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Abstract

Background

Annualvaccination is the most effective method of preventing serious illness from
influenza, however the evidence for the impact of fever and antipyretic use in the post-
vaccination period on immunogenicity in children receiving quadrivalent influenza
vaccination (QIV) is not well described. This thesis examines the effects of fever and
antipyretic use in the post-vaccination period on measures of immunological responses

to QIVin children.

Methods

Individual-level data from paediatric clinical trials of QIV performed by GlaxoSmithKline
(GSK) were obtained. Post-vaccination immunogenicity for four influenza subtypes
(A/H1N1, A/H3N2, B/Victoria and B/Yamagata) was measured by haemagglutination
inhibition titres. The effects of fever and antipyretic use upon post-vaccination
immunogenicity were assessed using a linear mixed effects regression model.
Estimates of the effect of fever, antipyretic use and the combination of both were

calculated considering days 0-1, 0-3 and 0-6 post-vaccination.

Results

Data from 4,935 individuals (mean age 4.1 years) was pooled from 8 clinical trials of
whom 47% were female and 36% were considered ‘primed’. Post-vaccination fever was
reported by 8.8% of individuals in the first 6 days post vaccination, with fever rates
highest in the youngest children (6 months to < 2 years: 13.3%, 2 to <9 years: 8.1% and 9
years and older: 1.3%). Antipyretic use within the first 6 days was 15.6% overall and
was similarly more common in younger cohorts (6 months to < 2 years: 23.4%, 2 to <9

years: 9.7% and 9 years and older: 9.7%).

For the combined all-ages analysis, fever and antipyretic use had a statistically
significant effect upon Hl titres across all four influenza strains at days 0-6 (p<0.005).

Fever without antipyretic use was associated with a 26% increase in post-vaccination
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geometric mean Hl titres for the A/H3N2 strain. Antipyretic use without fever was
associated with a decrease in post-vaccination Hl titres for the A/H1N1, A/H3N2 and
B/Yamagata strains (GMT ratios 0.80-0.82). The combination of both fever and
antipyretic use was associated with an increase in post-vaccination Hl titres for the
A/H3N2 and B/Victoria strains (GMT ratios 1.26 — 1.80). Similar results were found
across other studied time periods (days 0-1 and 0-3) and cohorts (6 months to 2 years, 2
years to < 9 years), however the small number of participants aged =9 years reporting

fever limited this study’s power in the 9 years and older cohort.

Conclusions

This thesis demonstrates important associations between fever, antipyretic use and
post-influenza vaccination serological measures of immunogenicity in paediatric
patients. The findings are suggestive of important clinical implications of these
associations, particularly with respect to antipyretic medications, however further

prospective studies are required before clinical recommendations can be made.
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CHAPTER 1: BACKGROUND TO THE PROJECT

1.1 Burden of Disease

Influenza is an acute viral respiratory infection which occurs in annual epidemics and
outbreaks, infecting approximately 5-15% of the world’s population (1). Whilst influenza
is usually mild and self-limiting, it can cause serious or life-threatening illness. Annually,
between 3 and 5 million cases of severe illness are caused by seasonal influenza virus
around the globe (2), resulting in an estimated 290 000 - 650 000 deaths (3,4).
Symptoms associated with influenza infection vary from mild disease limited to the
upper respiratory tract including a sore throat, coryza and cough, to more severe
disease including pneumonia, which can be life-threatening (2). Other commonly
reported symptoms include fever, headache, and myalgia (2). Influenza virus infection
can result in a wide range of non-respiratory medical complications that affect the
body’s major organs and organ systems including the heart, central nervous system and
musculoskeletal system (5). Pregnant women, people with underlying medical
conditions and children are at the highest risk of contracting influenza, and experience
higher rates of influenza-related morbidity (6). Older adults are particularly at risk of
more severe illness, hospitalisation and disease complications due to co-morbid
chronic illness, the gradual deterioration of the immune system (immunosenescence)

or a combination of the two (7,8).

1.2 The Influenza Virus

Of the four types of influenza viruses within the Orthomyxoviridae family — Influenza A,
B, C and D- three types (A, B, and C) infect and cause disease in humans, though type C
causes only mild disease (9,10). Type A and B viruses are responsible for global annual
seasonal epidemics (2) and thus, are referred to as seasonal influenza viruses. These

two influenza types are further divided into subtypes depending on the glycoprotein on
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the surface of the virus- either hemagglutinin (H) or neuraminidase (N) (2), of which
there are 18 known H antigens subtypes and 11 N antigen subtypes. Influenza B viruses
are classified into two lineages: B/Yamagata and B/Victoria (11). Until very recently,
Influenzas A/H1N1, A/H3N2, B/Victoria and B/Yamagata viruses circulated among
humans worldwide (9,12), however, the B/Yamagata lineage has not been detected
globally since March 2020- a likely result of COVID-19 mitigation strategies (13).
Seasonal influenza virus outbreaks typically occur during the winter months when the
temperature and conditions favour transmission. There are two ‘flu seasons’ each year-

one in the Northern Hemisphere and one in the Southern Hemisphere (2) .

1.2.1 Epidemic and pandemic strains of influenza

Annual seasonal epidemics of influenza A and B are driven by waning population
immunity or by the virus’ evolved ability to escape antibodies induced through previous
infections, vaccinations or both, through a process known as antigenic drift (9).
Pandemic influenza, however, occurs when a novel strain of influenza A emerges,
through a process known as antigenic shift (9). Antigenic shift occurs when animal
hosts are infected with multiple strains of influenza virus, and this co-infection results
in gene reassortment between strains, producing novel variants (14). This was the case
for the A/H1N1 pandemic of 2009, which was derived from several influenza A viruses
that were previously circulating in pigs (14). The introduction of a new, antigenically
different influenza A virus strain leading to an influenza pandemic occurs approximately
every 10-50 years, and a lack of pre-existing immunity in humans is often associated

with an increased severity of the infection, and mortality (2).
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1.3 Influenza in Children

Influenza has a significant impact on young children who are often naive to infection
and have a reduced immune response to the virus compared to adults, due to the

immaturity of their immune systems (15).

Among children, influenza A more commonly leads to hospitalisation (16), however
Influenza B is more likely to cause certain health complications including myocarditis
and acute renal failure (17). Children aged less than 5 years (particularly those under 2
years) are at increased risk of serious disease following influenza infection (18).
Children infected with influenza virus typically experience a higher fever, more severe

symptoms and shed viral particles for a longer period of time than adults (2,19).

