Vaccine xxx (2016) XXxX—XXX

journal homepage: www.elsevier.com/locate/vaccine

Contents lists available at ScienceDirect
accine

Vaccine

Transiently increased IgE responses in infants and pre-schoolers
receiving only acellular Diphtheria-Pertussis-Tetanus (DTaP) vaccines
compared to those initially receiving at least one dose of cellular vaccine
(DTwP) - Immunological curiosity or canary in the mine?

Patrick G. Holt**, Tom Snelling ®, Olivia J. White ?, Peter D. Sly ¢, Nicholas DeKlerk?, Jonathan Carapetis *°,
Anita Van Den Biggelaar®, Nicholas Wood ¢, Peter McIntyre ¢, Michael Gold ¢

A Telethon Kids Institute, The University of Western Australia, Perth, Australia

b Wesfarmers Centre of Vaccines and Infectious Diseases, Telethon Kids Institute, The University of Western Australia, Perth, Australia

€Queensland Children’s Medical Research Institute, University of Queensland, Brishane, Queensland, Australia

4 National Centre for Immunisation Research and Surveillance of Vaccine Preventable Diseases, The Children’s Hospital at Westmead, Sydney, Australia
€ Discipline of Paediatrics, School of Medicine, University of Adelaide, Australia

ARTICLE INFO

ABSTRACT

Article history:

Received 15 January 2016

Received in revised form 6 April 2016
Accepted 18 May 2016

Available online xxxx

Keywords:
Pertussis vaccine
IgsE

Infancy

Allergy

Background: Several previous studies have highlighted the strong Th2-polarising and IgE-promoting
activity of the DTaP vaccine, but there is no evidence that this has pathological consequences and accord-
ingly there is no current interest amongst vaccine developers in reformulating DTaP to attenuate these
properties. In light of an apparent resurgence in pertussis in many countries, and emerging evidence from
other areas of paediatric immunology of IgE-mediated interference with host defence mechanisms, this
issue requires more detailed clarification.
Methods: We have re-evaluated the impact of DTaP-only versus mixed DTwP/DTaP vaccination on Th2-
dependent “bystander” IgE responses in three cohorts of children under different priming conditions,
encompassing both vaccine-targeted and unrelated antigens including food allergens.
Results: We confirm the generalised IgE-trophic activity of the DTaP vaccine in pre-schoolers and demon-
strate similar (albeit transient) effects in infants. We additionally demonstrate that use of an alternative
mixed infant priming schedule encompassing an initial dose of DTWP significantly attenuates this prop-
erty.
Interpretation: Central to our interpretation of these findings are studies demonstrating: (i) mixed DTwP/
DTaP priming improves resistance to pertussis disease and attenuates the IgE-stimulatory component of
long term vaccine-specific memory; (ii) IgE-mediated mechanisms can interfere with innate antiviral
immunity and accordingly exacerbate airway symptoms in infected children. These observations, taken
together with the data presented here, suggest a plausible mechanistic link between baseline
pertussis-specific IgE titres in DTaP vaccinees and susceptibility to pertussis disease, which merits test-
ing. Retrospective IgE analyses on sera collected from children at the time of presentation with pertussis
could resolve this issue.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

sponding acellular formulations (DTaP) due to their lower rates
of severe adverse reactions. The relative merits of both vaccines

The whole cell diphtheria-tetanus-pertussis vaccine (DTwP) continue to be debated from both the standpoints of safety and
has been replaced in many countries since the 1990s by corre- efficacy, fuelled in particular by recent epidemics of pertussis in

regions including Australia and North America with high DTaP vac-
cine coverage [1,2]. Apart from extremely rare anaphylactic events
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nes that underpin resistance to microbial pathogens, whereas the
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DTaP formulation stimulates a more mixed response which
includes a substantial component of T-helper 2 (Th2) cytokines
[4-7]. These include IL-4 and IL-13 which drive IgE class switching
[8]. This is considered to be the likely cause of co-production of
Th2-dependent IgE antibody against vaccine antigens, in conjunc-
tion with specific IgG, amongst a subset of vaccinees [4-7,9-12].

