Modeling the effects of updating the influenza vaccine on the efficacy of repeated vaccination

Derek J. Smith^{1,2,3}, Alan S. Lapedes^{2,4}, Stephanie Forrest^{2,5}, Jan C. deJong^1, Albert D. M. E. Osterhaus^1, Ron A. M. Fouchier^1, Nancy J. Cox^6, and Alan S. Perelson^{2,4}

1. Department of Virology, Erasmus University Rotterdam, Rotterdam, NL, 2. Santa Fe Institute, Santa Fe, NM, USA, 3. Popular Power Inc., San Francisco, CA, USA, 4. Los Alamos National Laboratory, Los Alamos, NM, USA, 5. Department of Computer Science, University of New Mexico, Albuquerque, NM, USA, 6. Influenza Branch, Centers for Disease Control and Prevention, Atlanta, GA, USA.

Abstract

Background: The accumulated wisdom is to update the vaccine strain to the expected epidemic strain only when there is at least a 4-fold difference [measured by the hemagglutination inhibition (HI) assay] between the current vaccine strain and the expected epidemic strain. In this study we investigate the effect, on repeat vaccinees, of updating the vaccine when there is a less than 4-fold difference. Methods: Using a computer model of the immune response to repeated vaccination, we simulated updating the vaccine on a 2-fold difference and compared this to not updating the vaccine, in each case predicting the vaccine efficacy in first-time and repeat vaccinees for a variety of possible epidemic strains. Results: Updating the vaccine strain on a 2-fold difference resulted in increased vaccine efficacy in repeat vaccinees compared to leaving the vaccine unchanged. Conclusions: These results suggest that updating the vaccine strain on a 2-fold difference between the existing vaccine strain and the expected epidemic strain will increase vaccine efficacy in repeat vaccinees compared to leaving the vaccine unchanged.

Keywords: original antigenic sin, vaccine efficacy, antigenic distance.

Introduction

Generally, the influenza vaccine strain is updated when there is at least a 4-fold difference in HI titer between the existing vaccine strain and the expected epidemic strain. Public health recommendations are for individuals in high-risk groups to be revaccinated annually [1]; thus, vaccine efficacy in repeat vaccinees is particularly important. However, the efficacy of repeated vaccination has been difficult to determine definitively: Meta-analysis has shown a statistically significant heterogeneity in the efficacy of repeated vaccination in serology-based field trials [2], and different studies have draw different conclusions as to the effectiveness of repeated vaccination [3, 4]. To explain this heterogeneity, we introduced the “antigenic distance” hypothesis [5] which states that prior exposure to influenza virus or vaccine can influence the subsequent response depending upon the degree of cross-reactivity among the antigens used in the vaccines and the epidemic influenza strains in each study year (Figure 1). Using a computer, we showed that this hypothesis offered a parsimonious explanation for the observed variation in repeated vaccination within and between the Hoskins[3] and Keitel[4] repeated vaccination studies (Figure 2). Here we use the antigenic distance hypothesis, and the same computer model, to reason quantitatively about the effects, on repeat vaccinees, of updating the vaccine strain on a less than 4-fold difference.

Methods

The computer model consists of B cells, plasma cells, memory B cells, antibodies, and antigens. The model captures the essence of the primary and secondary humoral immune response, and the cross-reactive immune response. More details of the model can be found in [5], full details can be found in the supplemental material of [5] at http://www.pnas.org/, and the software for the simulator is available from http://www.santafe.edu/ dsmith/software/PNAS-model.html.

The computer experiment simulated two influenza seasons. A control group of 200 simulated individuals received no vaccinations and was challenged with replicating virus 2 months into the second influenza season. Four first-time vaccination groups, each of 200 simulated individuals, were vaccinated at the start of the second influenza season, and were challenged 2 months into the second influenza season with either homologous virus, or virus 2- 4- or 8-fold different from the vaccine strain. Sixteen repeated vaccination groups, each of 200 simulated individuals, all received the same “vaccine1” (v1) strain at the start of the first influenza season. At the start of the second influenza season, eight of the sixteen groups were vaccinated with the same strain as used for the first vaccination, and the other eight groups received a “vaccine2” (v2) strain that was 2-fold different^1 from the vaccine1 strain. All sixteen repeat vaccination groups were challenged 2 months into the second influenza season with replicating virus up to 4-fold different from each of the vaccine strains (Figure 3). In all cases, the vaccine dose was 1,000 “units” of non-replicating virus, and the epidemic dose was 500 units of replicating virus.

If the viral load exceeded 1,500 units it was deemed to have passed a “disease threshold” and the simulated individual was considered symptomatic. The attack rate within a group was defined as the proportion of the group in which the viral load exceeded the disease threshold. Vaccine efficacy was defined as 1 − (ar_{vac}/ar_{nonvac}), where ar_{vac} is the attack rate in a vaccinated group and ar_{nonvac} is the attack rate in the non-vaccinated control. Two sample z-tests were used to compare proportions. Two-tailed testing was used for p values.

