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43

44  ABSTRACT

45 Background

46  Catch-up campaigns (CCs) at the introduction of the pneumococcal conjugate vaccines
47  (PCVs) may accelerate the impact of PCVs. However, limited vaccine supplies may delay
48  vaccine introduction if additional doses are needed for such campaigns. We studied the
49  relative impact of introducing PCV13 with and without catch-up campaign, and the

50 implications of potential introduction delays.

51  Methods

52 We used a dynamic transmission model applied to the population of Nha Trang in Sout
53  central Vietnam. Four strategies were considered: routine vaccination (RV) only, and RV
54  alongside catch-up campaigns among <1y olds (CC1), <2y olds (CC2) and <5y olds (CC5). The
55 model was parameterised with local data on human social contact rates, and was fitted to
56 local carriage data. Post-PCV predictions were based on best estimates of parameters
57  governing post-PCV dynamics, including serotype competition, vaccine efficacy and duration

58  of protection.

59  Results

60  Our model predicts elimination of vaccine-type (VT) carriage across all age groups within 10
61  vyears of introduction in all scenarios with near-complete replacement by non-VT. Most of
62  the benefit of CCs is predicted to occur within the first 3 years after introduction, with the

63  highest impact in the first year, when IPD incidence is predicted to be 11% (95%Crl 9 — 14%)
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64 lower than RV with CC1, 25% (21 — 30 %) lower with CC2 and 38% (32 — 46%) lower with

65 CC5.

66  However, CCs would only prevent more cases of IPD insofar such campaigns do not delay
67 introduction by more than 31 (95%Crl 30 — 32) weeks with CC1, 58 (53 — 63) weeks with CC2

68 and 89 (78 — 101) weeks for CC5.

69  Conclusion

70  CCs are predicted to offer a substantial additional reduction in pneumococcal disease
71  burden over RV alone, if their implementation does not result in much introduction delay.
72 Those findings are important to help guide vaccine introduction in countries that have not

73 yetintroduced PCV, particularly in Asia.

74
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84  Background

85 Disease due to Streptococcus pneumoniage (the pneumococcus) is a leading cause of
86  morbidity and mortality worldwide, disproportionally so in resource-poor settings [1-3].

87

88  Ten- and 13-valent pneumococcal conjugate vaccines (PCV10 and PCV13), which cover 10
89 and 13 of 94 known serotypes [4], are steadily being introduced into the routine
90 immunisation programmes of many low and lower-middle income countries with the
91  support from Gavi, the Vaccine Alliance [5]. In 2015, 50 out of 73 countries eligible for Gavi
92  support had introduced the vaccine, and eight additional countries have been approved for
93 introduction and are expected to introduce PCV within the next two years [5]. In 2012
94  Pakistan was the first Asian country to routinely introduce PCV, followed by Nepal,
95 Cambodia and Lao PDR [5]. However, PCV has not been introduced in most of Asia, including
96 Vietnam. Globally, the number of infants who had had 3-doses of PCV remains low [6].

97

98 The WHO recommends introducing PCV into childhood immunisation programmes
99 alongside a catch-up campaign (CC) among older children [7], in order to provide direct
100  protection to age groups at particular risk of pneumococcal disease, as well as to accelerate
101  the population impact of the vaccine through herd protection [8].
102
103  However, the magnitude of the additional impact of different CCs over RV remains unclear.
104  Moreover, Gavi has so far not been able to support CCs in eligible countries over concerns
105 that they would increase vaccine introduction delays, given supply constraints [5].

106
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The aim of our study was to explore the differential impact on carriage and invasive disease
of catch-up campaigns targeting various age groups, through a dynamic compartmental
model of disease transmission, and also explored the possible impact of delaying vaccine

introduction to allow for CCs to be undertaken.

METHODS

The model was applied to the population of Nha Trang (~360,000 inhabitants), an urban and

semi-rural area in south-central Vietnam.

Data

Nasopharyngeal carriage
Two surveys were conducted six month apart among children <5 years randomly drawn
from two communes, with 350 children included in January 2008 [9] and another 350

children in July 2008 [10].

Samples were processed and cultured as per WHO recommendations [11]. Serotyping was
done by PCR with 29 specific primer pairs which did not differentiate between serotypes 6A
and 6B [9]. Given that both antigens are included in PCV13 but that PCV10 does not include

6A, we decided to implement our model for PCV13.
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131  The carriage prevalence of VT and NVT among 5-17 year olds and adults (218 years) was
132  estimated based on the prevalence and serotype distribution in children <5 years of age,
133 using a meta-regression model [12].

134

135  Social mixing patterns

136  We derived the age-specific contact patterns from a survey conducted in the same area in
137  2010. The survey included a random sample of 2002 individuals drawn from the population
138  census, who completed a diary similar to the one used in the POLYMOD surveys [13], asking
139 about the frequency and characteristics of social encounters over 24 hours. The
140  corresponding mixing matrix was derived as in Melegaro et al. [14]. We parameterised our
141  model based on physical (i.e. skin-to-skin) contacts only, given that S.pneumoniae is
142  generally assumed to be transmitted through close interpersonal contact [15].