Unlike the situation in parasitic and allergic diseases wherein
Th2-dependent IgE contributes directly to pathogenesis via its role
in triggering pro-inflammatory immediate hypersensitivity
responses, this antibody has traditionally been considered to be
benign in the context of the host response to DTaP immunization
[9-11]. However, a forerunner study from our laboratories on the
DTaP-specific memory response induced by the preschool booster
implicated the production of the Th2 cytokines that drive IgE pro-
duction as contributors to risk for injection site “delayed” reactions
in children primed during infancy via a 4 dose DTaP schedule [11].
Moreover it has been shown in several studies that the preschool
booster response in such children includes “bystander” stimulation
of overall (total) IgE production, but there is no evidence that this
includes individual food or inhalant allergen-specific IgEs relevant
to expression of allergic disease in this age group [9,10,13].

There is also evidence that injection site reactions to the pre-
school booster are significantly attenuated if infant priming
includes 1 or more doses of DTwP [13], or if a 3 dose DTaP priming
schedule without a booster dose in the second year of life, is used
[14]. However it is not clear whether these alternative priming
schedules also influence susceptibility to booster-associated
effects on vaccine-specific and/or “bystander” IgE production in
pre-schoolers, nor whether similar effects occur at earlier stages
of DTaP priming during infancy. Addressing these questions was
the first aim of this study. Secondly, there is currently a resurgence
of interest in the possible role of pathogen-specific IgE in interfer-
ence with pathogen clearance mechanisms during infections, dri-
ven by the recognition that alternative forms of the high affinity
IgE receptor (FceR1) are expressed in functional form(s) on a range
of bone marrow derived cell populations with immunomodulatory
activity (reviewed [15]). Against this background, we have gone
back to cryobanked serum samples collected here during a series
of earlier studies on immune responses among DTwP and DTaP
vaccinated children, to re-assess “bystander” effects of vaccination
on specific and total IgE production and the degree to which this
may be modified via variations in the infant priming schedule.

2. Methods
2.1. Study subjects

The three studies (designated A, B and C) described below com-
plied with guidelines set by the National Health and Medical
Research Council of Australia and were approved by local institu-
tional human ethics committees. Study A was carried out among
a group of infants (n = 46) who received diphtheria-tetanus-pertus
sis vaccination as part of a 4 dose infant vaccination schedule at 2,
4, 6 and 18 mths, in combination with one or more of the standard
inactivated polio vaccine (IPV) or measles—-mumps-rubella (MMR)
vaccine, as detailed previously [13] and in Supplementary Table 1.
The subjects were given the DTaP preschool booster around the age
of 5yrs and blood was collected for antibody assays before and
4 weeks after boosting [13]. Study B was carried out in subjects
(n=81) who received DTaP priming comprising 3 doses of DTaP-
IPV at 2, 4 and 6 mths, without a dose at age 18 mths [14,16]; they
were given the preschool DTaP-IPV booster at ~5 yrs and blood
was again collected before and after boosting as in study A. Sub-
jects in study C were from a cohort of infants (n = 123) who were
vaccinated at 2, 4, 6 and 18 mths analogous to those in study A,

and blood was collected for antibody assays at those time points
and at 12 mths when they received the MMR vaccine [5]; these
subjects were not followed beyond 18 mths.

Studies A and C were initiated during the crossover period
between local introduction of the DTaP vaccine and discontinua-
tion of the DTWP vaccine. Post hoc re-examination of immuniza-
tion records from both studies revealed that a subset of subjects
had received at least one dose of DTWP vaccine during the infant
pertussis priming schedule, in most cases only a single dose, usu-
ally at 2 mths of age. As detailed below, vaccine-associated
immune response data were reanalysed after subject stratification
on this basis.

2.2. Antibody assays

Serum was routinely collected and cryobanked for antibody
assays at the time of receipt of infant vaccinations (2, 4, 6, 18 mths
and in one study also at 12 mths), and in the case of the preschool
booster both on the day of vaccination and 4 weeks later. IgE anti-
body assays against tetanus toxoid (TT), individual environmental
allergens, and total IgE, were carried out employing the
ThermoFisher (formerly Phadia) ImmunoCAP system in the
Princess Margaret Hospital Pathology Department. Analytical soft-
ware from ThermoFisher was utilised which enabled quantitation
of IgE to a lower limit of 0.03 kU/L.