Studies of the incidence of annual influenza infection in children demonstrate a
significant proportion are infected annually, and at a higher rate than adults. A 25-year-
long prospective cohort study found influenza virus attack rates of between 1 and 19%
in children aged <5 years on viral culture result, however when including serological test
results for markers of infection this figure was deemed much higher at 15-42% (20).
Similarly, another study found that rates of seasonal influenza virus infections in
children aged <18 years were > 4 times higher than in adults (15.2% compared to 3.5%)
(21), and another study suggested the annual influenza attack rate in paediatric
populations was between 20-30% (10). As such, children play a significant role in the
transmission of influenza to their household and other close contacts (19,22) and the
most effective method for preventing serious influenza-related disease and
complications in children and in adults is through annual influenza vaccination

(3,23,24).
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1.4 Influenza Vaccines

Most influenza vaccines contain vaccine viruses that are isolated and propagated in
chicken eggs, known as ‘egg-based vaccines’ (25). There are also cell-based influenza
vaccines which are produced from influenza viruses that have been grown in cultured
mammalian cells, and recombinant vaccines which are created synthetically and do

not require the use of a candidate vaccine virus (11).

1.4.1 Influenza vaccine composition

Current influenza vaccines include inactivated (11Vs), live-attenuated (LAIVs) and
recombinant vaccines (26) and are manufactured in three compositions- whole-virus
vaccine, split-virus vaccine and subunit vaccines (27). 1lVs are the most commonly
administered influenza vaccines, and these come in a trivalent (3 strains) or
quadrivalent (4 strains) formulation and contain inactivated or ‘killed’ influenza viruses.
They are administered to children from 6 months of age whereas LAIVs contain
weakened live influenza viruses and are given to children over 2 years of age who have

no contraindicating medical conditions (28).

Split and subunit formulations of IIVs are used more commonly, and preferred over
whole virus formulations, as they are less reactogenic (27,29). LAIVs are administered
intranasally, and simulate natural-influenza virus infection (29), however they were
found to cause wheezing in infants and therefore are not approved for use in children
less than 2 years (27). In Australia, there are currently 5 seasonal inactivated influenza
vaccines registered and available for use in individuals aged 6 months and older, one for
individuals aged over 5 years, a high-dose vaccine and an adjuvanted vaccine for
individuals aged 65+ (25). The high dose preparations contain 4-times the antigen dose
of standard influenza vaccines, which are designed for adults over the age of 65 years to
enhance the immune response (30). Furthermore, adjuvanted influenza vaccines are
used to boost the immune responses in certain populations, most notably the elderly
and immunocompromised people (31) and are routinely recommended for use in adults

over the age of 65 (32).
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1.4.2 Current influenza vaccines

Trivalent influenza vaccines (TIV) contain two influenza A strains and one influenza B
strain, whilst quadrivalent influenza vaccines (QIV) contain two A and two B strains.
Additionally, there are some single A-strain pandemic vaccines available on the market
(27). The effectiveness of influenza vaccines is dependent on the degree of matching
between the vaccine strain and the strain of virus circulating in the community (33), and
therefore the composition of the influenza vaccine changes each year based upon
global influenza surveillance undertaken by the World Health Organization (WHO) (34).
Significant mismatch between strains included in vaccines and circulating influenza
strains can contribute to influenza morbidity, as was the case for B-strains included in
the TIV in the decade leading up to the 2010/2011 influenza season in the United States
and Europe (6,17). To prevent B strain mismatch, QIV were developed, and were
recommended for seasonal immunisation by the WHO from 2012 through to 2023 to
cover both anticipated B strains. As a result of COVID-19 mitigation strategies
commencing in March 2020, there has been no circulation of the B/Yamagata strain of
influenza at present (December 2024) and as such, The WHO has recommended the
use of TIV over QIV for the 2024/2025 Northern Hemisphere influenza season (35).
Several countries, including Australia, are switching to TIV for immunising their

populations (13) based on this advice.

1.4.3 Influenza vaccination in children

Whilst vaccination is the best means for reducing the morbidity and mortality
associated with influenza infection, influenza vaccines are known to be temporarily
associated with common, minor adverse events in children, of which fever is the most
frequently reported, as well as severe adverse events such as febrile convulsions (12).
Though generally thought to have no long-term consequences, post-vaccination fever
and febrile seizures can be very concerning for parents (36,37) and can affect vaccine
confidence and willingness to vaccinate again (38,39). An unexpected increase in the
number of febrile seizures following influenza vaccination from a single manufacturer in
children <5 years in Australia during 2010 (40,41) lead to a national pause of influenza

vaccination in children (42).
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In response to concerns around adverse events following vaccination, analgesics and
antipyretics such as paracetamol and non-steroidal anti-inflammatory drugs (NSAIDs)
are frequently used to manage acute side effects following vaccination by parents and
health professionals. However, some studies have suggested that antipyretics used to
manage reactogenicity might reduce the immune response to some vaccine antigens

(37,43-51).

1.5 Measuring Influenza Vaccine Immunogenicity

The haemagglutination inhibition (HI) assay is the most commonly used assay in
influenza vaccine clinical trials (52,53). Other, less common immunological assays
include single-radial haemolysis, virus neutralization (NT) and enzyme-linked
immunosorbent assays (ELISA) (54), however the HI assay remains the ‘gold standard’

for measuring seropositivity (55).

The HI assay is a laboratory test used to detect and quantify serum antibodies to
influenza viruses (56). The Hl titre is a measure of the amount of antibody in the serum
of anindividual and is determined by identifying the highest dilution of the serum that
completely inhibits the virus from causing haemagglutination (52,54,56,57). The Hl titre
provides a quantitative assessment of serum antibodies to influenza viruses (57) and
thresholds of HI titres representing clinical protection against influenza infection have
been estimated in the literature. These thresholds however, may vary across
populations, and children in particular may require higher HI thresholds to achieve
equivalent protection against influenza infection (58). Furthermore, these cut-offs are
only tested with a limited number of virus strains, and would likely not apply to

pandemic strains of influenza (59).
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1.5.1 Haemagglutination inhibition antibody titres as a correlate of
protection against influenza infection

Studies investigating the relationship between Hl antibody titres and influenza vaccine
effectiveness have consistently demonstrated that HI titres are a useful correlate of
protection, though their role varies by age group, influenza strain and vaccine type. The
seminal study by Hobson et al. demonstrated that Hl titres of 18-36 were associated
with 50% protection in adult participants, a threshold widely accepted in the literature

(60-66).

A threshold of HI titres of 1:40 correlating with 50% protection has subsequently been
validated in a meta-analysis of adult populations (62). This study further demonstrated
increasing protection with Hl titres above this threshold, plateauing beyond titres of
1:150 (62). Elderly adults >65 years have been reported to require higher HI titres (1:203-
437) to achieve equivalent protection against influenza infection, thought to be due to
immunosenescence resulting in decreased protection from mismatched influenza viral

strains (67).