Results

The attack rate in the non-vaccinated control was 1.0.^2 Attack rates in first-time vaccinees were 0.0, 0.02, 0.55, and 0.83 for homologous, 2-fold, 4-fold, and 8-fold differences, respectively, between the vaccine strain and the actual epidemic strain. Efficacies in repeat vaccinees when the vaccine was updated, and when it was not updated, and for various actual epidemic strains, are shown in Figure 3. Ratios of efficacy in repeat vaccinees to efficacy in first-time vaccinees ranged from 0.49 to 3.00 (Figure 3).

Updating the vaccine on a 2-fold difference between the existing epidemic strain and the expected

12- 4- and 8-fold differences corresponds to “antigenic distances” 1, 2, and 3 respectively in [5]. 2Each simulated individual was challenged with a large dose of virus, resulting in higher attack rates than in influenza vaccine field trials

epidemic strain resulted in higher predicted vaccine efficacy in repeat vaccinees in all cases compared to when the vaccine was not updated (p < 0.01 in all cases other than in the case when the actual epidemic strain was the same as the vaccine1 strain). Efficacies when the vaccine was not updated were dependent only on the antigenic distance between the vaccine strain and the actual epidemic strain. When the vaccine was updated to the expected epidemic strain, efficacies in repeat vaccinees depended on the antigenic distances between the actual epidemic strain and both vaccine1 and vaccine2 strains. Repeat vaccine efficacy was higher when there was a triangular configuration between the three strains (for example, when the actual epidemic strain was 4-fold different from both the vaccine1 and vaccine2 strains, and vaccine1 and vaccine2 strains were 2- fold different from each other). Vaccine efficacy in repeat vaccinees exceeded that in first-time vaccinees in some groups (p < 0.01) when the vaccine was updated to the expected epidemic strain, and not at all when the vaccine was not updated.

Somewhat surprisingly, for actual epidemic strains closer to vaccine1 than to the expected epidemic strain (strains to the left of vaccine1 in Figure 3), the predicted efficacy in repeat vaccinees was higher (p < 0.01) when the vaccine was updated than when it remained unchanged—even though leaving the vaccine unchanged would result in a vaccine strain closer to those actual epidemic strains.

Discussion

Updating the vaccine when there is a 2-fold difference between the existing vaccine strain and the expected epidemic strain gave a higher vaccine efficacy in repeat vaccinees than leaving the vaccine unchanged (Figure 3). It is similarly advantageous to update the vaccine on a 4-fold or more difference (data not shown). These results support the current strategy to update the vaccine strain on a 4-fold or more difference between the existing vaccine strain and the expected epidemic strain. Moreover, these results suggest that also updating the vaccine on a 2-fold difference will increase vaccine efficacy in repeat vaccinees compared to leaving the vaccine unchanged.

Influenza epidemics occur most years, and public health recommendations are for at-risk individuals to be revaccinated annually. Thus, optimizing the vaccine efficacy for a single year by updating the vaccine strain to an expected epidemic strain 2-fold from the existing vaccine is not necessarily the best strategy over multiple years. For example, an advantage of only updating the vaccine when there is at least a 4-fold difference is that there will be less “negative interference” (antigenic sin effect [6, 7]) from prior vaccinations. Thus, keeping the vaccine unchanged trades off reduced efficacy in repeat vaccinees in the year when the vaccine did not change, for increased efficacy in the subsequent year. To fully assess the tradeoffs for repeat vaccinees in updating the vaccine or not requires examining the effects over multiple years (manuscript in preparation).

A difficulty of updating the vaccine strain on a 2-fold difference in HI titer is that the resolution and reliability of the HI assay are such that only at least a 4-fold difference between strains has typically been considered significant. Beyer and Masurel [8], and Lapedes and Farber [9], have used mathematical techniques to address some of the inherent difficulties in obtaining accurate measurements of antigenic distance from HI data. These techniques are investigated further in a manuscript in preparation.

Acknowledgments We thank David Ackley, Walter Beyer, Henrietta Hall, Jacqueline Katz, Alexander Klimov, and Guus Rimmelzwaan. This work was supported by the National Science Foundation (grants IRI-9711199, CDA-9503064, and ANIR-9986555), the Office of Naval Research (grant N00014-99-1-0417), Defense Advanced Projects Agency (grant AGR F30602-00-2-0584), the Intel Corporation, the Joseph P. and Jeanne M. Sullivan Foundation, and the Los Alamos National Laboratory LDRD program. The research of ASL was supported by the Department of Energy under contract W-7405-ENG-36. Portions of this work were performed under the auspices of the U.S. Department of Energy. The hospitality of the Santa Fe Institute, where part of this work was performed, is gratefully acknowledged. Computational resources were donated by PopularPower Inc.