143

144  Model structure

145

146 We built an age-structured deterministic Susceptible-Infected-Susceptible transmission
147  model of carriage acquisition and clearance, in which we modelled VT jointly and separately
148  from NVT, but allowed for co-colonisation, as in previous models [16]. Details about the
149  model structure and model equations can be found in Supplementary File S1.

150

151  The model comprised of three levels of vaccine-induced immunity; (1) no protection, (2)
152  partial protection and (3) full protection. The latter refers to the efficacy and duration of
153  protection conferred after completion of the routine schedule (i.e. 2 infant doses and a

154  booster at 12 months (‘2+1’ schedule)) or the completion of a catch-up programme in older
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155  children (2 doses in <18 months and 1 dose in 218 months). Partial protection was gained
156  form two primary infant doses, or after the first catch-up dose in children aged 12 - 17
157  months. The difference between full and partial protection lied in the magnitude of vaccine

158  efficacy against carriage (VE.) and in the duration of protection.

159

160  We applied the model to a population of 81 annual age cohorts (0 to 80 years) divided into
161 52 weekly age bands of 100 individuals. In the calculation of the force of infection the
162  population figure was adjusted to represent the actual population, based on census data.
163

164  Model fitting

165

166  We fitted the model to pre-vaccination nasopharyngeal prevalence data using a Markov
167 Chain Monte-Carlo (MCMC) algorithm, and estimating the age-specific probability of
168  effective transmission in the absence of PCV. For each posterior sample we simulated up to
169 15 years after vaccine introduction.

170

171  In the calculation of the log-likelihood for carriage, model estimates of VT carriage
172 prevalence included VT carriers and VT-NVT co-colonization given the higher likelihood of
173  our PCR assay to detect VT than NVT colonies in case of multiple colonization [9].

174

175

176

177

178
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179  Model parameters and outputs

180

181 Table 1 displays the value assigned to the parameters governing transmission and
182  vaccination. Uncertainty around parameters was taken into account by sampling from their
183  posterior distribution in the MCMC process.

184

185 We obtained the vaccine efficacy against carriage conferring full protection (VEL ) from a
186  meta-regression model [17]. We estimated the partial efficacy against carriage (VE. ) as
187  0.78 (95% CI 0.64 — 0.92) that of VE. through a meta-analysis of the relative risk of VT
188  carriage after full schedules (2+1 or 3+0) compared to partial schedules (2+0), which
189  included four trials [18-21]. Further details are provided in the Supplementary File S2.

190

191  We assumed an exponential decay function for the waning of VE:, as in previous models
192  [16, 22]. We fixed the average duration of protection to 6 years, which best matched the
193  output of a meta-regression model of waning efficacy [17], and analysed the impact of
194  shorter (3 years) and longer (20 years) average protection in sensitivity analyses, based on
195 the uncertainty bounds of the same model [17]. The average duration of protection
196  following partial vaccination was assumed to be 0.78 (95%Cl| 0.64 — 0.92) that of a complete
197  schedule, as for efficacy. Details are provided in the Supplementary File S2.

198

199 In our base case model we set the vaccination coverage of both routine and catch-up
200 strategies at 90%, in accordance with coverage data from Vietnam [23].

201
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202  Carriage estimates were translated into IPD estimates based on the propensity of VT and
203  NVT serotypes to cause illness as a result of carriage, by age, using estimates from Choi et al.
204 [24].

205

206  The impact of PCV on IPD was calculated based on VT and NVT disease propensity, as well as
207 the efficacy against progression to invasive disease as a result of carriage (VEi. ). The latter
208  was obtained from a function linking efficacy against IPD (VE;pp) with VEc and VEi,, where
209  VEpp =1 — (1- VE.) *(1-VEin) [25]. VEnv was calculated based on estimates of VE;pp from
210  Lucero et al. [26] and estimates of VEc derived from [17] (Tablel), as detailed in the
211 Supplementary File S2.

212

213 Given limited data on IPD from Nha Trang and Vietnam [27], our main analysis focused on
214  the proportion reduction in IPD, rather than IPD incidence. However, we illustrated how the
215 relative IPD change may translate into disease incidence based on a point estimate in <5y
216  olds of 49 /100,000 as reported for Nha Trang [27]. We did not infer disease impact among
217  25year olds.

218

219  To explore the impact of delayed vaccination, we assumed that for each additional week of
220  delay the incidence of IPD during that time would be at its pre-PCV steady level.

221

222  Vaccination strategies

223
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224  We explored four different strategies: (i) routine (2+1) vaccination only (RV), and routine
225  vaccination with a catch-up campaign in (ii) <1y olds (CC1), (iii) <2y olds (CC2), and (iv) <5y
226  olds (CC5).

227

228  WHO currently recommends introducing PCV either as a three primary infant dose schedule
229  (3+0) or as two primary doses with a booster at 12 months of age (2+1 schedule), with the
230 choice between schedules guided by setting-specific epidemiological characteristics [7]. We
231 here present the predicted impact of a 2+1 programme, given the relatively low prevalence
232 of carriage in young children in Nha Trang [27].

233

234  Sensitivity analyses

235

236  We also ran the model for coverage levels of 50% and 70% in both routine and catch-up
237  programmes. We also explored the impact of duration of protection on our model outputs,
238  based on lower values of 3 years and 20 years, which span across the range of likely values
239  (Figure S3in File S2).

240

241

242 RESULTS

243

244  The carriage prevalence in <5 year olds was 41% (95% Cl 38 - 46%) overall, 27% (95%Cl 23 -
245  32%) for VT serotypes and 14% (95%Cl 11 - 18%) for NVT serotypes. We estimated the

246  carriage prevalence of VT in 5 — 17 year olds and in adults to be 14% (95% Crl 10 — 18%) and
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247 3% (95%Crl O — 7%) respectively, and that of NVT to be 15% {95%Crl 11 — 19%) and 3%
248  (95%Crl 0 — 7%). Figure 1 shows the model fit to the carriage data.

249

250 Nasopharyngeal carriage

251

252  Our model predicts elimination of VT serotypes across all age groups within 10 years of PCV
253  introduction in RV, with near-complete replacement by NVT serotypes, resulting in little or
254  no change in the overall carriage prevalence (Figure 2A&B), particularly in children >5 years
255 and in adults. CCs are predicted to reduce VT carriage more quickly through combined
256  direct and indirect (i.e. herd) effects (Figures 2C and D). In <5 year olds the VT carriage in
257  children is predicted to decrease by >99% within 6 years and 7 months (95% Cl 5y2m - 9
258  ybm) in RV, 5 years and 11 months {(4y6ém— 8 y10m) in CC1, 5 years and 1 month (3y9m —
259  7y10m) in CC2 and 3 yrs (2y2m—4y10m) in CC5. Similar trends are predicted in older
260  children and adults (Figures 2C and 2D).

261

262  Invasive Pneumococcal Disease (IPD)

263

264  Our model predicts that the decline of IPD incidence will be proportionally highest among
265 <2 year olds, falling to about 45% (95%Crl 33% - 57%) of its pre-PCV level and would be
266  almost halved (57% (48 — 66%)) in children aged 2 — 4 years respectively (Figure 3A and 3B).
267

268  Most of the benefit of CCs over routine vaccination in children <5 years is predicted to occur
269  within the first three years after PCV introduction, with no noticeable difference at 5 years

270  (Fig 3C). Our model predicts that the relative risk of IPD after CCs compared to RV would be


https://doi.org/10.1101/121640

bioRxiv preprint doi: https://doi.org/10.1101/121640; this version posted March 28, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

271  lowest about 1 year after PCV introduction, with differences between strategies reducing
272 thereafter until the new equilibrium is reached. Compared to RV, one year after vaccine
273 introduction the number of cases of IPD is predicted to be 11% (95%Crl 9 — 14%) lower with
274  CC1, 25% (21-30%) lower with CC2 and 38% (32 — 46%) lower with CC5 (Fig 3C).

275

276 The impact of each strategy on the cumulative proportion of cases averted in the first 3
277  years post PCV introduction, compared to no vaccination, is illustrated in Figure 3D.

278

279 Based on an average annual incidence risk of 49/100,000 children <5 years before PCV
280 introduction [27], a routine introduction of PCV would result in a total of 74 cases (95%Crl
281 62 - 86) per 100,000 children <5 years averted over the first five years of programme
282  implementation and catch-up campaigns would lead to the prevention of an additional 13
283  (95%Crl 11 — 16) cases with CC1, 25 (95%Crl 21 — 30) cases with CC2 and 39 (95%Crl 31 — 49)
284  cases with RV5.

285

286

287

288  Delayed PCV introduction

289

290  We estimated the relative impact on IPD of catch-up campaigns for increasing delays. Our
291  results suggest that, compared to RV, more IPD cases would be prevented in children <5
292  vyears insofar as PCV introduction is not delayed by more than 31 weeks (95%Cl 30 — 32

293  weeks) for CC1, 58 weeks (53 — 63 weeks) for CC2 and 89 weeks {78 — 101 weeks) for CC5.
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Vaccination delays would negatively impact <2 year olds more rapidly than 2 — 4 year old

(Figure 4).

Sensitivity analyses

Vaccination coverage

Our model predicts a lengthening of the time to near-elimination of VT serotypes (and
hence, the time to reach the new post-PCV disease equilibrium) as vaccination coverage
decreases but a similar differential impact of catch-up campaigns compared to routine

vaccination. Full details are provided in the Supplementary File S3.