Research focusing on children has highlighted the correlation between Hl titres and
protection from influenza, though the degree of protection conferred varied between
strains and is often complemented by non-HIl immune mechanisms, such as T-cell
immunity. Similar to the HI threshold for adults discussed above, an RCT in children
aged 6-17 years found that an HI titre of 1:40 provided 48% protection against A/H1N1
and 55% against B/Victoria, with protection maintained above 50% for up to 9 months
post-vaccination (63). In younger children aged 6-35 months, a strong correlation
between HI titres and reduced illness risk has been shown, with titres above 1:40
conferring 49.7% protection, while optimal protection (88%) required titres above 1:320
(64). Interestingly, studies of QIV in children have found that HI titres only mediate a
proportion of a vaccine’s protective effect, and that the effect of HI titres varies across A
and B strains. For influenza A, Hl titres account for a minority of the protection against

influenza infection, with non-HIl immune responses accounting for the majority of
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vaccine protection (65,66). In contrast, Hl mechanisms account for a larger proportion
of protection against influenza B strains (65,66). These studies highlight that both
children and adults benefit from higher HI titres, but differences in immunity and prior
exposure to influenza viruses result in varying degrees of reliance on Hl versus non-Hl
immune responses. Children, particularly those with lower baseline Hl titres may

benefit from booster vaccination to achieve sufficient protection.

1.6 Influenza Vaccine Effectiveness in Children

The effectiveness of influenza vaccination for preventing infection and hospitalisation in
children has been extensively studied. A 2021 systematic review evaluating influenza
vaccine effectiveness in preventing hospitalisation due to influenza in children found
that the pooled vaccine effectiveness across 37 test-negative studies was 53.3% (68).
Children aged under 5 years had better protection than those aged 6-17 years (67.1%
compared to 51.7%) and vaccine efficacy was higher during seasons when vaccine
strains matched circulating strains (59.3%). The authors conclude that annual
vaccination is still supported by these findings, despite showing influenza vaccines only

provide moderate protection against hospitalisation.

A large RCT involving 12,018 children aged 6-35 months reported QIV vaccine
effectiveness (VE) of 63% against moderate to severe influenza illness and this was
increased to 78% for vaccine-like strains (69,70). Another RCT found QIV VE of 51%
against all influenza types, and 68.4% for vaccine-like strains in infants aged 6 months
to <3years (70,71), and a further RCT published in 2020 reported VE of QIV ranging from
30.3% to 73.4% in children aged 6-35 months (72). In an Australian context, Shrestha et
al. (73) investigated QIV effectiveness for preventing laboratory confirmed influenza and
hospitalisation following the introduction of a funded influenza vaccine for residents in
Queensland, and found that VE against both infection and hospitalisation was highest

in children aged 30 months to <5 years (61% and 84%).

21



1.7 Factors Impacting Vaccine Immunogenicity

1.7.1 Age and sex as effect modifiers in influenza vaccine immunogenicity
in children

Studies investigating the effect of age upon immune responses to influenza vaccination
have found that whilst children may demonstrate increased immune responses
compared to adults (74), older children mount stronger immune responses to influenza
vaccination than younger children (75). A study of vaccine-naive children aged 6-23
months found that children aged 18-23 months were 4.3 times more likely to achieve
protective antibodies for the A/H3N2 antigen than were children aged 6-11 months.
Similarly, responses to A/H1N1 and B antigens were 2.75 and 1.52 times higher in older
children, respectively (75). Further, QIV immunogenicity was found to be higher in the
18-35 month age groups than in the 6-17 month age group in a 2018 RCT (69). It has
been suggested that increased immune responses to influenza vaccination in older
children is due to the development of antigen-presenting cells (APCs) and memory B
cells (32). As children grow, their APCs become more efficient and because older
children have encountered more viruses over time than younger children, they have
broader memory B cells. These factors in turn result in a more robust and longer-lasting

antibody response (32).

Unlike age, the influence of sex on influenza vaccine immunogenicity in children
remains unclear and has not been widely reported upon in the literature. In their RCT,
Walter et al. found no significant association between sex and vaccine immunogenicity
in children aged 6-23 months (75). It has been noted that sex differences in children’s
vaccine responses are rarely studied as primary endpoints, and argued they may not
have any clinical significance if protective antibody levels are achieved in both males

and females (76).
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1.7.2 The impact of prior vaccination on immune responses to influenza
vaccination in children

Studies show that children who have previously received influenza vaccines often
produce higher HI antibody titres following subsequent vaccination, compared to
vaccine naive children (77-80). Thus, the 2-dose initial vaccine regimen is
recommended for children aged 6 months to <9 years, to provide sufficientimmune
priming and adequate protection from influenza infection (18). There is, however, some
documentation in the literature that repeat annual vaccination with the same antigen
across influenza seasons can sometimes lead to a reduced immune response (81-92)

however this effect varies by influenza strain as well as individual immune history.

1.7.3 The impact of antipyretic medications upon the immune response to
influenza vaccines

Early experimental animal studies examining the impact of antipyretic medications
upon the immune response found that salicylate drugs adversely affected antibody
formation following exposure to bacterial antigens including diphtheria toxoid and
streptococcus pneumoniae (45,46,48). The first RCT involving healthy human
participants came in 1978 and examined the impact of antipyretic medications on
antibody titres following bivalent influenza vaccination (45). This study found that
participants who were given indomethacin orally for 12 days (commencing 1 day pre-
vaccination) had no difference in their 3-week post-vaccination antibody titres to the
control group for the A/New Jersey strain, but their antibody titres to the A/Victoria were
increased. However, baseline serology samples showed that approximately 90% of
participants in this study had evidence of antibody titres to A/Victoria but none had
serological evidence of the novel A/New Jersey infection (45,47). This increased
immune response could be explained by the concept of original antigenic sin, where the
immune system utilises its memory immune responses to antigens it has previously
encountered (14,92-94), or may suggest that indomethacin has some impact upon

antibody production, however the exact mechanism is unclear.
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There have been few randomised studies since that examine this effect, and even fewer
for influenza vaccines, and they report mixed findings. An early RCT in a population of
healthy 5-month-old children randomised participants to receive either a single dose of
paracetamol or a placebo 4 hours post-vaccination with a Diphtheria, Tetanus,
Pertussis (DTaP) or DTP-inactivated polio vaccine found that 6 weeks post-vaccination,
antibody titres to diphtheria and tetanus toxoids and pertussis antigens did not
significantly differ between the two groups (44). Another study assessed the effect of
antipyretic medications upon the immune response in infants following vaccination
with the 13-valent pneumococcal conjugate vaccine (PCV13), and co-administered
hexavalent vaccine (diphtheria, tetanus, pertussis (DTaP), Hepatitis B (HB), Polio (IPV)
and Haemophilus influenzae type b (Hib). This study divided participants into 5 groups-
a control group, 2 groups receiving paracetamol (one at the time of vaccination and one
later) and 2 groups receiving ibuprofen (also concurrent or delayed administration). The
authors found that overall, most participants reached the target antibody levels for all
13 PCV antigens, and all 6 DTaP/HB/IPV/Hib antigens after completing the vaccine
series, although the use of paracetamol and ibuprofen showed some impact upon
specific immune responses (50). For example, pneumococcal antibodies were lower in
the paracetamol groups compared to the control group but there was no statistically
significant difference between the ibuprofen and control groups following the initial
vaccinations, however, one month following booster dose, participants who received
ibuprofen at the time of vaccination showed lower levels of pertussis and tetanus

antibodies compared to the control group (50).