References

[1] CDC. Prevention and control of influenza: recommendations of the advisory committee on immunization practices (ACIP). Morbidity and Mortality Weekly Report, 45, 1996.

[2] W. E. P. Beyer, I. A. DeBruijn, A. M. Palache, R. G. J. Westendorp, and A. D. M. E. Osterhaus. Protection against influenza after annually repeated vaccination: A meta-analysis of serologic and field studies. Arch Intern Med, 159:182–188, 1999.

[3] T. W. Hoskins, J. R. Davis, A. J. Smith, C. L. Miller, and A. Allchin. Assessment of inactivated influenza-A vaccine after three outbreaks of influenza A at Christ’s Hospital. Lancet, i:33–35, 1979.

[4] W. A. Keitel, T. R. Cate, R. B. Couch, L. L. Huggins, and K. R. Hess. Efficacy of repeated annual immunization with inactivated influenza virus vaccines over a five year period. Vaccine, 15:1114–1122, 1997.

[5] D. J. Smith, S. Forrest, D. H. Ackley, and A. S. Perelson. Variable efficacy of repeated annual influenza vaccination. Proc. Nat. Acad. Sci., 96:14001–14006, 1999.

[6] S. Fazekas de St. Groth and R. G. Webster. Disquisitions of original antigenic sin. II. Proof in lower creatures. J. Exp. Med., 124:347–361, 1966.

[7] R. G. Webster, J. A. Kasel, R. B. Couch, and W. G. Laver. Influenza virus subunit vaccines.

II. Immunogenicity and original antigenic sin in humans. J. Infect. Dis., 134:48–58, 1976.

[8] W. E. P. Beyer and N. Masurel. Antigenic heterogeneity among influenza A(H3N2) field isolates during an outbreak in 1982/83, estimated by methods of numerical taxonomy. J. Hyg. Camb., 94:97–109, 1985.

[9] A. S. Lapedes and R. Farber. The geometry of shape space: Application to influenza. Santa Fe Institute working paper 00-01-006, submitted J. Theoret. Biol., 2000.

[10] A. S. Perelson and G. F. Oster. Theoretical studies of clonal selection: Minimal antibody repertoire size and reliability of self- non-self discrimination. J. Theor. Biol., 81:645–670, 1979.

Figure Captions

Figure 1. An illustration of the antigenic distance hypothesis. These Shape space diagrams are a way to illustrate both the affinities of multiple B cells/antibodies to multiple antigens, and also the antigenic distances among multiple antigens [10]. In these diagrams, the affinity between a B cell or antibody (×) and an antigen (•) is represented by the distance between them. Similarly, the distance between antigens is a measure of how similar they are antigenically. (a) B cells with sufficient affinity to be stimulated by an antigen lie within a ball of stimulation centered on the antigen. Thus, a first vaccine (vaccine1) creates a population of memory B cells and antibodies within its ball of stimulation. (b) Cross-reactive antigens have intersecting balls of stimulation, and antibodies and B cells in the intersection of their balls—those with affinity for both antigens—are the cross-reactive antibodies and B cells. The antigen in a second vaccine (vaccine2) will be partially eliminated by pre-existing cross-reactive antibodies (depending on the amount of antibody in the intersection), and thus the immune response to vaccine2 will be reduced [6, 7]. (c) If a subsequent epidemic strain is close to vaccine1, it will be cleared by pre-existing antibodies. (d) However, if there is no intersection between vaccine1 and the epidemic strain, there will be few pre-existing cross-reactive antibodies to clear the epidemic strain quickly, despite two vaccinations. Note, in the absence of vaccine1, vaccine2 would have produced a memory population and antibodies that would have been protective against both the epidemic strains in panels c and d. For an antigen with multiple epitopes (such as influenza) there would be a ball of stimulation for each epitope. Figure taken from [5], copyright (1999) National Academy of Sciences, U.S.A., used with permission.

Figure 2. The observed and predicted vaccine efficacy in repeat vaccinees relative to the efficacy in first-time vaccinees. The prediction of relative efficacy had good correlation with the observed data (r = 0.87, p = 0.01); however, the model did not accurately predict absolute vaccine efficacies, suggesting additional variation in each vaccine not accounted for in the model (discussed further in [5]). Figure taken from [5], copyright (1999) National Academy of Sciences, U.S.A., used with permission.

Figure 3. Predictions from the model for vaccine efficacy in repeat vaccinees (given V_1 and V_2), and in parenthesis, relative efficacy compared to that in first-time vaccinees (given V_2 only), for two vaccine2 strain choices given a variety of actual epidemic strains (hollow circles) up to 4-fold from both vaccine strains. There was a 2-fold difference between the existing vaccine (V_1) and the expected epidemic strain (E_e) in both panels a and b.

Figure 1:

Figure 2:

Figure 3: