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Abstract
AIM: To investigate evidence of clinical protection
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in infants after one dose of 7-valent pneumococcal
conjugate vaccine (7vPCV) owing to carrier priming.

METHODS: Using Australian National Notifiable
Diseases Surveillance System data, we conducted a
descriptive analysis of cases of vaccine type invasive
pneumococcal disease (VT-IPD) during “catch-up” years,
when 7vPCV was carrier primed by prior administration
of DTPa vaccine. We compared the number of VT-IPD
cases occurring 2-9 wk after a single dose of 7vPCV
(carrier primed), with those < 2 wk post vaccination,
when no protection from 7vPCV was expected yet.
Further comparison was conducted to compare the
occurrence of VT-IPD cases vs non-VT-IPD cases after a
single carrier-primed dose of 7vPCV.

RESULTS: We found four VT-IPD cases occurring <
2 wk after one carrier primed dose of 7vPCV while
only one case occurred 2-9 wk later. Upon further
comparison with the non-VT-IPD cases that occurred
after one carrier primed dose of 7vPCV, two cases were
detected within 2 wk, whereas seven occurred within
2-9 wk later; suggesting a substantial level of protection
from VT-IPD occurring from 2 wk after carrier-primed
dose of 7vPCV.

CONCLUSION: This data suggest that infants may
benefit from just one dose of 7vPCV, likely through
enhanced immunity from carrier priming effect. If this
is proven, an adjusted 2-dose schedule (where the
first dose of PCV is not given until after DTPa) may be
sufficient and more cost-effective.

Key words: Carrier priming; Conjugate vaccine; Infant;
Invasive pneumococcal disease

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: With the inclusion of newer conjugate vaccines
with higher number of serotypes in the immunisation
schedule, literature suggests that prior immunisation
with tetanus/diphtheria-containing vaccines could
enhance the immunogenicity of subsequently admi-
nistered glycoconjugate vaccine, a phenomenon known
as “carrier priming”. This analysis provides evidence of
substantial clinical protection ensued after one dose
of 7-valent pneumococcal conjugate vaccine as result
of carrier priming. This phenomenon could be imple-
mented to enhance the immunogenicity of conjugate
vaccines among vulnerable populations such as infants
in resource-poor settings, travellers, immigrants and
refugees.
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INTRODUCTION

Streptococcus pneumoniae (SPn) is responsible for
33% of childhood mortalities due to pneumonia
worldwide™. Invasive pneumococcal disease (IPD) is
caused by SPn and is defined as an infection confirmed
by the isolation of pneumococci from a normally sterile
body site, such as the blood stream and cerebrospinal
fluid whereas non-invasive disease includes otitis
media, sinusitis and bronchitis™. The incidence of IPD
is often used as a measure of pneumococcal disease
burden™. The 7-valent pneumococcal conjugate vaccine
(7vPCV) was introduced to the Australian National
Immunisation Program (NIP) for vaccination against
SPn for medically at-risk and Indigenous children in
2001 and for all children from January 2005, The
dosage schedule used was three doses at 2, 4 and 6
mo of age along with other vaccines such as diphtheria,
tetanus and acellular pertussis (DTPa). A concurrent
catch up vaccination program was implemented for two
years targeting children up to two years of age, many
of whom would have received DTPa vaccine prior to
their first catch up dose of 7vPCV. The use of the 3 + 0
schedule is strongly supported by a systematic review
of several randomized controlled clinical trials (RCTs) of
pneumonia and IPD in developing country settings™.
A 3-dose 2-4-6 mo schedule result in the optimum
antibody levels after the primary series for many
serotypes. However, interestingly, the 2-dose 3-5 mo
schedule demonstrated higher antibody levels for five
serotypes than the 3-dose schedule (at 2-3-4 mo) and
equivalent antibody responses for serotypes 6B and 23F
suggesting that the optimal timing of doses is perhaps
more important than the number of doses™.

The PCV is currently available in less than 60% of
countries across the world” as the cost of the vaccine is
an important barrier. Affordability of the vaccine could be
improved through adoption of schedules with reduced
doses by taking the advantage of a phenomenon called
“carrier priming” when PCV is administered after DTPa
vaccination®. Carrier priming is defined as an enhanced
antibody response to a glycoconjugate vaccine when an
individual has been previously primed with the carrier
protein®.,

PCVs utilise carrier proteins such as tetanus toxoid,
diphtheria toxoid or cross-reacting material 197 of
diphtheria toxin. It is apparent that there is a high
resemblance between these carrier proteins and the
contents of DTPa vaccine. The carrier priming effect is
attributed to the development of carrier-specific T-cells
in response to a preceding immunisation with a vaccine
(such as DTPa) that contains antigens similar to the
carrier proteins in conjugate vaccines; this has been
demonstrated in various studies™.

