAILS 535 

 536 

Affinity maturation simulation algorithm 537 
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As described in the main text, we simulate in-silico germinal centers in which B cells capture antigen and 538 

then compete for help by T cells in each cycle, for 28 cycles. The stochastic GC simulation is repeated 539 

1,000 times. We keep track of the following quantities: the number of GC B cells that target each epitope 540 

(rsH3, rsH4, or rsH14 off-target B cells or RBS-directed B cells), the binding affinities of the GC B cells, 541 

the mutations that are carried by the RBS-directed B cells, and the probabilities of positive selection of 542 

RBS-directed B cells at each round. For reporting the RBS-directed B cell fractions (see Figure 3), all B 543 

cells from the 1,000 GCs are first pooled together, and then the fraction is calculated. 544 

The amounts and types of antigens captured by the B cells are determined by simulating the 545 

immunological synapse between the B cell and the FDC. BCRs first cluster with antigens, then internalize 546 

them by applying force (see sections Model Development and Antigen capture depends on antigen 547 

design and cross-reactivity of B cells in the main text). Then, the probability of positive selection by T 548 

cells is determined based on the amount and diversity of the antigens captured by the B cell, relative to 549 

other competing B cells (see Eq. 9 and associated description in the main text). We provide further detail 550 

and analyses of these steps below.  551 

 552 

Simulation of antigen capture 553 

The immunological synapse is modeled as a circle of radius 0.5 µm divided up into lattice points with an 554 

interval of 10 nm that can be occupied by the antigens and BCRs. No two homotypic molecules are 555 

allowed on the same lattice site, but a BCR and an Ag molecule can occupy the same site. To begin the 556 

simulation, 120 BCRs and 120 Ag molecules are randomly distributed on the lattice sites. During the 557 

clustering phase, BCR and Ag molecules diffuse freely. In each time step, each molecule randomly 558 

chooses one of the four neighboring sites, then move to it with the probability of, 559 

���#� � 4"∆$%$  

 

 

where " � 5 � 10% �($)
" is the diffusion constant for both Ag and BCR (Fleire et al., 2006b), and 560 

% � 10 �( is the lattice size. For clusters of BCRs and Ags, only those containing up to 3 molecules are 561 

allowed to diffuse and the diffusion coefficient is reduced to "/+ where + is the number of molecules in 562 

the cluster (Meakin, 1984). The move is completed if the new sites are not blocked for the diffusing 563 
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molecules. If any of the new sites are already occupied or are outside the boundary of the immunological 564 

synapse, the move is not accepted and the simulation continues to the next step.  565 

 566 

When the distance between a BCR and an Ag molecule is either 0 or 1 lattice site, they can bind, as 567 

described in the main text. When several free epitopes on the Ag molecules are cognate for the BCR, one 568 

is randomly chosen upon binding. The sizes of clusters stabilize within a few seconds (data not shown), 569 

so we simulate the clustering phase for 10 seconds.  570 

 571 

When the extraction phase begins, BCRs and any Ag molecules bound to them stop diffusing, but free Ag 572 

molecules still diffuse. A pulling force is applied to each BCR, which affects the antigen extraction as 573 

described in the main text (see Equations 6-8). The simulation terminates once all BCRs are internalized, 574 

and the number and types of internalized Ag molecules are calculated. 575 

 576 

The simulation of antigen capture is computationally intensive, so repeating it for thousands of B cells for 577 

each round of affinity maturation is impractical. Therefore, we first run the antigen capture simulations to 578 

determine the mapping between the binding affinities of a B cell and the amount of antigen it captures, 579 

then use this mapping to quickly determine how much antigen each B cell captures during the affinity 580 

maturation simulations. To obtain the mapping for a strain-specific B cell, we run 30 independent 581 

simulations of antigen capture for each value of binding affinity between �13.8 and �20.8 ��� with an 582 

interval of 0.5 ���. The mean amount of antigen captured is determined at each point. This affinity range 583 

covers the limits of B cell affinities relevant in our affinity maturation simulation. The amount of antigen 584 

captured by a B cell is determined from standard linear interpolation using the two nearest points to its 585 

binding affinity. For the RBS-directed B cells, we run the antigen capture simulations for a set of grid 586 

points on a three-dimensional grid, where each axis corresponds to the binding affinity towards one 587 

variant, ranging between �13.8 and �20.8 ��� with an interval of 0.5 ���. The amount of antigen 588 

captured by a given B cell is obtained from a standard trilinear interpolation using the eight nearest points. 589 

 590 

Selection by T cells 591 
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The main text describes how the probability of positive selection by T cells depends on both the amount 592 

and the diversity of the captured antigens (see Equation 9). Here, we provide a mathematical analysis of 593 

why immunization with the cocktail antigen favors cross-reactive B cells in the early GC when T cell help 594 

is permissive, but not when it is stringent (see Figure 4). 595 

The bnAb precursors and off-target B cells with low affinities capture similar amounts of total antigen. 596 

