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Abstract

The strength and breadth of an individual’s antibody repertoire are important

predictors of their response to influenza infection or vaccination. Although progress has

been made in understanding qualitatively how repeated exposures shape the antibody

mediated immune response, quantitative understanding remains limited. We developed

a set of mathematical models describing short-term antibody kinetics following

influenza infection or vaccination and fit them to haemagglutination inhibition (HI)

titres from 5 groups of ferrets which were exposed to different combinations of trivalent

inactivated influenza vaccine (TIV with or without adjuvant), priming inoculation with

A/H3N2 and post-vaccination inoculation with A/H1N1. Based on the parameter

estimates of the best supported model, we describe a number of key immunological

features. We found quantifiable differences in the degree of homologous and

cross-reactive antibody boosting elicited by different exposure types. Infection and

adjuvanted vaccination generally resulted in strong, broadly reactive responses whereas
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unadjuvanted vaccination resulted in a weak, narrow response. We found that the order

of exposure mattered: priming with A/H3N2 improved subsequent vaccine response,

and the second dose of adjuvanted vaccination resulted in substantially greater antibody

boosting than the first. Although there was considerable uncertainty in our estimates of

antibody waning parameters, our results suggest that both short and long term waning

were present and would be identifiable with a larger set of experiments. These results

highlight the potential use of repeat exposure animal models in revealing short-term,

strain-specific immune dynamics of influenza.

Author summary

Despite most individuals having some preexisting immunity from past influenza

infections and vaccinations, a significant proportion of the human population is infected

with influenza each year. Predicting how an individual’s antibody profile will change

following exposure is therefore useful for evaluating which populations are at greatest

risk and how effective vaccination strategies might be. However, interpretation of

antibody data from humans is complicated by immunological interactions between all

previous, unobserved exposures in an individual’s life. We developed a mathematical

model to describe short-term antibody kinetics that are important in building an

individual’s immune profile but are difficult to observe in human populations. We

validated this model using antibody data from ferrets with known, varied infection and

vaccination histories. We were able to quantify the independent contributions of various

exposures and immunological mechanisms in generating observed antibody titres. These

results suggest that data from experimental systems may be included in models of

human antibody dynamics, which may improve predictions of vaccination strategy

effectiveness and how population susceptibility changes over time.

Introduction 1

Natural infection with influenza stimulates a multifaceted immune response to control 2

virus replication and ultimately clear the infection. [1] The adaptive immune response is 3

of particular interest for seasonal epidemic and pandemic preparedness, as it provides 4
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some long-term protection against reinfection and disease via antibody and T-cell 5

mediated immunity. [2–5] However, influenza undergoes continual antigenic drift, during 6

which mutations in immunodominant epitopes are selected for under immunological 7

pressure, allowing influenza lineages to escape herd immunity. [6–8] This results in the 8

waning of long-term immunity as antibodies effective against past strains fail to 9

neutralize novel variants. [9] Consequently, the seasonal influenza vaccine is regularly 10

updated to better represent circulating strains. [10, 11] Whilst there is some limited 11

cross-reactivity and cross-protection within influenza A virus subtypes and within 12

influenza B virus lineages, incomplete protection means that humans experience 13

numerous infections over their lives. [12–14]. 14

Each successive influenza exposure, which may be vaccination or infection, can 15

strengthen the available repertoire of T and B cells which target circulating and 16

previously encountered strains. [15, 16] In the humoral response, this occurs by 17

temporarily boosting levels of preexisting antibodies and by inducing a B cell response 18

against the new strain. [17–19] In the case of influenza, where individuals experience 19

repeated infections and vaccinations from antigenically varied viruses, interpretation of 20

an observed antibody response is confounded by the complex interaction of an 21

individual’s preexisting immunity with the infecting virus. [20, 21] A large body of 22

experimental and observational work exists describing the contribution of these 23

interactions to observed influenza susceptibility profiles and antibody 24

landscapes. [1, 22–26] However, few studies have integrated these mechanisms into 25

quantitative frameworks which can be used to explain and predict serological data from 26

human populations. [14, 18,27,28] 27

Animal models, in particular ferrets, have been used to generate much of our 28

understanding of influenza immunology due to opportunity for intensive observation 29

and control. [29–35] Here, we exploit the experimental flexibility and transparency of a 30