2.3. Statistical analyses

For studies A and B, IgE titres (total and/or tetanus toxoid speci-
fic) amongst pre-schoolers were almost all above assay detection
limits; differences in IgE titres within these groups were analysed
by Mann Whitney U test or Wilcoxon matched pairs signed rank
test as appropriate. Because many infants in study C did not show
IgE specific responses above the detection limit (0.03 kU/L), data
were analysed in two distinct ways: (i) mixed effects logistic
regression with any detection versus below detection limit as the
response, and with subjects as random effects and measurement
time (4 m, 6 m, 12 m, and for some 2 m and 18 m) and family his-
tory as fixed effects; and (ii) mixed effects tobit regression with
values below the detection limit treated as censored and coming
from the same log-normal distribution as the detected values.
Further analyses were done on each measurement time separately
using simple logistic and tobit models. Because of missing and
sparse data, children were classified simply as vaccinated with
DTwP at 2 mths (n = 38) or not (n = 40).

3. Results

We have previously reported group level differences in in vitro
immune responses to the preschool DTaP booster, comparing chil-
dren in study A previously vaccinated at 2, 4, 6 and 18 mths with
DTaP alone versus those who had previously received mixed
(DTwP/DTaP) priming, in which the first (and in some cases the
first two) of the priming doses was DTwP [13]. These analyses
demonstrated a positive association between the Th2 cytokine
component of vaccine antigen specific immunological memory at
the time of pre-school boosting and the magnitude of ensuing
injection site inflammatory reactions, and subsequent expansion
of Th2-memory. Moreover, in contrast to the recipients of mixed
priming, the exclusively DTaP-primed injection site reactors man-
ifested parallel increases in vaccine antigen (TT) specific IgE pro-
duction [13]. The question of whether the IgE-stimulatory effects
of pure DTaP priming may extend to antigens beyond those in
the vaccine itself was not pursued in detail at that time, as an ini-
tial analysis did not detect differences in total IgE between the
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different groups. As the first step in the present investigation we
have re-analysed antibody response profiles in the sera of these
children, comparing pre- to post-booster IgE levels in individual
recipients of DTaP-only versus mixed DTwP/DTaP priming.

Fig. 1A illustrates total IgE levels pre- and post-boosting in indi-
vidual children at age ~5 years in study A, grouped on the basis of
type of priming (DTaP-only or mixed DTwP/DTaP). In the exclu-
sively DTaP-primed children (but not in those who received
DTwP/DTaP) the post booster titres were significantly increased
(p=0.001 by Wilcoxon), and as illustrated via the normalised data
in Fig. 1B this increase was frequently >3fold. We have previously
reported booster-induced increases in mean levels of TT-specific
IgE in this same group [13], and for purposes of comparison we
have re-expressed the data from individual children after normal-
isation as per Fig. 1B (Supplementary Fig. 1). These findings suggest
that a subset of exclusively DTaP-primed children may be suscep-
tible to stimulation of both vaccine antigen specific and overall IgE
production in response to DTaP booster immunization, and these
effects are attenuated if one or more doses of DTwP are given in
place of DTaP as part of the initial infant priming schedule. This
is consistent with earlier observations relating to the use of cellular
versus acellular pertussis-only vaccines in infants, which also indi-
cated protection against the IgE-stimulatory effects of early post-
natal vaccination with acellular vaccine by inclusion of pertussis
cell wall-derived components in the inoculum [17].

There were too few subjects in study A with measurable levels
of IgE to specific food or inhalant allergens for more detailed
assessment of possible bystander effects of DTaP. However we
were able to pursue this question subsequently in a larger cohort.
This study (designated study B) focused on preschool DTaP booster
responses in children primed via a reduced DTaP schedule involv-
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ing vaccination at the 2, 4, and 6 mth time points only (without the
18 mth booster dose which has been removed from the standard
priming schedule in Australia). This regimen has been shown to
reduce the frequency of injection site reactions following the pre-
school booster compared to the schedule which includes a DTaP
dose at 18 mths [14]. However, as illustrated in Fig. 2A/B, a subset
of these children still manifest relatively high level bystander
boosting of total and vaccine-antigen-specific IgE (p = 0.001 and
p=0.003 respectively by Mann Whitney U test), comparable to
that observed for the original DTaP priming schedule. Analysis of
environmental allergen specific IgE revealed preschool booster-
associated rises in titre in a small number of subjects (Supplemen-
tary Fig. 2), but the generally low magnitude and frequency of
these events makes it difficult to gauge their significance.