Building on these findings, an RCT enrolled 459 healthy infant participants aged 9-16
weeks undergoing their initial routine vaccinations and then booster vaccinations at 12-
15 months of age (37). These participants were randomised to receive prophylactic
paracetamol at the time of vaccination and then 6-8 hourly over the following 24-hour
period, or to receive no intervention. The authors measured fevers and serum antibody
titres and reported that fever was much less common in children who received
paracetamol after both their initial and booster vaccination, and that children who

received paracetamol had slightly lower antibody titres to each of the ten
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pneumococcal conjugate vaccine serotypes and the Hib polysaccharide, diphtheria,
tetanus and pertactin vaccine antigens (37). The authors concluded that despite
demonstrating a slightly reduced immune response to vaccination, children who
received prophylactic paracetamol still achieved long-term protection that did not differ
from those who did not receive the intervention (37,51). Furthermore, A 2014 systematic
review investigating the effect of prophylactic antipyretics upon post-vaccination
adverse events and antibody responses in children <6 years found a statistically
significant decrease in post-vaccination antibody titres in children who received
paracetamol either alone or in combination with ibuprofen at the time of vaccination
with a diphtheria containing vaccine (either administered alone or in combination with a

pneumococcal-containing vaccine and haemophilus influenza type B vaccine)(43).

Although limited studies have investigated the effect of antipyretic medications upon
children’s immune response to influenza vaccination, the findings of those that do are
mixed, with no clear consensus on whether these medications impact immunogenicity.
A UK RCT evaluating reactogenicity and immunogenicity of the A/H1N1(2009) pandemic
influenza vaccine in a paediatric study population found that the use of antipyretics did
not significantly impact antibody titres or an individual’s immune response to
vaccination (95). Another study also found no significant differences in seroconversion
and post-vaccination seroprotection between children in the oral paracetamol/oral
ibuprofen and placebo groups of their RCT (36). However, a 2018 study found
antipyretic use in the post-vaccination period (days 0-3) appeared to decrease a child’s
immune response to trivalent vaccine in an analysis of 3 GSK TIV paediatric clinical

trials (41).

1.7.4 The impact of fever upon the immune response to influenza vaccines
Post-vaccination fever in children is a common occurrence, and The Brighton
collaboration Fever Working Group has defined fever to be an “endogenous elevation of
at least one measured body temperature of 238C” (96). Fever induced by inactivated

influenza vaccines is a result of the immune response to vaccine antigens on
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inflammatory cytokine-releasing cells including monocytes and macrophages (97,98).
For inactivated influenza viruses, fever onset is generally within the first 24 hours post-
vaccination, but may occur up to 48 hours after the vaccine has been administered (97).
Amongst studies assessing fever post-vaccination, there are several inconsistencies in
the methodologies for measuring fever. Clinical trials and epidemiological studies
generally use longer study timeframes- up to 30 days post-vaccination- which often
include fevers caused by factors other than influenza vaccination (97). Fevers measured
in the post-vaccination period may instead be related to infection with a viral or
bacterial antigen, and readings of a body temperature 238C may come from user error
or improper positioning of thermometers, or from factors such as mouth breathing
during oral measurement (96,99). Furthermore, influenza vaccines in children are often
co-administered with other vaccines, making it impossible to determine the cause of

the fever (97).

Investigations for the impact of post-vaccination fever upon antibody
titres/immunogenicity in the literature is limited. A clinical trial of the A/H5N1 pandemic
influenza virus vaccine reported a close association between febrile reactions to
vaccination and immunogenicity in children (100). The authors found that younger
children had higher rates of fever 238C, especially those aged <3 years (57%) following
the first dose of vaccine, and the comparison of neutralising antibody (NT) titres
between participants revealed significantly higher titres in children who experienced

fever compared to those who did not (100).

A study investigating cytokine production in response to diphtheria-tetanus-pertussis
(DTP), haemophilus influenzae type b (Hib) and pneumococcal vaccines found that
children who developed a fever 24 hours post-vaccination had higher levels of the
cytokine granulocyte-colony stimulating factor (G-CSF) than children who did not have
a fever, however other cytokine levels were similar across participants, regardless of

whether fever was present (101).
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The UK study evaluating reactogenicity and immunogenicity of the A/H1N1(2009)
pandemic influenza vaccine in children found that fever post-vaccination positively
correlated with higher antibody titres, particularly after the second dose (95).
Furthermore, pooled analysis of 3 RCTs evaluating TIV immunogenicity found evidence
of a positive association between post-vaccination fever and increased immune titres
for all 3 included influenza strains. The authors suggest this association demonstrates a
connection between fever and the body’s immune response to antigens in the vaccine,

although they note that the influence is not well understood (41).

1.8 Thesis Objective

This thesis will aim to investigate previously demonstrated findings of associations
between fever and antipyretic use in the post vaccination period in trivalent influenza
vaccines, in QIVs which, until recently, were widely administered. It is hypothesised that
we will find similar associations to Li-Kim-Moy et al.’s study; of increased GMTs in
children who experienced any fever in the post-vaccination period, and a decrease in

children who used antipyretics in the post-vaccination period.

To investigate for these associations, a retrospective analysis of eight randomised
clinical trials of GSK’s quadrivalent non-adjuvanted, inactivated influenza vaccines
involving children aged 6 months-17 years was performed. Patterns of post-vaccination
fever and antipyretic use are described, and vaccine immunogenicity was analysed
using multivariable regression analysis to assess the impact of fever and antipyretic use

on a child’s immune response to QIV.
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CHAPTER 2: METHODS

2.1 Design and Subjects

Data access was obtained through clinicalstudydatarequest.com in June 2018; a
platform set up by a consortium of clinical study sponsors to facilitate independent
researchers’ access to individual-level data from completed trials. Available
randomised controlled trials conducted by GSK of QIV in children aged 6 months to 17
years, with immunogenicity and safety datasets were included in the analysis.
Individual level data was obtained from eight separate paediatric QIV trials completed
by GSK between 2009 and 2015, under a data sharing agreement. The eight trials
included both phase 2 and phase 3 trials of GSK developed QlV, the details of which are

summarised in table 1 below.