ferret model to find evidence for and quantify multiple immunological mechanisms that 31

may be important in characterizing antibody landscapes generated from complex 32

exposure histories. Quantifying short term mechanisms in a ferret system might reveal 33

patterns that could be used to improve the predictability and interpretation of human 34

antibody landscapes following exposure. [36] 35

We developed a mathematical model of antibody boosting and biphasic waning to 36
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describe antibody kinetics in a group of ferrets with varied but known exposure 37

histories. The model takes into account previously described immunological phenomena 38

to describe antibody titres arising from any exposure history. By fitting this model to 39

haemagglutination inhibition (HI) titre data in these ferrets, we sought to quantify the 40

impact of prior infection and adjuvant inclusion on antibody levels following vaccination, 41

as well as to compare homologous and cross reactive boosting profiles of different 42

exposure types. [37–41] We considered previously described short-term dynamics that 43

are conditional on both (i) time since exposure and (ii) exposure types that are yet to 44

be included in models of antibody landscapes. [14, 17] 45

Materials & Methods 46

Study Data 47

Fifteen ferrets were each assigned to one of five experimental groups, with each group 48

comprised of three ferrets. [29] These ferrets underwent different combinations of 49

infection with seasonal influenza A and/or vaccination with Northern and Southern 50

Hemisphere trivalent inactivated influenza vaccine (TIV), with or without Freund’s 51

incomplete adjuvant, over the course of 70 days (Table 1). Serum samples were collected 52

at days 0, 21, 37, 49 and 70 from all ferrets (Fig 1). HI titres were used to determine 53

antibody titres to each infection and TIV strain. Dilution plates with 12 wells were 54

used, such that the highest possible recorded dilution was 1:40960, and the lowest 55

detectable titre was 1:20. Undetectable titres were recorded as <1:20. Data were then 56

transformed to a log2 scale such that observable titres were assigned values between 0 57

and 12, where <1:20 was treated as 0. 58

Full adult doses of human TIV were used in groups A, B, C and D. The first TIV 59

was the Southern Hemisphere 2008 TIV, containing A/Solomon Islands/3/2006 (H1N1), 60

A/Brisbane/10/2007 (H3N2) and B/Brisbane/3/2007 at day 28 (TIV 1). The second 61

vaccination was the Northern Hemisphere 2007/2008 TIV, containing A/Solomon 62

Islands/3/2006 (H1N1), A/Wisconsin/67/2005 (H3N2) and B/Malaysia/2506/2004 at 63

day 42 (TIV 2). Vaccines used in groups B and D were also emulsified in an equal 64

volume of Freund’s incomplete adjuvant immediately before administration (TIV 1/2 + 65
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adjuvant). All vaccines contained 15µg of HA from each strain, and were delivered to 66

sedated animals intramuscularly in the quadriceps muscles of both hind legs. Infections 67

were carried out by dropwise intranasal challenges with infectious doses of 68

A/Panama/2007/1999 (H3N2) in groups C, D and E, and with A/Fukushima/141/2006 69

(H1N1) in all groups. 70

Table 1. Description of experimental protocol.

Group Infection with
A/Panama/2007/99
(H3N2)

Immunisation with
S.H TIV 2008*

Immunisation with
N.H TIV
2007/2009**

Infection with
A/Fukushima/141/06
(H1N1)

Group A No Yes (no adjuvant) Yes (no adjuvant) Yes
Group B No Yes (with adjuvant) Yes (with adjuvant) Yes
Group C Yes Yes (no adjuvant) Yes (no adjuvant) Yes
Group D Yes Yes (with adjuvant) Yes (with adjuvant) No
Group E Yes No No Yes

*Southern Hemisphere (S.H.) TIV 2008: A/Solomon Islands/3/2006 (H1N1), A/Brisbane/10/2007 (H3N2),
B/Brisbane/3/2007
**Northern Hemisphere (N.H.) TIV 2007/2008: A/Solomon Islands/3/2006 (H1N1), A/Wisconsin/67/2005 (H3N2),
B/Malaysia/2506/2004