Duration of protection

A duration of protection of 3 years would increase the time to elimination of VT carriage,
and thus prevent fewer IPD cases overall, while any average duration of protection longer
than 6 years would not change model outcomes. With a duration of 3 years the median
prevalence of VT in <5 year olds is predicted to reach near elimination about 2 years later in
RV and CC1, 1.5 years later with CC2 and about 1 year later with CC5. Similar differences
were predicted for the =5 year olds (Figure S5 in the Supplementary File S3). The relative
impact of one vaccination strategy over another was predicted to be similar than with a

duration of 6 years.

DISCUSSION
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317 We explored the possible impact of introducing PCV13 with and without a catch-up
318 campaign in Vietnam through a dynamic transmission model. Our results feed into current
319 debates about introduction strategies, particularly in South-East Asia where pneumococcal
320 disease burden is high [28], where many countries have not yet introduced PCV [5], and
321  where epidemiological data to guide decision making remain scarce [28, 29]. Although
322  Vietnam is Gavi-eligible and is expected to introduce PCV in the coming years, it has not yet
323  applied [5]. Our results provide estimates about how much catch-up campaigns would
324  decrease disease burden compared to routine vaccine introduction without a campaign, for
325 different scenarios. Our study also shows that, although catch-up campaigns would
326 decrease disease burden more rapidly across age groups, their impact would only be
327  beneficial insofar as the additional supply and operational constraints of their
328 implementation does not delay PCV introduction by more than about 6 months to 2 years,
329 depending on the age cohorts targeted by those campaigns.

330

331  The availability of data on both social mixing patterns — which are central to transmission
332  models [13, 30] — and carriage in the same population allowed for thorough
333  parameterisation of a transmission model.

334

335 However, our study has a number of limitations. In the absence of post-PCV data,
336 predictions were based on the best available estimates of parameters governing vaccine
337  effects that were observed elsewhere [16, 17, 31], which may not fully capture the local
338 characteristics. Given that serotypes differ in their pathogenicity, fitness and transmissibility
339  [32, 33], and that vaccine efficacy and duration of protection differs by serotype [12], our

340 predictions based on homogeneous characteristics for the group of VT and NVT serotypes
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341 may overlook local epidemiological characteristics. This uncertainty was nonetheless
342  captured to some extent by sampling from the known uncertainty around those parameters
343 [16]. Moreover, we were not able to assess the impact of PCV on pneumococcal
344  pneumonia, the burden of which is much higher than that of IPD [34], given the lack of
345 robust data and the challenges in the aetiological assessment of clinical pneumonia. Results
346  from ongoing studies in Gavi-eligible countries [35, 36] might help modelling work on the
347  impact of PCV on pneumonia in the future.

348

349  Our predictions are in line with the experience of PCV7 in Europe and North America [37-
350 44], as well with post-PCV trends observed in the few studies from low-income settings
351  [36]. In the region of Kilifi in Kenya, where a catch-up campaign was conducted at PCV
352  introduction, impact studies have shown a two third reduction in VT carriage prevalence
353 across all age groups within two years of PCV10 introduction with a catch-up campaign
354  among children <5 years [43].

355

356  The implementation of PCV in various settings has consistently resulted in little or no
357 change in overall carriage prevalence, due to replacement effects by NVT serotypes
358 colonising the space left vacant by VT in the nasopharynx, but a reduction in severe disease
359 given the lower pathogenicity of the latter, in accordance with our model output. Our
360 predictions were also robust to estimates of duration of protection of vaccination coverage,
361 and thus provide useful estimates of the impact of introducing PCV in a semi-urban
362  Southeast Asian setting.

363
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364  While supply issues could also lead to other problems than just delay, such as incomplete
365 schedules once a programme has started, we here assumed that the planning of vaccine
366 introduction would be based on vaccine availability, full roll-out capacity and sustainability
367 at introduction. With supply constraints, and ignoring other supply side, staff and outreach
368 challenges that could potentially delay the implementation of CCs [5], our study can inform
369  whether delaying the introduction of the vaccine to allow for CCs would potentially be
370  beneficial, compared to a routine-only strategy. Moreover, this model also provides a
371 framework that could feed into economic evaluations to further guide decisions about
372 vaccine introduction with and without campaigns.

373

374  The generalisability to other settings of the differential impact of CCs needs to be
375 considered in light of the epidemiological and socio-demographic characteristics of Nha
376  Trang. In particular, the low prevalence of carriage and an ageing population - with only 5%
377  of children under the age of five years — impact on the speed with which herd effects are
378  established. Although similar epidemiological and demographic characteristics are observed
379  in many other South(east) Asian settings [45, 46], the differential impact of CCs and the
380 establishment of herd effects in settings with a younger population and a higher carriage
381  prevalence is likely to differ, and should be addressed with models applied to such settings.
382

383  In conclusion, our study offers insights into the current debate about vaccination strategies
384  when introducing PCV in South-East Asia. Our model suggests that catch-up campaigns have
385 the potential to rapidly decrease carriage and disease across age groups, but are only
386  offering added reduction in disease burden insofar their implementation results in little to