All studies randomised participants between QIV and another active vaccine; either TIV
or other various control vaccines (detailed in Table 1 below). Each QIV targeted four
common influenza subtypes (A/H1N1, A/H3N2, B/Victoria and B/Yamagata), however
the specific antigens for each subtype included in the QIVs varied across years.
Participants were allocated to either a 1- or 2-dose vaccination schedule, depending on
if they were considered ‘primed’ or ‘unprimed’. Specific definitions of priming varied
across studies, however, to be considered primed, all studies required participants to
have a) received an influenza vaccination in a previous season, or to b) be aged 9 years

orolder.

Primed participants received a single dose of QIV, whilst unprimed participants
received 2-doses, scheduled 4 weeks apart. Serum antibodies to the four influenza
strains were measured using Hl titres, which were measured at baseline prior to the
first dose of QIV, and 28 days post final vaccination. Adverse events in all trials were
obtained for the day of vaccination, and the following 6 days through diary cards

provided to caregivers, prompting them to record any medications taken, and the
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presence or absence of common post-vaccination symptoms, including fever. In
accordance with the Brighton Collaboration Working Group definition, fever was
defined as a temperature 238°C measured by any route (96). In our study, medications
were considered an antipyretic if they included paracetamol or an NSAID, with topical

preparations excluded.

This study included all trial participants aged 6 months to 17 years who underwent
vaccination with a GSK QIV. Subjects were included in the analysis if they had Hl titre
results available at both baseline and 28 days post their final QIV for at least a single
influenza strain and had adverse event outcomes reported for the first 6 days post-
vaccination, where day 0 is the day of vaccination. Subjects were excluded from the
analysis if they did not complete the QIV course according to protocol, did not have Hl
titre results available at either baseline or 28 days post final vaccination, or if they did

not have adverse event outcomes available.

2.2 Statistical Analyses

Serology results for each of the four influenza subtypes were aggregated across
studies, and analysis was undertaken separately for each subtype. For participants
who were considered ‘unprimed’ and received the 2-dose schedule, fever and
antipyretic use rates were also pooled across the two doses. Results were calculated
for all included participants and were additionally broken down into three age cohorts:

6 months to < 2 years, 2 years to <9 years and 9to 17 years.

Baseline characteristics of age, sex and priming status were calculated for included
participants across each of the 8 studies. Rates of first reported fever and antipyretic
medication administration were calculated for each day post-vaccination, with results
broken down by dose and age cohort. Continuous data are reported as either mean

(standard deviation) if normally distributed, or median (interquartile range) if not
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normally distributed. Baseline characteristics presented as categorical variables were

compared using Chi-squared tests.

The effects of fever, antipyretic use or the combination of both, upon post-vaccination
Hl titres for each of the 4 influenza strains were assessed during the time periods of 0-1,
0-3 and 0-6 days following vaccination. Because the titres reported from the HI assay
are exponentially distributed, analysis was performed using the logctransformed
baseline and post-vaccination HI titres to allow for a linear regression model to be
used. Age, sex, priming status and pre-vaccination HI titre were considered and

included as covariates in the model.

A linear mixed effects model was constructed for each strain and age group, with age,
sex, priming and pre-vaccination titre category included as fixed effects, and the
individual trial included as a random effect in the model. A linear mixed effects model
with trial as a random effect was chosen as it increases statistical power by pooling
data across trials (compared to analysing each trial separately), whilst accounting for
variability which may be present between trials (such as differences in unmeasured

population characteristics e.g. ethnicity)(102,103).

Results from the linear mixed effects models were estimated for each strain, age cohort
and time-period post-vaccination (0-1, 0-3 and 0-6 days). Estimates of the effect of
fever alone, antipyretic use alone, or the combination of both fever and antipyretic use
compared with a base case of neither fever nor antipyretic use were calculated as a
single categorical variable. Age in months, and log:o pre-vaccination HI titre were
included as linear covariates, and sex and priming status as categorical variables. A
level of significance of a=0.05 was applied to determine statistical significance.
Statistical significance of the fever and antipyretic categorical variable was tested using
an F-test, followed by analysis of the 95% confidence intervals, to determine which

categories were statistically different from the base case of no fever or antipyretic use.
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Other covariates were assessed using t-tests with p-values and 95% confidence
intervals reported. Estimates of effect were backtransformed by antilogging the
parameter values, giving GMT ratios which can be interpreted as ‘fold’ effects per unit

change in the variable.

For each strain and age group, a comparison of the model estimates generated using
the day 0-1, 0-3 and 0-6 fever and antipyretic outcomes was performed using the Akike
Information Criterion (AIC). The AIC measures model fit as well as complexity, allowing
for relative measures of competing models, where the model with the lowest AIC is
preferred (104). The more parsimonious model was assessed as where the AlV was
lower by more than 2 (105). Following assessment of the results of the above models, a
post-hoc analysis of the correlation between the highest fever recorded, and whether or
not participants used antipyretics was performed. The mean maximum temperatures in
those reporting a fever was compared between participants who used antipyretics, and
those who did not. The differences between these two groups were tested using a
student’s t-test, with a level of significance of 0.=0.05 applied to determine statistical
significance. This comparison was performed for each age group for days 0-1, 0-3 and

0-6 post-vaccination.

Data processing and statistical analyses were undertaken using Microsoft Excel for
Microsoft 365 MSO and SAS Version 9.4 (SAS Institute, Cary NC), with charts generated
using R Version 4.2.1.
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CHAPTER 3: RESULTS

3.1 Study Population

Eight clinical trials of QIV performed in paediatric populations were identified and
included in this thesis. The details of these studies are summarised in Table 1 below.
Ages included in the studies ranged from 6 months to 17 years. Trials were completed
between 2009 and 2015, and performed in a variety of countries across Asia, Europe,
Central and North America. Study populations ranged from 316 to 12,046 participants

(although not all participants were eligible for inclusion in this study).
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Table 1: Summary of Included Studies