The experimental protocol was designed originally to reflect different possible human 71

infection and vaccination histories at the time of the 2009 pandemic. [29] Here we 72

present a secondary analysis of these data, with the intention of characterizing 73

underlying immunological processes. 74

Models of antibody kinetics 75

The model describes the kinetics of homologous and heterologous antibody titres 76

following exposure. Fig 2 depicts the example of an individual becoming infected and 77

later vaccinated, though the model may characterise any sequence of exposures. After 78

infection (star at time ξ1), homologous antibody titres undergo boosting rising linearly 79

to a peak after time tp1. Titres then quickly drop by a fixed proportion, d1, as the 80

short-lived component of the antibody response wanes over time ts1. Antibody titres 81

then enter a long-term, slower waning phase at rate m1 until subsequent vaccination 82

(syringe at time ξ2), when antibody dynamics become dominated by a new set of 83

boosting and waning parameters. Antibodies effective against heterologous strains 84

experience boosting and biphasic waning in parallel, though to a smaller degree 85

depending on the antigenic similarities of the measured and exposure strains. 86
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Various iterations of the model were developed to incorporate different 87

immunological mechanisms that might be important in describing antibody boosting 88

and waning. Each combination of model assumptions was fit to the data, and a model 89

comparison analysis was undertaken to identify those mechanisms that were best 90

supported. These included: biphasic or monophasic antibody waning; exposure-type 91

specific or type non-specific cross-reactivity; antigenic seniority; the impact of priming 92

infection on subsequent vaccine response; and titre-dependent boosting. We also 93

considered models with either 3 (infection, TIV, TIV + adjuvant) or 6 (priming 94

infection, secondary infection, initial TIV, secondary TIV, initial TIV + adjuvant, 95

secondary TIV + adjuvant) distinct exposure types. Results shown in Fig 3- 5 are from 96

the model variant that was best supported by the model comparison analysis based on 97

the Watanabe-Akaike Information Criterion (WAIC). Full details of the methods and all 98

model variants used are described in Supporting Protocol S1. All code and data are 99

available as an R package at https://github.com/jameshay218/antibodyKinetics. 100

Results 101

Variation in antibody kinetics driven by different exposures 102

The raw data show substantial variation in observed antibody titres across the groups 103

driven by different exposure types and combinations. Following two doses of 104

unadjuvanted TIV, ferrets achieved only modest increases in titres against the vaccine 105

strains (Fig 3A), with 2 out of 3 ferrets failing to generate H3N2 titres that persisted 106

past day 37. The addition of an adjuvant resulted in increased and persistent titres 107

against the vaccine strains and A/Fukushima/141/2006 (H1N1) in all ferrets by day 49, 108

despite no ferret having been exposed to A/Fukushima/141/2006 (H1N1) at that time 109

(Fig 3B). Similarly, priming infection resulted in higher and long-lived titres to the 110

vaccine strains and A/Fukushima/141/2006 (H1N1) relative to ferrets in the unprimed, 111

unadjuvanted TIV protocol (Fig 3C). Observed titres at day 21 against 112

A/Panama/2007/1999 (H3N2) were consistently high following priming infection in 113

groups C-E, with one ferret in each of groups C and E also experiencing some boosting 114

of antibodies against the other H3N2 strains. All ferrets were infected with 115
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A/Fukushima/141/2006 (H1N1) at day 56, leading to elevated titres to both H1N1 116

strains by day 70 in all ferrets. Overall, ferrets that received more frequent and 117

immunogenic exposures achieved the highest, most broadly reactive and long-lived 118

antibody titres. 119

The parameters of the best fitting model suggest: a role for priming infection in 120

increasing subsequent vaccine response; different boosting profiles between vaccination 121

and infection; different boosting profiles with adjuvant versus without adjuvant; 122

biphasic antibody waning; exposure-type specific cross-reactivity parameters; and 123

decreasing antibody boosting with each successive exposure (antigenic seniority). We 124

did not find evidence for titre-dependence in modifying antibody boosting from higher 125

or lower preexisting titres (Fig S3). Fig 3 shows the best performing model fit to the 126

data (the remainder of the results refer to estimates from this model, with parameter 127

estimates given in Table S3). Model variants were compared based on both their 128

goodness-of-fit and parsimony (WAIC value), and the combination of mechanisms 129

included in this best-fitting model are therefore considered to be well supported by the 130

data. The sensitivity of parameter estimates to different model assumptions are 131

discussed in Supporting Protocol S1. 132

Comparison of homologous boosting by exposure type 133

The level of homologous boosting resulting from priming infection (Infection 1) and 134

secondary infection (Infection 2) appeared to be similar after accounting for exposure 135

order (Infection 2 was the second, third and fourth exposure in groups E, A/B and C/D 136

respectively). Similar estimates were obtained for µ from both infections (Fig 4A). The 137

antibody response following priming infection appeared to be persistent. We inferred 138

that antibody titres fell only marginally following the initial waning phase (µ(1 − d), 139

Fig 4B). The antibody waning rate was not identifiable for secondary infection due to 140

the lack of observations following this exposure. We found evidence for only low levels 141

of homologous antibody boosting following both initial and secondary doses of 142

unadjuvanted TIV (TIV 1 and TIV 2) that quickly waned to near undetectable levels 143

during the initial waning phase. 144

The addition of an adjuvant appeared to have no significant impact on the 145
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homologous antibody response to the first vaccine dose, but did improve the response to 146

a second dose of vaccine (TIV 1 compared to TIV 1 + adjuvant and TIV 2 compared 147

TIV 2 + adjuvant, Fig 4B). Titres against A/Brisbane/10/2007 (H3N2) and A/Solomon 148

Islands/3/2006 (H1N1) were similar following the first unadjuvanted vaccine dose and 149

the first adjuvanted vaccine dose (TIV 1 compared to TIV 1 + adjuvant, Fig 3A&B). 150

However, the second adjuvanted TIV dose appeared to elicit a significant persistent 151

boost to the vaccine strains, which resulted in peak titres near the limit of detection of 152

this assay (TIV 2 compared to TIV 2 + adjuvant, Fig 3A&B). 153

Comparison of cross reactivity by exposure type 154

We found differences in the amplitude of cross reactivity elicited by the 6 exposure 155

types shown in Fig 4. Secondary infection appeared to elicit a level of cross reactivity in 156

line with that of the priming infection, whereas cross reactivity for both unadjuvanted 157

and adjuvanted vaccination appeared to be narrower (Fig 5). These results suggest that 158

secondary infection elicited broadly reactive antibody boosting similar to priming 159

infection, whereas the antibody response following vaccination only boosted antibodies 160

that were effective against antigenically similar viruses. The cross reactivity gradient 161

parameter, σ, could not be identified for the second dose of unadjuvanted TIV and first 162

dose of adjuvanted TIV, and we were only able to recover the prior distribution for 163

these parameters. These values were therefore excluded from Fig 4B. Fig 5 164

demonstrates that the reason for this lack of identifiability may be that homologous 165

boosting (the y-intercept) was too small to elicit any measurable cross reactive boosting 166

at these antigenic distances. When a single cross reactivity gradient was assumed for all 167

exposure types, we estimated the cross reactivity gradient to be 2.44 (mean; 95% CI: 168

1.64 - 3.28), suggesting a narrower cross reactivity than would be expected given the 169

definition for cross reactivity based on ferret antisera (an antigenic distance of 1 unit 170

should see a reduction in antibody boosting of 1 log titre unit). 171

Magnitude and duration of waning phases 172

Our model provided support for the presence of an initial short-term, rapid waning 173

phase followed by a secondary long-term, sustained waning phase. For all vaccine doses, 174
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we estimated that the majority of the antibody boost waned within 10 days of reaching 175

the peak (upper 95% credible interval (CI) <10 days for all TIV estimates, Fig 4C&D). 176

Conversely for priming infection, we estimated that the antibody titre was maintained 177

at near peak levels with an estimated initial waning phase duration of 16.1 days (mean; 178

95% CI 6.24 - 19.8) and a 15.9% (mean; 95% CI: 1.30 - 35.4%) drop in log titre relative 179

to the peak. We estimated similar long-term waning rates for second unadjuvanted TIV, 180

second adjuvanted TIV and priming infection (Fig 4). 181

Impact of priming 182

Prior to receiving non-adjuvanted TIV, experimental group C was infected with H3N2 183

Panama/2007/1999 at day 0, which represented a host being primed by natural 184

infection prior to vaccination. Our model allowed us to identify additional homologous 185

and cross-reactive antibody boosting that resulted from priming improving the 186

subsequent vaccine response, as comparable experimental groups were given the same 187

vaccination schedule with or without priming infection. We found that priming infection 188

resulted in a significant additional boost to antibodies against the A/H1N1 and 189