The catch-up vaccination program implemented
in 2005 accompanying the introduction of universal
7vPCV vaccination program in Australia provides a
unique opportunity to examine the potential protective
effect of carrier priming on IPD. We hypothesise that
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due to the effect of carrier priming, the number of
vaccine type-IPD (VT-IPD) cases 2-9 wk following the
administration of the first dose of 7vPCV (through catch
up program in those children primed with previous dose
of DTPa), would be less frequent than that of the VT-
IPD cases within the first two weeks post-vaccination
(where no protection is expected yet). In this analysis,
we compared the number of IPD occurring after the
2" week post-vaccination until the 9™ week (the time
of the next dose) to that occurring two weeks post-
vaccination.

MATERIALS AND METHODS

Data source and case definition

We conducted a retrospective descriptive analysis by
obtaining data from the National Notifiable Diseases
Surveillance System (NNDSS), Australia. IPD has been
a notifiable disease in Australia since the year 2001.
Laboratories, medical practitioners and allied health
providers are required to report IPD cases to the health
authorities. De-identified data on notified cases are
reported by authorities electronically to NNDSS.

A case of IPD is defined as an identification of SPn
through culture or nucleic acid testing from any normally
sterile body site. The onset date is considered as the
date of diagnosis. Demographic and clinical information
including Indigenous status, age, vaccination status and
serotype of the isolated pneumococci were collected
from each case of IPD. According to the Australian NIP,
all cases = 2 mo old were presumed to receive dose
one of DTPa. The VT-IDP was defined as the isolation
of one of the serotypes contained in 7vPCV (4, 6B, 9V,
14, 18C, 19F and 23F). Isolation of other serotypes was
defined as non-vaccine type-IPD (NVT-IDP). Eligibility
criteria of IPD cases for analysis were non-Indigenous,
infant (aged < 12 mo) of both genders with no
documented underlying pre-existing medical conditions.

We undertook the following comparisons: (1) the first
analysis in this paper compares the number of VT-IPD
within two weeks after a single carrier primed dose of
7vPCV with that occurred during 2-9 wk; (2) the second
analysis compares the number of VT-IPD cases vs NVT-
IPD cases after a single carrier primed dose of 7vPCV
during and two weeks after vaccination; (3) the third
analysis compares the number of VT-IPD cases after a
single carrier primed dose of 7vPCV with the number of
VT-IPD cases after non-carrier-primed dose of 7vPCV
during and two weeks after vaccination; and (4) the final
analysis explores herd immunity after the introduction of
7vPCV to assess the herd effect during the transitional
period (when most of the analysed cases occurred).
Herd immunity was explored by detecting numbers of
VT-IPD among infants < 2 mo before, during and after
the introduction of 7vPCV.

Ethics approval
Permission to access NNDSS data for the study was
granted by the data custodian Communicable Disease
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Network Australia of the Australian Department of
Health. Australian Capital Territory Health Human
Research Ethics Committee approval was obtained
as a prerequisite for data access (Reference number
ETHLR.13.318).

Statistical analysis

Statistical Package for the Social Sciences (SPSS)
version 22 software program (SPSS, Inc., Chicago, IL,
United States) was used to carry out descriptive data
analyses. Categorical variables were compared by using
the one-sided fisher’s exact test. A P value < 0.05 was
considered statistically significant.

RESULTS

A total of 23632 IPD cases were identified and scanned
for study eligibility. The number of cases included in
the study was 184 among non-Indigenous Australian
children who developed IPD after at least one dose
of 7vPCV and were born between 1% January 2001
(when 7vPCV became available in the private market)
until 31% December 2006 (when the 7vPCV catch up
program ended). Of these, 108 (58.7%) were males.
The majority of cases were from New South Wales
[61 (33.2%)], Victoria [50 (27.2%)] and Queensland
[42 (22.3%)]. Serotype was determined in 174 cases
(94.5%). Final analysis in this study included 22 IPD
cases with median ages as shown in Figure 1.

While examining a carrier-priming protective effect
after one dose of 7vPCV, we found that four VT-IPD
cases (serotypes: 23F, 4, 14 and 19F) occurred within
two weeks after one carrier primed dose of 7vPCV.
We did not expect the vaccine to work effectively for
two weeks; we found that only one case (serotype
19F) occurred 2-9 wk later (Figure 2), indicating that
one carrier primed dose could provide a substantial
protection after two weeks.