387 noimplementation delay.
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631 Tables and Figures

632 Table 1: Parameters used in the model

Parameter Value Source*
Competition for carriage acquisition 0.1 (SD 0.01) [16, 31]
(CN and C\/)s

Duration of carriage (6;)

0—-52 months 47.1 days [47]

12 - 23 months 39.4 days [47]

24 — 35 months 31.6 days [47]

36 — 47 months 21.5 days [47]

48 — 59 months 21.3 days [47]
5—17 years 17.0 days [22, 48]
18 years and over 18.0 days [22, 48]
Vaccine efficacy against carriage

Full protection (VE) 62% (95%Crl 52 - 72 %) [17]
Partial protection (VE ) 0.78 (95%CI 0.64 —0.92) * VE. Meta-analysis of [18-21]

(Supplementary File S2)
Mean duration of protection against carriage

In fully protected (Df) 6.0 years [17](Supplementary File
S2)

In partially protected (Dy) 0.78 (95%Cl 0.64 —0.92) * D¢ Supplementary File S2

Vaccine efficacy against IPD (VEpp) 0.80 (95%Crl 0.61 —0.90) [49]

633 “Where 0.1 means a force of infection which is 10% that of a situation with no competition
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634

635  Figure 1: Pre-PCV carriage estimates across age groups for VT (left panel) and NVT (right
636  panel), based on survey (plain vertical lines) and meta-regression model (dotted vertical
637 lines) estimates, and estimates from the corresponding transmission model. Legend: Dots
638 and bars correspond to the point and 95% confidence interval for the carriage estimates
639 from the survey data (plain dot and plain lines) and the meta-regression model (cross and
640 dotted lines). The dark red and dark blue plain lines represent the median transmission
641 model estimate for VT and NVT respectively, the shaded areas the 50% credible interval (Crl)
642  around the median and the dotted red and blue lines the 95%Crl
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655

656  Figure 2: Predicted trends in nasopharyngeal carriage following PCV13 introduction in Nha
657 Trang. Legend: A: Predicted trends in VT, NVT and overall carriage in <5 year olds without a
658  catch-up campaign. B: Predicted trends in VT, NVT, and overall carriage in 25 year olds
659  without a catch-up campaign. C: Predicted prevalence of VT carriage in <5 year olds for each
660  vaccination strategy. D: Predicted prevalence of VT carriage in 25 year olds for each
661  vaccination strategy. In all four panels: plain line= median, shaded areas= 50% credible
662 intervals and dotted line or whiskers=95% credible interval
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Figure 3: Trends in IPD following PCV introduction in children under five years of age in Nha
Trang Legend: A: Predicted trends the cumulative annual incidence of IPD in children <2
years for each vaccination strategy considered, at a 90% vaccination coverage B: Predicted
trends the cumulative annual incidence of IPD in children aged 2-4 years for each
vaccination strategy considered, at a 90% vaccination coverage C: Cumulative number of IPD
cases saved for each catch up strategy compared to RV, in children <5 years of age. D:
Overall cumulative number of cases saved for each vaccination strategy, compared to no
vaccination, in the first 3 years post PCV introduction. In all four panels: plain line= median,
shaded areas= 50% credible intervals and dotted line or whiskers=95% credible interval
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Figure 4: Impact of delayed PCV introduction with a catch-up campaign on VT carriage
(panel A) and on IPD cases saved (panel B) in children under five years of age. Legend: A: <2
year olds. B: 2 — 4 year olds C: <5 years olds. The middle plain trend line corresponds to the
median estimate (Green=CC1, Blue=CC2, Red=CC5), the dark shaded areas the 50% Crl and
the light shaded areas the 95%Crl. The plain horizontal line at 1.00 represents the point
below which interventions will be more favourable than a timely RV.
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707

708  Supplementary File S1: Model structure

709

710 We built a realistic age-structured deterministic Susceptible-Infected-Susceptible (SIS)
711 transmission model of carriage acquisition and clearance, similar to Choi et al. [16].

712  The model considers all VT serotypes jointly and separately from the group of NVT
713 serotypes, but allows for VT-NVT co-colonization, thus resulting in four compartments of
714  carriage states, namely susceptible, VT carriers, NVT carriers and VT-NVT co-colonized as in
715 Choi et al. [16]. In this model movements from the susceptible to the VT or NVT
716  compartments are determined by age-specific forces of infection for VT (Avi) and NVT (Aw;)
717  respectively, and co-colonization is determined by competition parameters (Cy and Cy),
718  which represent the degree with which prior colonization reduces the likelihood of co-
719  colonization. Age-specific recovery rates (r;) determine the speed with which individuals
720  revert back from the co-colonized to either VT or NVT compartments, and from colonization
721  to susceptible compartments, assuming no natural immunity to carriage.

722

723  The model comprised of three levels of vaccine-induced immunity; (1) no protection, (2)
724  partial protection and (3) full protection (Figure S1). The latter means the efficacy and
725  duration of protection conferred after completion of the infant schedule (i.e. 2 infant doses
726  and a booster at 12 months (‘2+1’ schedule)) or the completion of a catch-up programme in
727  older children (2 doses in <18 months and 1 dose in 218 months). Partial protection was
728  gained form two primary infant doses, or after the first catch-up dose in children aged 12 -
729 17 months. The difference between full and partial protection lied in the magnitude of

730  vaccine efficacy against carriage (VE.) and in the duration of protection.
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We applied the model to a population of 81 annual age cohorts (0 to 80 years) divided into
52 weekly age bands of 100 individuals. In the calculation of the force of infection the

population figure was adjusted to represent the actual population, based on census data.

We inferred the impact on IPD based posterior estimates of carriage at each time step,
case:carrier ratios for VT and NVT by age group [16], the vaccine efficacy against
invasiveness and the vaccination coverage of each weekly age cohort at each time step.

Details about parameters of vaccine efficacy are provided in the Supplementary File S2.

The model equations are provided in Text S1 below.

Figure S1: The three groups of vaccine protection states defined in the model and

movement between groups
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747

748  Text S1: Model equations

%= Fui s VA(E) « i Ni(t) - (A () + Ani(t)) = (7o + Viccater - up) * S (t) + @p* i (1) + o1 « Si(t)

$= Ai(t)» St) + i+ Bi(t) — (Cn+ Ani(t) + i) = Vi(t) — % + Yiceaten - up) = Vi (t) + p+ Vi (t) + @1 Vi (t)
% = Ani(t) * S(t) + rvi* Bi(t) — (Cv + Avi(t) + i) « Ni(t) — i) + Piccachum) * Ni(t) + wp+ Npi(t) + o1 « Nfi(t)
% = (Cv Awi(t) « Ni(t) + Cn - Ani(t) « Vi(t) = (i + 1) = Bi(t) = (#n0) + ¥icatenam)) * Bi(t) + 0o+ Bpi(t) + - BAi(t)

—da;(t) =rvi*VPi(t) + rnis Npi(t) - (A= VEpc) « Avi(t) + Ani(t) + iooosten + @p) * Fi(t) + Yy = S(t)

% = (1~ VE)  u(t) - S (t) + i Bpi(t) — (Cv+ Ani(t) + Hiceoosten + ) - VIi(t) + iy * Vi (t)
% = Ani(t) S (t) + rvi* Bpi(t) — (Cu * (1—VEoc)  Ani(t) + i vonser + @p) « Npi(t) + yicny - Ni(t)
% = (Cv+ (1= Vo) A (t) - Npi(t) + Cn+ Ani(t) - Vi(t) = (i« Pt + iooosen + @) - BPI(E) + Yien+ Bi(E)
ds(;‘ ®) _ i VE() - NECE) - ((L—VE&)+ A(t) + Ani(t) + 1) SH(t) + Voo S () + Fhccamy+ (1)
e ﬂt(t) = (1= Vi) Au(t) - Shi(t) + na = BFi(t) — (Cn+ Ana(t) + 1) Vi (t) + i ooostr) - VD (t) + Ficcacham) - VP (t)
% = Ani(t)  SH(t) + rvi B (t) — (Cv + (1-VExc) * Ani(t) + 1)« Nfi (t) + iceooser) - Ny (t) + 4 cacram) - Npi(t)
% = (Cv+ (1—VEi)+ Awi(t) Nfi(t) + Cn+ Ana(t) s Vi(t) — (i Fvi + 1)+ Bfi(t) + yi(voosen - BPI(t) + Hiccaenamy * Bpi(t)

750

751  jrepresent the weekly age groups. Bl is the vaccination coverage for infant doses (inf), the
752  booster dose (boost) and the catch-up dose {catch-up). VEfcand VEpc is the vaccine efficacy
753  against carriage acquisition after full and partial vaccination respectively. wp and ws
754  represent the rate of waning immunity after partial and full vaccination.

755

756

757

758
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759

760  Supplementary File S2: Vaccine efficacy and duration of protection
761

762  Vaccine efficacy against carriage

763

764  Full vaccination

765 We obtained the vaccine efficacy against carriage after full protection (VECF) and its
766  uncertainty from a Bayesian meta-regression model based on estimates from 22
767  intervention studies. The details have been published elsewhere [17]. The model of vaccine

768  efficacy was run for as many iterations as in our transmission model, so that we could

769  sample one estimate of VEE at each iteration of the post-vaccination simulations.

770

771 Partial vaccination

772 A systematic review of the impact of pneumococcal conjugate vaccines on carriage [50]
773 provided information on intervention studies with 2 primary-dose arms where compared
774  with either 2+1 schedules or 3+0 schedules.