A/H3N2 vaccine strains at the time of vaccination in addition to that provided by the 190

vaccine itself (Fig 4A). 191

We estimated the cross reactivity of this additional boost to be broad with a 192

gradient of 0.690 (mean; 95% CI: 0.400 - 1.12), suggesting that priming increases the 193

cross-reactive breadth of the vaccine response. It should be noted that whilst additional 194

priming-induced vaccine boosting is well supported by the model fit, the model 195

overestimates the antibody titre to A/Fukushima/141/2006 (H1N1) at day 37 elicited 196

by initial dose of TIV following priming by H3N2 infection (Fig 3C). This may be a 197

result of subtype-specific interactions that are not captured by our model. 198

Limited evidence for antigenic seniority 199

We found some evidence for a trend of decreasing antibody response with increasing 200

number of prior exposures. We found a general trend for a decrease in the scaling 201

parameters ρ2, ρ3, and ρ4 with each subsequent exposure. Assuming that the first 202

exposure results in a full boost (ρ1 = 1), we estimated ρ2 to be 0.824 (mean; 95% CI: 203
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0.686 - 0.971), ρ3 to be 0.769 (mean; 95% CI: 0.583 - 0.960), and ρ4 to be 0.279 (mean; 204

95% CI: 0.0710 - 0.499) for the second, third and fourth exposures respectively. 205

Discussion 206

In this study, we used a mathematical model of antibody kinetics to describe boosting 207

and waning following influenza vaccination or infection in a group of well characterized 208

ferrets. We fit various subsets of the model with different immunological mechanisms to 209

the data and found that the best supported model included: type-specific antibody 210

boosting; antigenic distance-mediated cross reactivity specific to each exposure type; 211

type-specific biphasic waning; 6 distinct exposure types; antigenic seniority; and a role 212

for priming in increasing subsequent vaccine response. We identified quantitative 213

differences in the level of homologous and cross-reactive antibody boosting between 214

vaccination, infection and adjuvanted vaccination in this ferret model. A single TIV 215

dose with or without adjuvant elicited negligible levels of homologous and cross reactive 216

boosting. A second dose of TIV with adjuvant resulted in significant, broadly reactive 217

antibody boosting, whereas a second dose of TIV without adjuvant did not elicit 218

significant antibody boosting. The profile of boosting for primary infection was 219

consistent across experimental groups, and similar in magnitude to secondary infection. 220

Furthermore, we found that priming infection induced a significantly broader and 221

stronger boosting profile following subsequent vaccination. 222

Although there are limitations in applying results from animal models directly to 223

humans, these mechanisms may also apply in the human immune response and be 224

important in accurately capturing human antibody dynamics at a short time scale. [18] 225

Our results suggest that mathematical models of antibody kinetics that explicitly 226

consider immunological mechanisms and exposure-type specific parameters would be 227

valuable for the prediction of antibody landscapes in human populations. Although 228

direct inference from long-term observational data in humans may be difficult, 229

experimental models, such as the ferret system described here, provide an excellent 230

alternative data source for the inference of short-term immunological mechanisms that 231

may map onto models recovered using human sera. [14,17,27,28] 232

Our work has a number of limitations. First, we had insufficient power to quantify 233
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all of the mechanisms proposed here. We therefore restricted our conclusions to 234

mechanisms that were supported based on their recurrence across a set of 10 supported 235

model variants (Supporting Protocol S1). Also, the frequency at which blood samples 236

were taken compared to the number of exposure events resulted in a relatively small 237

amount of data given the number of mechanisms being explored. In particular, 238

sampling around the biphasic waning period of the vaccinations and following the final 239

exposure event was limited, resulting in poor identifiability for some of these model 240

parameters. Nonetheless, we found evidence for biphasic waning following secondary 241

vaccination and primary infection based on the constrained parameter estimates for TIV 242

2, TIV 2 + adjuvant and primary infection. 243

Experiments of a similar design with fewer exposures and more frequent sampling 244

would power the model to elucidate these waning phases further. Although studies of 245

antibody response duration have been carried out in humans, quantifying waning rates 246

independent of interfering subsequent and past exposures is difficult. [42, 43] Further 247

mechanisms such as differential waning rates between cross-reactive and homologous 248

antibodies or titre-dependent ceiling effects are likely to be important, but were not 249

identifiable here. [17, 44] There may also be underlying heterogeneities in antibody 250

response between and within influenza subtypes. [45] It would be interesting to 251

investigate the use of this model to compare antibody kinetics for different vaccine and 252

adjuvant types. [46] For example, Live Attenuated Influenza Vaccines (LAIV), as well as 253

newer DNA vaccines may provide different antibody kinetic profiles and may elicit 254

broader antibody responses, or provide different priming effects. [47, 48] 255

Our results have implications for comparing different vaccination strategies. 256

Achieving high HI titres against currently circulating strains is a key endpoint in 257

influenza vaccine trials due to its correlation with clinical protection. [4, 49–51] However, 258

there are a number of obstacles to achieving these high titres in some populations 259

including antigenic interactions, age specific responses and antibody waning. [9, 52–55] 260

A practical approach to improving vaccine effectiveness is therefore to elicit a broader 261

antibody response to compensate for potential strain mismatch. [56] Adding adjuvants 262

such as MF59 and AS03 has been shown to induce higher antibody titres that have 263

greater cross-reactive properties. [40, 41,57,58] Quantitative comparisons of cross 264

reactivity profiles, as we have provided here, would be a useful tool in comparing the 265
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effectiveness of different adjuvants, which would provide a measurable benefit to 266

trade-off against safety and immunogenicity concerns. [59, 60] 267

“Prime-boosting” is another strategy that aims to induce a broadly protective 268

immune response in the context of pandemic preparedness. [37, 38,61] Our work 269

supports previous observations that natural infection with influenza acts as a form of 270

priming. [39] Although the phylogenetic relationship between the priming and 271

subsequent boosting strain is likely to be important, priming has been shown previously 272

to occur between subtypes in animal models. [31–33] Experimental models using 273

analytical methods such as those presented here would help to quantify the interaction 274

of natural infection and influenza vaccination, as well as the potential priming effects 275

from different influenza vaccine types. 276

Fig 1. Summary of experimental protocol. Days since first event are shown on
the x-axis, with the 5 groups shown as rows. Red stars represent infection with either
A/Panama/2007/1999 (H3N2) or A/Fukushima/141/2006 (H1N1). Red circles represent
vaccination with either Southern Hemisphere TIV 2008 (TIV 1) or Northern Hemisphere
TIV 2007/2008 (TIV 2) with (grey border) or without (black border) adjuvant. Vertical,
dashed red lines represent times of blood sample collection, providing HI titres against
each of the vaccination and infection strains at that time point.

Fig 2. Base model. Schematic showing the relationship between model parameters
and antibody kinetics over time. After each exposure, antibody levels undergo linear
boosting on a log scale followed by an initial, short waning phase and then a slower,
long-term waning phase. This example demonstrates two exposures, initially with
infection (star symbol) and subsequently with vaccine (syringe symbol), where antibody
dynamics are governed by a set of parameters depending on the exposure type. Note
that the y-axis is on a log scale and all real measurements are observed as discrete and
taken as the floor value. The grey line highlights how antibody levels to a different
influenza antigen develop in parallel driven by exposure to the heterologous (black line)
strain. Model parameters are described in Table S1.
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Fig 3. Model trajectory fits. Colored lines represent the best-fit trajectories of
antibody kinetics following exposure. Coloured shaded regions show 95% credible
intervals of the model fit. Colored points show observed discrete log antibody titres by
HI assay for each of the three individual ferrets in each group. Gray shaded regions
show the upper and lower limits of detection in the assay. For the same ferrets, titres to
A/H3N2 strains are shown in the left column and A/H1N1 strains in the right column.
Red dashed lines show times of exposures. Groups A-E correspond to descriptions in
Fig 1. Exposure events are as described in Table 1. Symbols above each subplot: star
represents infection; syringe represents TIV; and syringe with gray border represents
TIV + adjuvant. Symbols are coloured based on their formulation. TIV 1 contained the
following influenza A strains: A/Solomon Islands/3/2006 (H1N1) and
A/Brisbane/10/2007 (H3N2). TIV 2 contained: A/Solomon Islands/3/2006 (H1N1) and
A/Wisconsin/67/2005 (H3N2).