A question remaining unanswered from these latter analyses is
the degree to which the Th2-stimulatory effects of DTaP may influ-
ence IgE responses during the earlier infant priming period, when
the immature immune systems of most children still manifest a
fetal-like Th2-polarised state [18,19]. To address this question we
turned to cryobanked samples from a second 4 dose vaccinated
cohort comprising children with pure DTaP versus mixed DTwP/
DTaP priming, analogous to the study group in Fig. 1. For these
analyses (study C) we had available cryobanked serum samples
from the subjects collected at the time of the 2, 4, 6 vaccinations
plus at 12 and 18 mths, and these were assayed for total and speci-
fic IgE content.

The proportions with detectable specific IgE over the time
course for the two groups are shown in Fig. 3A with mean total
IgE in Fig. 3B. In addition to the 3 antigens displayed (egg, milk
and TT), specific IgE responses were also measured at 4 m, 6 m,
and 12 m for cat, house dust mite, and peanut allergens. The
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Fig. 1. Total IgE levels in subjects primed with DTaP alone or in combination with DTwP via the 4 dose infant vaccination schedule, before and 4 weeks after the preschool
DTaP booster - study A. Panel A: Total IgE levels in individual children pre and post booster, expressed as kU/L; children who received mixed DTaP/DTwP priming are
designated as DTwP (DTwP n =16; DTaP n=33; post-booster > pre-booster in DTaP group; P=0.001 by Wilcoxon signed rank test). Panel B: Data for each child were

normalised to respective pre-booster titres.
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Fig. 2. Total and TT-specific IgE levels in subjects primed via the 3 dose infant DTP schedule, before and 4 weeks after the preschool DTaP booster - study B. Panel A: Total IgE
levels (as kU/L and normalised) in individual children pre and post booster (n = 81; post-booster > pre-booster in DTaP group; P = 0.001 by Wilcoxon signed rank test). Panel B:
TT-specific IgE levels in the same children as kU/L (post-booster > pre-booster; P = 0.003 by Wilcoxon signed rank test) and normalised against pre-booster titres.

proportions of children showing detectable IgE against the two
major food allergens (egg and milk) and TT were transiently
increased in the exclusively DTaP-primed group relative to those
receiving mixed DTaP/DTwP-priming (Fig. 3A and Supplementary
Fig. 3), and these differences disappeared from 6 mths onwards.
In contrast no differences were detected in total IgE or IgE specific
for the additional three allergens, across this age range. All the sta-
tistical analyses found no significant difference in total IgE
between DTwP and DTaP vaccinated groups, and significant differ-
ences in specific IgE types at 4 mths only, whether measured as
responding or not or on a continuous log scale, and either replacing
non-detects by half the detection limit or using tobit regression.
Adjustment for detection at 2 mths or for atopic family history
made no material differences to these findings.

4. Discussion

The phenomenon of “bystander” stimulation of immunity dur-
ing active vaccination is well recognised, and this process operates
via a range of mechanisms including spillover of cytokines gener-
ated within vaccine-specific immune responses which can enhance
non-specific T-cell and B-cell activation [20,21] with likely parallel
effects on cytokine-sensitive functional programming of myeloid
cell precursors in bone marrow [22]. In relation to the DTaP vaccine
the focus of interest in this regard has been on Th2-associated
bystander immunity at the time of booster administration to
pre-primed children; while these booster responses include
enhancement of total and vaccine antigen specific IgE production,

the present (Fig. 2; Supplementary Fig. 2) and earlier studies
[11,13] have not detected significant effects on IgE production
against individual clinically relevant allergens [10,13].

The situation at younger ages is less clear, and accordingly one
focus of the present study was on the IgE-promoting effects of
DTaP during early infancy when the immature immune system is
first engaging with environmental allergens. Low level IgE produc-
tion against food allergens and accompanying symptoms of mild
gastrointestinal inflammation and eczema are relatively common
during this period but are usually transient, as the immune system
in most cases silences these responses via induction of protective
immunological tolerance [23]. As shown in Fig. 3 early food aller-
gen specific IgE responses were more common in exclusively
DTaP-primed infants in our study group compared to those with
mixed DTaP/DTwP priming, but this effect was only transient; data
relating to their allergy-associated symptoms were not available to
us. Comparable findings relating to the food allergen beta-
lactoglobulin have been reported comparing infants receiving an
acellular pertussis vaccine (Tetravac, Sanofi) at 2, 3 and 4 mths ver-
sus the corresponding cellular formulation (Tetracoq, Sanofi), nota-
bly that the Th2-skewing of allergen specific cytokine responses
was significantly higher in recipients of the acellular formulation
at 6 mths [24].