Author of main ID number Age Treatment Groups Total Number Number Geographic locations
published paper 1. OUR IDENTIFIER ranges number randomised included
2. NCTNUMBER enrolled to QIV in study
3. GSKIDENTIFIER . .
subjects group population
Rodrigues Weber"®  Trial 1 18 to 47 1.QIV 599 298 191 Mexico
NCT00985790 months 2.TIV
113237
Domachowske ' Trial 2 6 months 1.QIV 3027 1192 1018 Czech Republic, France,
NCT01196988 to17years 2.TIV-Vic Germany, Philippines,
113275 3. TIV-Yam USA
4. Open label QIV
Langley'%? Trial 3 6 months 1.QIV 3109 1234 1125 Canada, USA, Mexico,
NCT01198756 to17years 2.TIV-Vic Spain, Taiwan
113314 3. TIV-Yam
4. Open label QIV
Jain (%8 Trial 4 6to0 35 1. GSK QIV (FluLaval) 2430 2429 974 USA, Mexico
NCT02242643 months 2. Sanofi QIV
201234 (Fluzone)
Wang "% Trial 5 61to 35 1. GSK QIV (FluLaval) 316 158 140 USA
NCT01974895 months 2. Sanofi TIV
200806 (Fluzone)
Langley? Trial 6 6to 35 1.QIvV 607 300 284 Canada, Dominican
NCT01711736 months 2.TIV Republic, Honduras
116926
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Dbaibo "2 Trial 7 6 to 35 1.QlvV 12046 6022 744 Belgium, Czech Republic,
NCT01439360 months 2. Various non- Lebanon, Poland, Spain,
115345 influenza control Turkey, UK, Bangladesh,
vaccines Dominican Republic,
Honduras, India,
Philippines, Thailand
Jain("™ Trial 8 3to 8 1.QIV 5220 2609 459 Bangladesh, Dominican
NCT01218308 years 2. Hep Avaccine Republic, Honduras,
114541 Lebanon, Panama,

Philippines, Thailand,
Turkey
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A total of 27,354 subjects were enrolled in the eight trials, of which 13,017 were in
intervention groups receiving a GSK QIV. Ofthe 13,017 participants who received a
QlV, 8,802 were excluded as they were either a) not part of a cohort undergoing
immunogenicity testing (7,154), or b) did not have serology results (pre- and post-
vaccination) or adverse event data according to protocol (911). The remaining 4,935
participants were included in the final analysis. The details of participant inclusion and

exclusion are summarised in the participant flow diagram in Figure 1 below.

Figure 1: Participant flow diagram
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3.1.1 Baseline characteristics

The baseline characteristics for the 4,935 included participants are reported in Table 2

below. The mean age was 4.1 years (s.d. 4.2) across all studies, with 1,574 (32%) in the 6

months to <2 years cohort, 2,608 (53%) in the 2 to <9 years cohort and 753 (15%) in the
9years and older cohort. There were 2,336 (47%) female participants, and 1,757 (36%)

of all participants were considered primed, receiving the single dose schedule. Whilst

the number of female participants was similar across studies (p=0.53), there was

significant variation in the distribution of participant age (p<0.001), age cohort (p <

0.001) and priming status (p < 0.001).

Table 2: Participant Baseline Characteristics by Study

All Study Study Study Study Study Study Study Study p-
Studies 1 2 3 4 5 6 7 8 value
N 4935 191 1018 1125 974 140 284 744 459
Age (years) 4.1 2.1 6.5 7.3 1.2 1.3 1.0 1.4 5.4 <0.001
mean (sd) (4.2) (0.8) (4.3) (5.0) (0.8) (0.8) (0.78)  (0.7) (1.6)
Age cohort <0.001
n (%)
6 monthsto 1574 59 116 146 596 72 201 384 0
<2years (32%) (31%) (11%) (13%) (61%) (51%) (71%) (52%) (0%)
2to<9 2608 132 602 526 378 68 83 360 459
years (53%) (69%) (59%) (47%) (39%) (49%) (29%) (48%)  (100%)
9yearsand 753 0 300 453 0 0 0 0 0
older (15%) (0%) (29%)  (40%)  (0%) (0%) (0%) (0%) (0%)
Sex 0.533
N (%)
Male 2599 101 529 601 530 75 135 379 249
(53%) (53%) (52%) (53%) (54%) (54%) (48%) (51%) (54%)
Female 2336 90 489 524 444 65 149 365 210
(47%) (47%) (48%) (47%) (46%) (46%) (52%) (49%) (46%)
Priming <0.001
Status
n (%)
Primed 1757 94 390 621 572 56 12 9 3
(36%) (49%) (38%) (55%) (59%) (40%)  (4%) (1%) (1%)
Unprimed 3178 97 628 504 402 84 272 735 456
(64%) (51%) (62%) (45%) (41%) (60%) (96%) (99%) (99%)
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3.1.2 Fever rates

Figure 2 below displays fever and antipyretic use by age cohort and priming status for
each day post-vaccination, and the findings are further detailed in Table 3. Overall,
6.1% of individuals reported experiencing a fever in the first three days after
vaccination, with 8.8% of individuals reporting fever in the first six days after
vaccination. Fever rates were highest amongst the 6 months to <2 years cohort (9.7%
days 0-3, 13.3% days 0-6), compared to the 2 to <9 years cohort (5.5% and 8.1%) and
were lowest amongst those aged over 9 years (0.9% and 1.3%). Fever rates were also
higher in the unprimed cohort after any dose (8.3% and 11.9%), compared to those who
were primed with a previous dose of vaccine (2.2% and 3.1%), potentially reflecting
both the younger age of this cohort, and that those who were unprimed received 2-
doses of QIV. Fever rates were highest on the day of vaccination after dose 1,

independent of age and priming status, and were highest in the first 48hrs after dose 2.

3.1.3 Rates of antipyretic use

Antipyretic use by age and priming status is also displayed in Figure 2 and summarised
in Table 3 below. In the first 3 days post-vaccination, 637 (12.9%) participants reported
taking an antipyretic medication, compared to 772 (15.6%) in the first 6 days post-
vaccination. Like fever, antipyretic use was highest in the 6 months to <2 years cohort
(20.4% days 0-3 and 23.4% days 0-6) compared to the 2 to <9 years cohort (9.9% and
12.7%) and 9-17 years cohort (7.8% and 9.7%). Rates of antipyretic commencement
were highest on day 0 after both doses 1 and 2, with rates rapidly declining during the
follow-up period (Figure 2). Patterns of antipyretic use were similar for both primed and

unprimed participants after the first dose of vaccination.
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3.1.4 Rates of combined fever and antipyretic use

There were 185 (3.7%) individuals that experienced both a fever and received
antipyretic medications in the first 3 days post-vaccination, and 276 (5.6%) in the first 6
days post vaccination. Combined fever and antipyretic use was most common in the 6
months to <2 years cohort (6.2% day 0-3, 9% day 0-6), compared to the 2 to < 9 years
(8.1% and 4.9%) and 9 years and older cohorts (0.7% and 0.8%). Participants who
reported antipyretic use were more likely to also report a fever compared to those who
did not, with 36% of the all-age cohort who used antipyretics reporting a fever during
days 0-6 compared to 10% of those who did not report antipyretic use (see fever and

antipyretic use rates reported in Table 3 below).