For simplicity, let us assume that the amounts of antigen captured are equal. That is, 0" 1 0$ 1 0& �597 

0",���  where 0", 0$, 0& 3 0 are the amounts of the three variants captured by an RBS-directed B cell, and 598 

0",���  is the amount captured by an off-target B cell that, without loss of generality, is assumed to target 599 

only the first variant. 600 

Eq. 9 is a monotonically increasing function of the numerator ∑ � ��
(�,�

� · 5 )��
*)�+6�

� . Therefore, to 601 

understand how the positive selection probability of the RBS-directed B cell compares with that of the 602 

off-target B cell, we will compare �,�-, defined as  ∑ � ��
(�,�

� · 5 )��
*)�+6�

�  and ���� , defined as 603 

� ��
(�,�

� 5)�,���
*)�+ 6�

. 604 

 605 

In our model, we assume that equal numbers of T cells target the epitopes from each of the three rsHA 606 

variants. That is, �" � �$ � �&. Also, each off-target B cell is randomly assigned the target variant with 607 

equal probability. Since there is a relatively large number of founder B cells (99 off-target B cells), we 608 

can approximate that the number of B cells that capture each variant are equal, i.e. 7�," � 7�,$ � 7�,&.  609 

 610 

Also, the mean amount of antigen � internalized by B cells that recognize antigen �, 80�9, is equal for all 611 

� at the beginning of the GC because all B cells have the same affinity. Since GCs contain thousands of B 612 

cells, this equality also holds well due to symmetry even when B cells begin to mutate, at least in early 613 

GCs. Taken together, the following equality holds. 614 

�,�-����
� � �"7�,"

� � 0":0";�� 1 � �$7�,$
� � 0$:0$;�� 1 � �&7�,&

� � 0&:0&;��

� �"7�,"
� �0",���:0"; �� � 0"� 1 0$� 1 0&�0",���� � 0"� 1 0$� 1 0&�<0" 1 0$ 1 0&=� 

 615 
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To show that the RBS-directed B cells are favored for positive selection when T cell help is permissive, 616 

we will prove the following inequality: 617 

0"� 1 0$� 1 0&� 3 <0" 1 0$ 1 0&=�      >? 0 @ � @ 1 

Consider the function ?<A", A$, A&= � A"� 1 A$� 1 A&�  - <A" 1 A$ 1 A&=� defined for positive real numbers 618 

A", A$, A&. The partial derivatives are always positive if 0 @ � @ 1: 619 

B?BA�
� �A��
" � �<A" 1 A$ 1 A&=�
" 3 0  ?CD > � 1,2,3 

because A� @ A" 1 A$ 1 A& and � � 1 @ 0. 620 

Assume that there exists 0", 0$, 0& 3 0 such that ?<0", 0$, 0&= � ) � 0. Then, for any A", A$, A& such 621 

that A" E <0, 0"=, A$ E <0, 0$=, A& E <0, 0&=, the following inequality must be true.  622 

?<A", A$ , A&= @ ?<0", 0$, 0&= � ) � 0. 623 

However, ? is a continuous function and lim��.�,��.�,��.� ?<A", A$, A&= � 0. Therefore, there must exist 624 

� 3 0 such that  625 

|?<A", A$, A&= � 0| @ |)|   ?CD A%% A", A$ , A& E <0, �= 

which is contradictory.  626 

Therefore, �,�- 3 ����  when � @ 1, and by simple extension, 
��������

"����� 3 ��������
"����� . That is, despite 627 

capturing the same amount of antigen, the RBS-directed B cell has a higher probability of positive 628 

selection because of capturing diverse T cell epitopes. By similar analysis, it can be shown that when 629 

� 3 1 the opposite is true, and the RBS-directed B cells have a lower probability of positive selection.  630 

 631 

T cell epitope prediction and comparison 632 

T cell epitopes in the rsH3, rsH4, and rsH14 antigens (Figure 2) as well as in the rabbit serum albumin 633 

and human serum albumin (Fig. S2) are predicted with IEDB MHCII binding prediction tool. The 634 

following settings are used: Prediction Method – IEDB recommended 2.22; Select species/locus – mouse, 635 

H-2-I; Select MHC allele – H2-I-Ab; Select length – 15. The predicted peptides are sorted by the 636 

percentile rank given by the IEDB tool, and the peptides in the top 20 percentile are chosen for the 637 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 3, 2022. ; https://doi.org/10.1101/2022.12.02.518838doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.02.518838
http://creativecommons.org/licenses/by-nc/4.0/


 

28 

 

pairwise comparisons of the epitopes in different variants. This value corresponds to roughly 3000 nM 638 

predicted half-maximal inhibitory concentration (IC50) value. We choose this cutoff to be comprehensive 639 

because most immunogenic MHC II T cell epitopes have an IC50 value under 1,000 nM (Southwood et 640 

al., 1998). The 9-mer cores associated with the peptides, predicted by the smm_align method, are then 641 

used for the pairwise comparisons.  642 

 643 
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