It is also well established that the bystander response to DTaP
following the preschool booster immunization can include stimu-
lation of IgE antibody directed against vaccine target antigens
specific for tetanus, diphtheria and pertussis [10,12,17]. As shown
in Fig. 3 in relation to the tetanus-derived antigen TT, induction of
relevant IgE antibody also occurs during priming, and is transiently
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Fig. 3. Total and specific IgE levels in infants during priming with DTaP alone or in
combination with DTwP via 4 dose infant vaccination schedule - study C. Panel A:
Percentage of children (grouped as per Fig. 1) with specific IgE levels above the
assay limits of detection (proportion in DTaP group > DTwP group: *P=0.003,
®p=0.06, 'P=0.02 by Fishers exact test test). Panel B: Log total IgE levels in the
same children (no significant group differences at any time point).

enhanced in recipients of DTaP-only relative to those receiving
mixed DTwP/DTaP priming. It has not previously been considered
plausible that these vaccine-specific IgE antibodies are active in
host responses to vaccine targets as there is no evidence of charac-
teristic immediate hypersensitivity reactions occurring in immu-
nized children during natural infection, or in children
experiencing booster-associated injection site reactions which fol-
low a much more delayed time course characteristic of T-cell medi-
ated immunity [13]. However this conclusion may represent an
over-simplification, in light of emerging findings of expression of
the high affinity IgE-receptor (FceR1) on cell populations other
than the mast cells/basophils responsible for immediate hypersen-
sitivity reactions. These include plasmacytoid dendritic cells (pDC)
which are a major source of type 1 IFNs that mediate resistance to
primary infection with respiratory pathogens [25,26], and also
monocytes [27]. Cross-linking of IgE-loaded FceR1 on pDC by bind-
ing of specific antigen inhibits the capacity of these cells to secrete
type 1 IFNs [28,29], and cross-linking of the same receptors on
monocytes has been shown to inhibit phagocytic functions that
are central to pathogen clearance and eventual resolution of inva-
sive infection [27]. The presence of pathogen-specific IgE at the
time of infection may hence create risk for triggering both of these
inhibitory mechanisms, thus slowing pathogen clearance.
Additionally, recent studies in animal models [30,31] and in
children [32-34] have linked expression of FceR1 on myeloid den-
dritic cells (mDC) in the airways and their precursors in blood dur-
ing respiratory infection with increased severity and persistence of

ensuing lower airways inflammation. Mechanistic studies have
demonstrated that the presence of FceR1-bound IgE on mDC mark-
edly enhances their capacity for uptake and subsequent presenta-
tion of locally available antigens to corresponding cytokine
secreting Th2-memory cells [35,36]. In the context of host
responses to respiratory pathogens, this provides a mechanism
for mDC-mediated induction of Th2 cytokine signals at the infec-
tion site [15]. Based on experience with other human pathogens
exemplified by dengue and herpes viruses [37,38], such Th2 signals
are likely to antagonise local pathogen clearance mechanisms (a
process termed immune deviation). Collectively, these findings
suggest that a range of mechanisms operate in the context of
anti-microbial immunity, which are potentially susceptible to cov-
ert IgE-mediated modulation.

The role of such mechanisms in the pathogenesis of airways
inflammation associated with respiratory infections is an issue of
major current interest in the paediatric asthma field, in particular
the contribution of IgE-mediated inflammation induced during
viral infections to the severity of asthma exacerbations triggered
by these agents [31,33]. A series of studies confirming that IgE pro-
duction against many common respiratory pathogens including
HRV, RSV and influenza is a frequent consequence of infection
[39-42], together with the recent demonstration of the efficacy
of anti-IgE antibody as a prophylactic treatment to reduce the fre-
quency of virus-associated asthma exacerbations in children [43],
have added significant weight to these discussions.