Fig 4. Estimated model parameters. Intervals and points show 95% quantiles and
medians respectively. Dashed gray lines show bounds on uniform prior. (i) Estimates
for homologous boosting parameter, µ. (ii) Estimates for homologous boost at the end
of the initial waning period, µ(1 - d). (iii) Estimates for duration of initial waning
phase, ts. (iv) Estimates for proportion of initial boost lost during the initial waning
phase, d. (v) Estimates for long term waning rate, m. Estimates for TIV 1, TIV 1 +
adjuvant and Infection 2 excluded due to lack of identifiability. (vi) Estimates for cross
reactivity gradient, σ. Note that this value is fixed at 1 for priming infection (Infection
1), shown by the horizontal dotted line. Values for TIV 2 and TIV 1 + adjuvant
excluded due to lack of identifiability.

Fig 5. Estimated cross reactivity profiles by exposure type. Solid black lines
shows posterior means; shaded regions show 95% credible intervals. Dashed black lines
show antigenic distances and corresponding cross reactive boosts given the strains used
here. Note that the y-intercept shows the degree of homologous boosting for that
exposure type. Table shows assumed antigenic distances between each strain, with no
cross reactivity between subtypes.

Supporting information 277

Supporting Protocol S1. Details of the full model, model comparison 278

analysis, model fitting and additional sensitivity analyses. 279

Table S1. Description of model parameters. Summary of parameter definitions 280

and bounds. All bounds relate to lower and upper bounds of the uniform prior 281

distribution used during model fitting. 282

Table S2. Description of model mechanisms and their potential options. 283

Table S3. Description of all model variants with δWAIC < 50. Table is 284

ranked by WAIC score, such that the model best supported by WAIC (lowest) is at the 285
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top. 286

Table S4. Summary of parameter estimates for the best supported model 287

(lowest WAIC score). 288

Table S5. .csv file containing all posterior distribution estimates for all 289

model variants. 290

Fig S1. Summary of model mechanisms A: Cross reactive antibody boosting. 291

The degree of boosting decreases as the antigenic distance between the exposure and 292

measured strain increases. Different exposure types may have different gradients; B: 293

Illustrative example of exposure type specific parameter values. Level of homologous 294

boosting may depend on the exposure type. Note that this may also apply to other 295

parameters eg. waning rate; C: Joint effect of exposure boosting and priming infection. 296

Full boosting following a primed exposure is the sum of contributions of the exposure 297

itself and the effect of priming; D: Antigenic seniority mechanism. Parameters ρ2, ρ3, 298

ρ4. Each subsequent exposure elicits a relatively smaller boost compared to the 299

previous exposure; E: titre dependent boosting. Solid black line shows example where 300

−1 ≤ γ ≤ 1. Blue dashed lines show boundary conditions. Note that the realized boost 301

does not change when yi is above yswitch. 302

Fig S2. Observation error matrix. Probability of observing a particular log titre 303

given an underlying true titre. Note that the true titre is a continuous value, whereas 304

observations are discrete. Furthermore, truncation of the distribution at the upper and 305

lower limit of the assay results in an asymmetrical distribution when the true value is at 306

either of these limits. True values outside of these limits will be observed as a value 307

within the assay limits. 308

Fig S3. Posterior estimates for titre dependent boosting relationship from 309

second best supported model (δWAIC < 5), which included titre dependent 310

boosting. Shaded gray regions shows 95% credible intervals (CI) drawn from the 311

multivariate posterior. Solid black line shows multivariate posterior mean; Dashed gray 312

lines show upper and lower 95% CI for realised antibody boosting from a titre of 12, 313
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given baseline boosting of µ = 8. 95% CI do not exclude no relationship between initial 314

titre at time of exposure and amount of realised boosting, suggesting that 315

titre-dependent boosting was no identifiable here. 316

Fig S4. Summary of posterior distribution estimates for homologous 317

boosting parameter, µ from models with δWAIC < 75. Points show posterior 318

median; line ranges show 95% credible intervals. Estimates are stratified by exposure 319

type and ordered in order of increasing WAIC. Estimates are coloured according to 320

whether or not cross reactivity was assumed to be a universal parameter or type-specific. 321