Table 3: Rates of Fever, Antipyretic use, and Fever and Antipyretic Use by Age

Group and Primed Status

Day 0-1 Day 0-3 Day 0-6
Overall n (%) n (%) n (%)
(N=4935) All fever 149 (3.0%) 303 (6.1%) 432 (8.8%)
All antipyretic use 497 (10.1%) 637 (12.9%) 772 (15.6%)
Fever & antipyretic use 85 (1.7%) 185 (3.7%) 276 (5.6%)
By age group
6 monthsto<2yrs Allfever 81 (5.2%) 153 (9.7%) 210 (13.3%)
(N=1574) Allantipyretic use 254 (16.1%) 321 (20.4%) 368 (23.4%)
Fever & antipyretic use 50 (3.2%) 98 (6.2%) 141 (9%)
2to<9yrs Allfever 63 (2.4%) 143 (5.5%) 212 (8.1%)
(N=2608) All antipyretic use 198 (7.6%) 257 (9.9%) 331 (12.7%)
Fever & antipyretic use 31 (1.2%) 82 (3.1%) 129 (4.9%)
9years and older Allfever 5(0.7%) 7 (0.9%) 10 (1.3%)
(N=753) Allantipyretic use 45 (6.0%) 59 (7.8%) 73 (9.7%)
Fever & antipyretic use 4 (0.5%) 5(0.7%) 6 (0.8%)

By priming status

Unprimed  All fever 124 (3.9%) 265 (8.3%) 378 (11.9%)
(N=3178) All antipyretic use 342 (10.8%) 448 (14.1%) 550 (17.3%)
Fever & antipyretic use 66 (2.1%) 157 (4.9%) 236 (7.4%)
Primed Allfever 25 (1.4%) 38 (2.2%) 54 (3.1%)
(N=1757) Allantipyretic use 155 (8.8%) 189 (10.8%) 222 (12.6%)
Fever & antipyretic use 19 (1.1%) 27 (1.5%) 39 (2.2%)




Figure 2: First reported fever and antipyretic use by day and age group
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First reported fever by priming status for each dose
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3.2 The Effect of Fever and Antipyretic Use on Post-Vaccination
Haemagglutination Inhibition Titres

3.2.1 All age cohorts

Estimates of the effect of fever and antipyretic use upon the post-vaccination Hl titres
for all participants are summarised in Table 4 below. Results are reported as GMT ratios
and 95% confidence intervals, where a ratio of 1 represents no effect, <1 a reductionin
post-vaccination immune titre and >1 an increase in the immune titre. P-values are also
reported for the F-tests, assessing for a statistical effect of fever, antipyretic use or the
combination of both upon post-vaccination immune titres. Results for the effect of fever

and antipyretic use on days 0-1, 0-3 and 0-6 are reported.

Fever and antipyretic use have a statistically significant effect for all considered time-
periods for the A/H1N1, A/H3N2 and B/Yamagata strains. For the B/Victoria strain, fever
and antipyretic use were only statistically significant when the time-period considered

included days 0-6 post vaccination.

Fever alone (without antipyretic use in the considered time-period) was associated with
a26% (95% Cl1 1.073 - 1.481) increase in post-vaccination Hl titres for the A/H3N2 strain
at days 0-6. Antipyretic use alone was associated with a decrease in post-vaccination
HI titres for the A/H1N1, A/H3N2 and B/Yamagata strains across all time-periods, with
estimates of effect ranging from a 22.1% decrease for the A/H3N2 strain (days 0-3, 95%
C10.705-0.860) to a 15.7% decrease for the A/H1N1 strain (days 0-1, 95% CI 0.757 -
0.939).

The combination of fever and antipyretic use was associated with an 18.8% increase in
immune titres for the A/H3N2 strain at days 0-3 (95% CI11.024 -1.378),a17.9%
increase for days 0-6 (95% CI 1.042 - 1.334), and a 25.5% (95% CI 1.097 — 1.435)

increase for the B/Victoria strain for days 0-6.
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Table 4: Estimates of GMT Ratio for Fever and Antipyretic Use: All participants

Fever without

Antipyretic use

Both fever and

Strain antipyretic use without fever angny; (:{t:t:i:se vaF::Je
GMT Ratio (95% CI) GMT Ratio (95% CI) (95% Cl)
Days 0-1
A/H1N1 0.874 (0.674, 1.133) 0.843 (0.757, 0.939) 0.925 (0.738, 1.159) 0.014
A/H3N2 1.272(0.993, 1.630) 0.793 (0.715, 0.879) 1.106 (0.892, 1.372) <.0001
B/Victoria 1.018 (0.776, 1.335) 0.955 (0.854, 1.068) 1.311(1.035, 1.661) 0.118
B/Yamagata 0.837(0.659, 1.063) 0.815(0.738, 0.900) 1.038 (0.842, 1.280) <.001
Days 0-3
A/H1N1 0.992 (0.818, 1.203) 0.836 (0.754, 0.927) 1.016 (0.87, 1.187) 0.008
A/H3N2 1.155 (0.960, 1.388) 0.779 (0.705, 0.860) 1.188(1.024, 1.378) <.0001
B/Victoria 0.972 (0.795, 1.189) 0.954 (0.857, 1.062) 1.197 (1.018, 1.408) 0.117
B/Yamagata  0.908 (0.759, 1.085) 0.819 (0.744, 0.901) 1.019(0.882, 1.177) 0.001
Days 0-6
A/H1N1 1.103 (0.932, 1.306) 0.820 (0.743, 0.905) 1.084 (0.953, 1.233) <.001
A/H3N2 1.260 (1.073, 1.481) 0.800 (0.727, 0.879) 1.179 (1.042, 1.334) <.0001
B/Victoria 1.103 (0.925, 1.315) 0.948 (0.856, 1.051) 1.255 (1.097, 1.435) 0.004
B/Yamagata  1.053(0.901, 1.231) 0.821 (0.749, 0.900) 1.096 (0.972, 1.235) <.0001

Results from the linear mixed effects models including study as a random effect, and age, sex,

priming status and logopre-vaccination Hl titres as fixed effects.

Bold text indicates statistical significance (p-value <0.05 or 95% CI not including 1).

Results are reported as GMT ratios and 95% confidence intervals compared to the no fever or

antipyretic use cohort, where a ratio of 1 represents no effect, <1 a reduction in post-vaccination

immune titre and >1 an increase in the immune titre.

P-values are reported for the F-tests assessing the statistical significance of the fever and/or
antipyretic use categorical variable.

42



3.2.2 6 months to <2 years cohort

The estimates of the effect of fever and antipyretic use for the 6 months to <2 years age
cohort are presented in Table 5 below. The effect of fever and antipyretic use was only
statistically significant for the A/H3N2 strain, with the effect being significant across all
3 time periods. Fever alone was associated with a 39.3% increase in post-vaccination
titres for the A/H3N2 strain at days 0-6 (95% CI 1.072 - 1.812). Antipyretic use alone was
associated with a decrease in Hl titres for the A/H3N2 strain across all time periods,
with estimates of effect ranging from a 17.0% decrease at days 0-1 (95% CI 0.705 -
0.978) to a 14.7% decrease considering days 0-6 (95% CI1 0.729 — 0.998).