Further analysis revealed that two NVT-IPD cases
(serotypes: 6C and 22F) occurred within two weeks
after the first carrier primed dose of 7vPCV whereas
seven NVT-IPD cases (serotypes: 35B, 38 and five
10A) were reported 2-9 wk after vaccination (Figure
3). Compared to the number of VT-IPD cases after the
carrier primed dose, this suggests a protective effect (P
= 0.06) against VT-IPD occurring after only one carrier
primed dose (Table 1).

Upon further comparison with the non-carrier
primed VT-IPD cases, two VT-IPD cases (serotypes: 18C
and 14) occurred within two weeks after the first dose
of 7vPCV while six VT-IPD cases (serotypes: 18C, 14,
23F, 6B and two 19F) occurred 2-9 wk after vaccination
(Figure 4); which although not quite significant, may
indicate that protection ensued (P = 0.08) (Table 2).
However, age would be a confounder in the latter
comparison as the primed cases were older with
possibly more mature immunity.

Considering the fact that most of the cases included
in our analysis took place during the transitional years
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Table 1 Contingency table comparing the numbers of vaccine
type invasive pneumococcal disease and non-vaccine type

invasive pneumococcal disease cases 9 wk after single carrier
primed dose of the 7-valent pneumococcal conjugate vaccine
among non-Indigenous Australian infants (2001-2006)

Two weeks after 2-9 wk after
carrier primed dose of carrier primed

7vPCV dose of 7vPCV
Number of VT-IPD cases 4 1
Number of NVT-IPD cases 2 7

'P value

'One-sided fisher’s exact test. 7vPCV: 7-valent pneumococcal conjugate
vaccine; VT-IPD: Vaccine type invasive pneumococcal disease; NVT-IPD:
Non-vaccine type invasive pneumococcal disease.

Table 2 Contingency table comparing the numbers of
vaccine type invasive pneumococcal disease cases 9 wk after

carrier primed and non-carrier primed dose of the 7-valent
pneumococcal conjugate vaccine among non-Indigenous
Australian infants (2001-2006)

Two weeks after  2-9 wk after dose of

dose of 7vPCV 7vPCV
Number of VT-IPD cases 4 1
after carrier primed 7vPCV
Number of VT-IPD cases 2 6
after non-carrier primed
7vPCV
'P value 0.08

'One-sided fisher’s exact test. 7ZvPCV: 7-valent pneumococcal conjugate
vaccine; VT-IPD: Vaccine type invasive pneumococcal disease.

of 2005-2006, we explored herd immunity during this
transitional period to evaluate its effect. The trends
shown in Table 3 and Figure 5 demonstrate little
evidence of clinical protection (herd immunity) among
young infants aged < 2 mo (before first vaccine dose).
This suggests that herd immunity was unlikely to have
contributed to the protection of young infants against
IPD during observation period of our study. Therefore,
the explanation for protection is likely to be the direct
effect of one PCV dose enhanced by prior carrier priming.

DISCUSSION

Our analysis suggests that infants may receive some
protection even from a single dose of 7vPCV if conjugate
vaccines are offered after DTPa vaccination; this could
be attributed to enhanced protection through a carrier
priming effect even after one dose of vaccine. This is
consistent with other incidental findings among infants,
adults and even in animal models where prior exposure
to DTPa or one of its components was shown to en-
hance the immunogenicity of subsequent PCV!*™],
There is evidence from other settings that children who
had not carrier primed would still be susceptible to IPD
at 2-8 wk after one dose of 7vPCV (unpublished Danish
IPD data, Z Harboe personal communication). It has
been shown elsewhere that one dose of 7vPCV provides
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IPD cases obtained from
NNDSS between 2001 and
2013
(n = 23632)

Cases that occurred after at least
one 7vPCV dose between 2001
and 2006 (7 = 184)

Cases 'eligible for Ineligible
the final analysis —>| excluded cases
(n=22) (n =162)

5 carrier primed
VT-IPD cases (Median
age 8.3 mo)

8 non-carrier primed
VT-IPD cases
(Median age 2.2 mo)

9 carrier primed
NVT-IPD cases
(Median age 5.9 mo)

Figure 1 Flowchart showing the selection process of analysed cases and
their median ages. 'Australian non-Indigenous immunocompetent infants with
receipt of first dose of 7vPCV after diphtheria, tetanus and acellular pertussis
vaccine. NNDSS: National Notifiable Diseases Surveillance System; 7vPCV:
7-valent pneumococcal conjugate vaccine; VT-IPD: Vaccine type invasive
pneumococcal disease; NVT-IPD: Non-vaccine type invasive pneumococcal
disease.

no significant protection to young infants in the absence
of carrier priming effect™*.