775

776  We included individual randomized controlled trials providing nasopharyngeal carriage
777  estimates within 3 — 20 months after a 2-dose infant schedule {2+0 arm) and after a
778 complete schedule (either 3+0 or 2+1 arm). We excluded studies providing carriage
779  estimates within 3 months after vaccination to account for the delay in producing an
780 immune response, and time to carriage clearance under the assumption that existing

781  carriage at the time of vaccination is not affected by PCV [17].
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782

783  We extracted data on the number of carriers of VT and total number of individuals swabbed
784  in each study arm before and after vaccination. We then computed the relative risk of VT
785  carriage among fully vaccinated compared to partially vaccinated children. The pooled
786  estimates were obtained through a random effects meta-regression model.

787

788  We pooled estimates from four studies, including trials in Fiji [19], Israel[18], The Gambia
789  [51] and The Netherlands [20], providing together eight different survey points, into a
790 simple random effects meta-analysis, not taking into account within-study dependence
791  given the limited number of data points per study. The details of the studies are provided
792  in Table S1 below.

793

794  Table S1: Studies included in the meta-analysis

Study Country Schedule Age Time since  Carriers /total  Relative Risk (95%l)

(months)  last dose

(months)

Dagan (2012)[18]* Israel 3+0 9.5m 3.5m 58/327 0.83 (0.57 —1.20)
Dagan (2012)[18]* Israel 2+0 9.5m 3.5m 36/169 ref
Ota (2011)[51] Gambia 3+0 11m 7m 20/200 0.59 (0.36 - 1.00)
Ota (2011)[51] Gambia 2+0 11m 8m 33/198 ref
Ota (2011)[51] Gambia 3+0 15m 11m 24/193 0.80(0.49 —1.32)
Ota (2011)[51] Gambia 240 15m 12m 30/196 ref
Russell (2010)[19] Fiji 3+0 6m 3m 13/127 0.95 (0.47 —1.89)
Russell (2010)[19] Fiji 2+0 6m 3m 16/148 ref
Russell (2010)[19] Fiji 3+0 9m 6m 4/122 0.32(0.11-0.93)
Russell (2010)[19] Fiji 2+0 9m 6m 15/146 ref
Russell (2010)[19] Fiji 3+0 12m 9m 8/114 1.25(0.49-3.23)
Russell (2010)[19] Fiji 2+0 12m 9m 9/143 ref
van Gils (2009)[20] Netherlands 2+1 18m 7m 51/329 0.64 (0.47 —0.88)
van Gils (2009)[20] Netherlands 2+0 18m 14m 79/327 ref
van Gils (2009)[20] Netherlands 2+1 24m 13m 47/333 0.96 (0.66 -1.39)
van Gils (2009)[20] Netherlands 2+0 24m 20m 49/332 ref

795  *In this study pooled results were provided for samples taken at 7 months and 12 months of age,
796  and we therefore considered the age and time since the last dose as the average between the two
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797 The pooled relative risk of carriage among children with a full schedule was 78% (95%Cl 64
798  —92%) that of a partial schedule (Figure $2), with no evidence of heterogeneity (1°=3%).
799

800 At each iteration of the MCMC, we sampled a value from the relative risk 78% (95%Cl 64 —

801  92%) multiplied by a value of the full vaccine efficacy against carriage acquisition (VEg), to

802  obtain a measure of the partial efficacy (VEE ).

803

804  Figure S2: Forest plot of the relative risk of VT carriage of 3 primary doses (2+1 or 3+0), for
805 four different individual randomized controlled trials (RCTs), at eight different time points

806  [18-20, 51].

Relative efficacy [2 vs 3 doses]

Study mean (95%Cl)
Dagan (2012) 0.83 (0.57-1.20) S
Ota (2011) 0.59 (0.36-1.00) .
Ota (2011) 0.80 (0.49-1.32) ——
Russell (2010) 0.95 (0.47-1.89) -
Russell (2010) 0.32 (011093 =
Russell (2010) 1.25 (0.49-3.23)
van Gils (2009) 0.64 (0.47-0.88) -
van Gils (2009) 0.96 (0.66-1.39) ——
Summary 0.78 (0.64-0.92) >
EIIE 1‘ 1.I5 2I 2I5
807
808
809
810
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Duration of protection

The duration of protection against carriage acquisition was obtained from le Polain et al
[17]. The median estimate of a model of waning efficacy, using an asymptomatic function,
closely matched that of an exponential decay with a mean duration of protection of 6 years
(Figure S3). Hence, this estimate was taken as the average duration of protection in the
main model. For sensitivity analyses, we considered mean durations of 3 years and 20 years

as the lower and higher values, as shown in Figure S3.