To date however, the potential applicability of these IgE-
dependent mechanisms to the pathogenesis of pertussis disease
has not been seriously considered, but given findings indicating
bystander boosting of pertussis-specific IgE following DTaP vacci-
nation at levels comparable to those shown here for tetanus anti-
gen [10,12], this issue merits re-examination. This view is
reinforced by recent and more direct observations from Sheridan
et al. [44]. These investigators conducted a retrospective data link-
age analyses of pertussis notifications and vaccination records in a
cohort of 58,233 children born in Queensland Australia in 1998 fol-
lowing the local introduction of DTaP, tracking their subsequent
pertussis reporting rates spanning 1999-2011. Their findings
which are strikingly complementary to those described here, indi-
cate major variations in pertussis protection between subgroups
who received different combinations of DTaP and/or DTwP priming
[44]. Notably, exclusive DTaP priming was associated with a signif-
icantly higher risk of subsequent pertussis relative to exclusive
DTwP priming; moreover most of the increased protection
afforded by exclusive DTWP priming could be achieved by inclu-
sion of a single (first) dose of DTWP in the 3 dose infant priming
schedule [44]. The increased protection relative to exclusive DTaP
persisted for at least a decade, supporting the key role of the first
infant vaccine dose given in early infancy in programming effective
long term vaccine specific immunological memory. The findings
discussed above suggest that the balance between pertussis-
specific Th1/Th2 cytokine production within the memory response
may be key to this outcome, and further that downstream effects of
Th2 cytokines in regulation of antibody class switching may also be
important factors. In this regard, it is pertinent to emphasise that
the high levels of booster-induced TT specific IgE reported here
in some children up to 5yrs after priming (Fig. 2; Supplementary
Fig. 1) are similar to those observed for pertussis-specific IgE in
comparably boosted children in the same age group [10].

It is plausible based on the discussion above that high level
pertussis-specific IgE in serum may serve as a biomarker of risk
for breakthrough pertussis infection and disease amongst vacci-
nated children, and this possibility could be tested prospectively,
or perhaps retrospectively with existing serum repositories. If this
hypothesis is proven, it would provide a rationale for adjuvantising
DTaP formulations, for example by the inclusion of a chemically
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defined TLR agonist of the type shown to be capable of binding to
the Th2-skewing alum component of the vaccine with resultant
attenuation of its Th2-stimulatory properties [45]. An alternative
possibility would be to reintroduce DTwP as the first vaccine in
the infant DTaP priming schedule, provided regulatory approval
could be obtained.

Since submission of this manuscript a retrospective analysis
capturing all nationally reported US pertussis cases 1990-2014
has appeared (editorialised in http://dx.doi.org/10.1001/jamapedi-
atrics.2016.0157) suggesting that the waning of resistance to per-
tussis in previously vaccinated children during adolescence is
significantly reduced in those who received at least some DTwP
dose(s) during infant priming.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.vaccine.2016.05.
048.
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vaccine Ages at vaccination (months)
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Supplementary Figure 1: TT-specific IgE levels in subjects primed with DTaP
alone or in combination with DTwP via the 4 dose infant vaccination schedule, before
and 4 weeks after the preschool DTaP booster — study A.

Legend: TT-specific IgE titres for individual children were normalised to respective
pre-booster titres. The number of subjects in whom titres did not change are shown
in parentheses (overall group sizes DTwP n=16; DTaP n=33; post-booster>pre-

booster in DTaP group; P=0.001 by Wilcoxon signed rank test).

Supplementary Figure 2: Allergen-specific IgE levels in subjects primed via the 3
dose infant DTP schedule, before and 4 weeks after the preschool DTaP booster —
study B.

Legend: Data are shown for IgE titres against milk, peanut, egg, cat and HDM
allergen. The dotted line designates the currently accepted threshold for clinically
relevant sensitization (0.35 kU/L). There were no significant group differences

between pre and post-booster IgE levels.

Supplementary Figure 3: Specific IgE levels in infants at 4mths following receipt of
a single dose of DTaP or DTwP at 2mths - study C.
Legend: Data points for individual children show specific IgE titres as kU/L (DTaP >

DTwP: egg P=0.001, milk P=0.02, TT P=0.02 by Mann Whitney U test).
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Fig 3A
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Supplementary Figure 3

egg milk tetanus toxoid
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