Our limited data suggested that herd protection
in infants was not prominent in the first two years of
vaccine introduction which is not surprising as the impact
on carriage takes some years, and the proportion of
infants and children that were vaccinated was still
low™!,

PCV is highly effective, but it is also one of the most
expensive vaccines on the routine paediatric schedule,
at about USD $100/dose™®. Among Australian children
< 5 years of age there were approximately 700 cases
of IPD and 16 associated deaths in the year prior to
universal 7vPCV introduction. In 5 years of 7vPCV use
IPD due to VT declined by 97% and total IPD by 68%
in these children™”. The percentage of the world’s birth
cohort living in countries with PCV in their NIPs rose
from 1% in 2000 to 58% in 2014, This suggests that
efforts to increase PCV use globally are succeeding;
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Table 3 Invasive pneumococcal disease cases among non-Indigenous Australian children < 6 mo (2001-2010)

Year 2001-2002 2003-2004 2005-2006 2007-2008 2009-2010
Age <2 2mo-< 4mo-< <2 2 4 <2 2 4 <2 2mo-< 4mo-< <2 2 4
mo 4 mo 6mo mo mo-< mo-< mo mo-< mo-< mo 4 mo 6 mo mo mo-< mo-<
4mo 6mo 4 mo 6 mo 4mo é6mo
VT-IPD Vaccinated 0 1 0 0 2 0 0 7 2 1 0 0 1 4
Not 7 14 26 7 19 37 12 2 0 8] 2 1 1 2 0
vaccinated
NVT-IPD Vaccinated 0 0 0 0 0 0 0 5] 8 2 9 14 2 8 18
Not 8 7 13 14 6 13 13 B &) 7 8 5] 14 &) 4
vaccinated

VT-IPD: Vaccine type invasive pneumococcal disease; NVT-IPD: Non-vaccine type invasive pneumococcal disease.

25 [
2 (23F, 4) 2 (14, 19F)

1.5 —

1 (19F)
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Number of VT-IPD cases
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0.0

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

Figure 2 Number of vaccine type invasive pneumococcal disease cases 9 wk after a single carrier primed dose of the 7-valent pneumococcal conjugate
vaccine among non-Indigenous Australian infants (2001-2006). VVT-IPD: Vaccine type invasive pneumococcal disease.

35
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Figure 3 Number of vaccine type invasive pneumococcal disease compared to non-vaccine type invasive pneumococcal disease cases 9 wk after single
carrier primed dose of 7-valent pneumococcal conjugate vaccine among non-Indigenous Australian infants (2001-2006). IPD: Invasive pneumococcal
disease; VT: Vaccine type; NVT. Non VT.

however, important gaps in PCV introduction remain, The implication of carrier priming raises hope for
notably in the World Health Organization South-East developing countries where IPD is still a major cause of
Asia Region that includes several countries with large morbidity and mortality!**®. The serotypes in the current
birth cohorts but limited financial capacities to purchase PCV formulations account for 49%-88% of deaths in
these costly vaccines™., Africa, Asia and Latin America where IPD morbidity
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Figure 4 Number of vaccine type invasive pneumococcal disease cases 9 wk after a single carrier primed dose of 7-valent pneumococcal conjugate
vaccine compared to the vaccine type invasive pneumococcal disease cases after non-carrier primed single 7-valent pneumococcal conjugate vaccine
dose among non-Indigenous Australian infants (2001-2006). IPD: Invasive pneumococcal disease; VT: Vaccine type.
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Figure 5 Number of vaccine type invasive pneumococcal disease cases among non-Indigenous Australian in children aged < 2 mo (2001-2010). VVT-IPD:

Vaccine type invasive pneumococcal disease.

and mortality are the highest, yet many children do not
have access to these vaccines®®. Achieving sufficient
immunity against pneumococcal disease in spite of
sparing a dose of vaccine could be of great value to
these countries.

Simply minimizing the number of doses of PCV would
not likely to be beneficial unless the carrier priming effect
is also harnessed. A study in Fiji by Russell et af*>**' was
conducted to explore the immunogenicity of the reduced
dose schedule of 7vPCV in order to determine optimal
pneumococcal vaccination strategy for poor settings.
They found that the immunogenicity of three PCV doses
is better than two doses with potentials for a two dose
PCV primary series to offer similar protection as provided
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by three doses for most serotypes. They also noted that
a significant protection from one dose of PCV would not
continue for children throughout the highest risk period
for IPD and an early booster at 6 or 9 mo of age ("1 +
1" schedule) deserves a further investigation for use
in the developing world®***!. However, in their variable
schedules/methods, they only administered DTPa with
the first dose of PCV, and missed the chance to examine
the effect of carrier priming.