Figure S3: Duration of protection of PCV against carriage acquisition

—— Mean pooled VEC
50% Crl
95%Crl

) Study point VEC

------- Study 95%Cl

---- Mean protection 3yrs

---- Mean protection Byrs
IMean protection 20yrs

80% 100%
| |

60%
\

40%
|

Vaccine efficacy
20%
|

0%

-20%
|

Bm 1y 2y 3y 4y 5y 6y
Time since completion of full vaccination schedule

Legend : Each circle represents the mean vaccine efficacy estimate for each study included
in the analysis — see [17]. The size of the circle is proportional to the study size. The whiskers
on either side of each circle represent the 95%Crl around the point estimate. The dark grey
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826  area corresponds to the 50% Crl around the main model estimate of vaccine efficacy and its
827  waning (plain black line), and the lighter grey area to the 95% Crl. The blue, red and green
828  dotted lines show the waning with an exponential decay function for a mean duration of
829  protection of 6 years, 3 years and 20 years respectively. Figure adapted from le Polain de
830 Waroux et al. [17], with permission from PIDJ

831

832 Inthe absence of estimates on the duration of protection of partial vaccination, we assumed
833  that the duration of protection of a partial vaccination was 0.78 (0.64 — 0.92) that of a full
834  vaccination, as for VEc.

835

836  Vaccine efficacy against Invasive Pneumococcal Disease

837

838 The vaccine efficacy against invasive pneumococcal disease (VE;pp) can be expressed as a
839 function of the vaccine efficacy against carriage acquisition (VEc) and the efficacy against
840  progression to disease as a result of carriage, which we here term the vaccine efficacy
841  against invasiveness (VEin,) [25], where VEpp=1 — (1-VE)(1-VEin).

842

843  Based on estimates from a large systematic review by Lucero et al. [26], we assumed VEpp
844  to be 80% (95%Cl 58 — 90%) and generated a binomial distribution that closely matched
845  those estimates . Hence, we calculated VE;,, based on the distribution of VE;;p and that of
846  VE(, and obtained a value of VE;,, at each iteration in our MCMC process.

847

848  The mean VEy was 80% (95%Crl 67 — 90%), the mean VEc was 62% (95%Crl 52 — 73%) and
849  mean VE;,, was 48% (95%Crl 34 — 65%). The distributions are shown in Figure S4 below.

850

851
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852  Figure S4: Estimates of vaccine efficacy

VE against IPD VE against carriage VE against invasiveness

I T T T T T T T 1 [ T T T T T T T 1 I T T T T T T T 1
20% 40% 60% 80% 100% 20% 40% 60% 80% 100% 20% 40% 60% 80% 100%

853

854  Legend: density plot of the vaccine efficacy against IPD (left panel), carriage (medium panel)
855 and invasiveness (right panel). The x axis displays the vaccine efficacy.

856

857

858 In the model, was assumed no waning of VE;,,, and that VEi, would be conferred after 2
859  primary doses, or any catch-up dose. Although there is evidence that VEc after partial
860 vaccination differs from that after complete vaccination (see earlier), evidence that the
861 efficacy against progression to invasiveness differs between two and three primary doses is
862  scarce.

863

864  Although it is likely that VE;,, wanes over time, we did not consider waning in the main
865 model, given that most of the direct impact of PCV on IPD occurs in the first few years of
866 life, before establishment of the herd immunity effect (see results), and given the lack of
867  estimates of waning of VEyy.

868

869

870

871
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872

873  Supplementary File S3: Sensitivity analysis (coverage and duration of vaccine protection)
874

875  Vaccination coverage

876

877 We explored model outputs with lower vaccination coverage in both cohort and catch-up
878 immunization. Our model predicted a lengthening of the time to near-elimination of VT
879  serotypes (and hence, the time reach the new post-PCV disease equilibrium) as vaccination
880 coverage lowers but a similar differential impact of catch-up campaigns compared to
881  routine vaccination.

882

883  Figure S4 compares predictions of trends in VT carriage for all four strategies and
884  vaccination coverage levels of 90%, 70% and 50%.

885

886  Duration of protection

887

888 A duration of protection of 3 years would increase the time to elimination of VT carriage,
889  and thus prevent fewer IPD cases overall, while any average duration of protection longer
890 than 6 years would not change model outcomes. With a duration of 3 years the median
891 prevalence of VT in <5 year olds is predicted to reach near elimination about 2 years later in
892 RV and CC1, 1.5 years later with CC2 and about 1 year later with CC5. Similar differences
893  were predicted for the 25 year olds (Figure S5). The relative impact of one vaccination

894  strategy over another was predicted to be similar than with a duration of 6 years.
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Figure S4: Impact of vaccination coverage on VT carriage for each strategy considered, and

comparing 90%, 70% and 50% homogeneous coverage for each of the four strategies, in

children aged 0 — 59 months
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Legend: In all four panels: plain horizontal line= median, boxes= 50% credible intervals and
whiskers= 95% credible interval, for each of the three levels of vaccination coverage (90%,
70%, 50%) and for all four vaccination strategies.
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905  Figure S5: Comparing model estimates with an average duration of protection of 6 years
906 (blue) and of 3 years (red) for each of the vaccination scenarios considered and by age
907  group
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909 Legend: Percentage reduction in VT carriage in children <5 years (left) and > 5 years old. In
910  blue is are estimates of the main model {average duration of protection of 6 years) and in
911 red are estimates considering a mean duration of protection of 3 years. The plain lines
912  represent the median and the dotted lines the 95% credible interval
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