Dashed horizontal lines represent uniform prior range. Model codes on x-axis relate to 322

the first letter of each mechanism as described in the table. 323

Fig S5. Summary of posterior distribution estimates for post-initial 324

waning homologous boosting, µ(1-d) from models with δWAIC < 75. Points 325

show posterior median; line ranges show 95% credible intervals. Estimates are stratified 326

by exposure type and ordered in order of increasing WAIC. Estimates are coloured 327

according to whether or not cross reactivity was assumed to be a universal parameter or 328

type-specific. Dashed horizontal lines represent uniform prior range. Model codes on 329

x-axis relate to the first letter of each mechanism as described in the table. 330

Fig S6. Summary of posterior distribution estimates for initial waning 331

phase proportion, d from models with δWAIC < 75. Points show posterior 332

median; line ranges show 95% credible intervals. Estimates are stratified by exposure 333

type and ordered in order of increasing WAIC. Estimates are coloured according to 334

whether or not cross reactivity was assumed to be a universal parameter or type-specific. 335

Dashed horizontal lines represent uniform prior range. Model codes on x-axis relate to 336

the first letter of each mechanism as described in the table. 337

Fig S7. Summary of posterior distribution estimates for duration of 338

initial waning phase, ts from models with δWAIC < 75. Points show posterior 339

median; line ranges show 95% credible intervals. Estimates are stratified by exposure 340

type and ordered in order of increasing WAIC. Estimates are coloured according to 341

whether or not cross reactivity was assumed to be a universal parameter or type-specific. 342
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Dashed horizontal lines represent uniform prior range. Model codes on x-axis relate to 343

the first letter of each mechanism as described in the table. 344

Fig S8. Summary of posterior distribution estimates for long-term waning 345

rate, m from models with δWAIC < 75. Points show posterior median; line ranges 346

show 95% credible intervals. Estimates are stratified by exposure type and ordered in 347

order of increasing WAIC. Estimates are coloured according to whether or not cross 348

reactivity was assumed to be a universal parameter or type-specific. Dashed horizontal 349

lines represent uniform prior range. Model codes on x-axis relate to the first letter of 350

each mechanism as described in the table. Note that the upper y limit is truncated 351

below the upper prior bound for clarity of identifiable estimates. 352

Fig S9. Summary of posterior distribution estimates for antigenic 353

seniority modifiers, ρ from models with δWAIC < 75. Points show posterior 354

median; line ranges show 95% credible intervals. Estimates are coloured according to 355

whether or not cross reactivity was assumed to be a universal parameter or type-specific. 356

Note that ρ for the first exposure was assumed to be fixed at 1. Estimates are ordered 357

by increasing WAIC. Model codes on x-axis relate to the first letter of each mechanism 358

as described in the table. 359

Fig S10. Summary of posterior distribution estimates for cross reactivity 360

gradient, σ from models with δWAIC < 75. Points show posterior median; line 361

ranges show 95% credible intervals. Estimates are stratified by exposure type and 362

ordered in order of increasing WAIC. Estimates are coloured according to whether or 363

not cross reactivity was assumed to be a universal parameter or type-specific. Plots are 364

truncated from above at 10 for clarity, but upper prior bound was 100. Red dashed line 365

shows the fixed value of σ = 1 for priming infection. Blue dashed line shows value above 366

which a homologous boost of µ=5 would give an observed boost of 0 against a strain 367

with an antigenic distance of 1. Model codes on x-axis relate to the first letter of each 368

mechanism as described in the table. 369

Fig S11. Summary of posterior distribution estimates for priming cross 370

reactivity gradient, β from models with δWAIC < 75. Points show posterior 371
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median; line ranges show 95% credible intervals. Red dashed line shows the fixed value 372

of σ = 1 for priming infection. Blue dashed line shows value above which a homologous 373

boost of µ=5 would give an observed boost of 0 against a strain with an antigenic 374

distance of 1. Estimates are ordered by increasing WAIC. Model codes on x-axis relate 375

to the first letter of each mechanism as described in the table. 376

Fig S12. Summary of posterior distribution estimates for titre 377

dependence gradient, γ and titre dependent switch point, yswitch from 378

models with δWAIC < 75. Points show posterior median; line ranges show 95% 379

credible intervals. Estimates are coloured according the assumed method of interaction 380

between multiple exposures. Estimates are ordered by increasing WAIC. Model codes 381

on x-axis relate to the first letter of each mechanism as described in the table. 382
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