This paper sheds light on the need for further
RCTs designed specifically to detect/provide conclusive
evidence of the positive impact of carrier priming. If
priming occurs, there is a possibility in the third world
that if DTPa vaccine is given first, at anywhere between
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2 and 6 wk of age, a subsequent single dose of PCV
may be at least partially protective, and a second dose
4 wk later highly protective so that a third dose may
not be required, either making a substantial saving in
vaccine cost or allowing the third dose of PCV to be
used at a more strategic time, e.g., between 9 and 12
mo of age. We believe that this theory is applicable to
other conjugate vaccines, e.g., Hib and meningococcal
conjugate vaccines, irrespective of the carrier protein.
Furthermore, carrier-priming phenomenon could be
implemented to reinforce immunisation schedules in
resource-poor settings.

We are currently investigating this innovative
concept of carrier priming by RCT among adult travellers
to mass gathering, where we offer DTPa before, with
and after conjugate vaccines to examine the effect.

A limitation of the study is that it is retrospective and
observational with a limited number of cases included in
the final analysis. Additionally, the exact dates of receipt
of DTPa were not accessible as the NDDS system
registers only the vaccines related to the disease, in
this case PCV. However, the Australian surveillance data
indicated that the coverage of DTPa was = 90% during
that time®. This is the first established descriptive
analysis looking at clinical evidence of carrier priming for
prevention of pneumococcal disease.

In conclusion, these data suggest a favourable
level of evidence of the effectiveness of one dose of
PCV; this could be attributed to enhanced immunity
through a carrier priming effect. If priming really occurs,
an adjusted 2-dose schedule (where the first PCV is
given following DTPa) may be sufficient and more cost-
effective for vulnerable populations, particularly those
that have used PCV for several years so that herd
immunity is also operating.

COMMENTS

Background

Conjugate vaccines such as pneumococcal conjugate vaccine (PCV) have a
carrier protein to enhance its immunogenicity. These carrier proteins have some
similar antigens to the contents of diphtheria, tetanus and pertussis vaccine
(DTP). This similarity may bring a potential interaction between PCV and DTP.
This occurs as upon administering DTP before PCV which leads to development
of carrier-specific T-cells resulting in an enhance immunogenicity of PCV, a
phenomenon called carrier priming.

Research frontiers

Invasive pneumococcal diseases carry substantial morbidity and mortality
particularly in developing countries and among vulnerable populations. Currently,
infants are required to receive at least three doses of (the expensive) PCV. In
this analysis, the authors propose investigating the use of carrier priming to
enhance the immunogenicity of PCV in order to spare one of the three doses.

Innovations and breakthroughs

Most studies exploring conjugate vaccine interactions, examine concurrent co-
administration. This unique analysis examines sequential administration and its
effect on the protectiveness conjugate vaccines.

Applications

If carrier priming used judicially to enhance the immunogenicity of PCV, an
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adjusted 2-dose schedule (where the first PCV is given after DTPa) may be
sufficient and cost-effective.

Terminology

Invasive pneumococcal disease (IPD): Infection confirmed by the isolation
of pneumococci from a normally sterile body site, such as the blood stream,
cerebrospinal fluid and joint fluid. Vaccine type invasive pneumococcal disease
(VT-IPD): IPD caused by one of the pneumococcal serotype that is included in
the pneumococcal vaccine. Non-vaccine type invasive pneumococcal disease
(NVT-IPD): IPD caused by one of the pneumococcal serotype that is not included
in the pneumococcal vaccine. Carrier priming: Enhanced antibody response to a
glycoconjugate vaccine when an individual has been previously primed with the
carrier protein. Carrier primed IPD case: IPD case that occurred after one dose
of PCV that was administered at least one dose of DTP vaccine. Non-carrier
primed VT-IPD cases: IPD case that occurred after one dose of PCV without
previous exposure to at least one dose of DTP vaccine.

Peer-review

This is an interesting descriptive analysis investigating evidence for clinical
protection in infants after one dose of the 7-valent PCV as a result of possible
prior carrier priming from Tdap vaccine administration. It provides evidence for
efficacy of reduced PCV schedule if administered following Tdap vaccination.
This is valuable especially for developing countries as saving cost.
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