Table 5: Estimates of GMT Ratio for Fever and Antipyretic Use in 6 months to <2
Years Cohort

Fever without
Strain antipyretic use
GMT Ratio (95% CI)

Antipyretic use Both fever and
without fever antipyretic use
GMT Ratio (95% Cl) GMT Ratio (95% CI)

p-value

Days 0-1
A/H1N1 0.926 (0.625, 1.372) 0.917 (0.776, 1.086) 0.992 (0.726, 1.356) 0.774
A/H3N2 1.385 (0.945, 2.032) 0.830 (0.705, 0.978) 1.001 (0.738, 1.358) 0.042
B/Victoria 1.015 (0.685, 1.503) 0.984 (0.832, 1.163) 1.187 (0.866, 1.627) 0.751
B/Yamagata 0.892 (0.612, 1.302) 0.875 (0.744, 1.028) 1.049 (0.777,1.417) 0.378
Days 0-3
A/H1IN1 1.112(0.823, 1.501) 0.954 (0.811, 1.123) 0.986 (0.784, 1.24) 0.831
A/H3N2 1.322(0.987, 1.772) 0.835(0.713, 0.978) 1.125 (0.900, 1.407) 0.015
B/Victoria 1.024 (0.758, 1.382) 1.003 (0.853, 1.18) 1.100 (0.874, 1.385) 0.880
B/Yamagata 0.947 (0.710, 1.264) 0.876 (0.750, 1.024) 1.030 (0.826, 1.284) 0.386
Days 0-6
A/H1IN1 1.154(0.881, 1.511) 0.928(0.790, 1.090) 1.077 (0.886, 1.308) 0.440
A/H3N2 1.393 (1.072, 1.812) 0.853 (0.729, 0.998) 1.110 (0.918, 1.342) 0.007
B/Victoria 1.128 (0.861, 1.477) 0.971(0.827,1.141)  1.153(0.948, 1.402) 0.397
B/Yamagata 1.045 (0.806, 1.354) 0.864 (0.740, 1.008) 1.098 (0.910, 1.324) 0.161

Results from the linear mixed effects models including study as a random effect, and age, sex,

priming status and log, pre-vaccination Hl titres as fixed effects.
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3.2.3 2 years to < 9 years cohort

Table 6 below summarises the estimates of the effect of fever and antipyretic use in the
2 years to <9 years cohort. Fever and antipyretic use had a statistically significant effect
on post-vaccination Hl titres for the A/H3N2 and A/H1N1 strains at days 0-1, A/H1N1,
A/H3N2 and B/Victoria at days 0-3 and for all four strains when considering fever and

antipyretic use across days 0-6.

Fever alone was associated with an increase in Hl titres for the A/H3N2 strain at days 0-
6, with fever associated with a 23.3% (95% CI 1.016 — 1.498) increase in post-
vaccination Hl titres. Although antipyretic use trended towards a decrease in Hl titres
for all strains across all considered time periods, this did not reach statistical

significance with all of the 95% confidence intervals crossing 1.

Both fever and antipyretic use was associated with an increase in HI titres for A/H3N2
and A/H1N1 strains at days 0-1, A/H1N1, A/H3N2 and B/Victoria at days 0-3 and for all
four strains when considering days 0-6. Estimates of effect of the combination of fever
and antipyretic use ranged from a 29.2% increase for A/H1N1 at days 0-3 (95% CI 1.066
—1.564), to a 96.2% increase for B/Victoria considering days 0-1 (95% CI 1.371 -2.807).
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Table 6: Estimates of GMT Ratio for Fever and Antipyretic Use in 2 Years to <9 Years

Cohort
Fever without Antipyretic use Both fever and
Strain antipyretic use without fever antipyretic use p-value
GMT Ratio (95% Cl) GMT Ratio (95% Cl) GMT Ratio (95% Cl)

Days 0-1
A/H1N1 0.964 (0.710, 1.310) 1.004 (0.875,1.151)  1.283(0.940,1.751)  0.468
A/H3N2 1.280 (0.940, 1.743) 0.934(0.812,1.074)  1.690(1.236,2.312)  0.003
B/Victoria 1.030 (0.724, 1.467) 0.964(0.823,1.128)  1.962(1.371,2.807)  0.003
B/Yamagata 0.850 (0.628, 1.148) 0.909(0.793,1.042)  1.392(1.020,1.899)  0.056

Days 0-3
A/H1N1 1.074 (0.860, 1.342) 0.949 (0.830, 1.084)  1.292(1.066,1.564)  0.046
A/H3N2 1.173 (0.936, 1.470) 0.903(0.788,1.035)  1.502(1.236, 1.826)  <.0001
B/Victoria 1.009 (0.781, 1.304) 0.952(0.816,1.111)  1.369(1.097,1.708)  0.039
B/Yamagata 0.978 (0.785, 1.220) 0.917(0.802,1.048)  1.168(0.964,1.415)  0.219

Days 0-6
A/H1N1 1.128 (0.932, 1.366) 0.917(0.809, 1.039)  1.309(1.122,1.527)  0.001
A/H3N2 1.233 (1.016, 1.498) 0.891(0.784,1.013)  1.424(1.217,1.666)  <.0001
B/Victoria 1.148 (0.920, 1.431) 0.944 (0.817,1.091)  1.428(1.195,1.706)  0.001
B/Yamagata 1.125 (0.930, 1.360) 0.896(0.791,1.016)  1.259(1.079,1.468)  0.004

Results from the linear mixed effects models including study as a random effect, and age, sex,
priming status and logio pre-vaccination Hl titres as fixed effects.
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3.2.4 9 years to 17 years cohort

Results for the 9 to 17 years cohort are summarised in Table 7 below. The effect of fever
and antipyretic use was only statistically significant for the A/H1N1 strain at the day 0-1

time-period, where fever alone was associated with a significant decrease in Hl titre

(GMT ratio 0.137, 95% CI1 0.019 - 0.981). Care must be taken in interpreting this result

however, as there were very few participants reporting fever in this cohort on days 0-1

(n=5), and the result is therefore highly susceptible to the effects of outliers and is

driven by a small number of participants results.

Table 7: Estimates of GMT Ratio for Fever and Antipyretic Use: 9 years and older

Fever without

Antipyretic use

Both fever and

Strain antipyretic use without fever antipyretic use p-value
GMT Ratio (95% Cl) GMT Ratio (95% CI) GMT Ratio (95% ClI)
Days 0-1
A/H1N1 0.137(0.019, 0.981) 0.799 (0.583,1.097)  0.448(0.167,1.201)  0.042
A/H3N2 0.674 (0.125, 3.637) 0.784(0.598,1.029)  0.821(0.353,1.910)  0.327
B/Victoria 1.374(0.191, 9.872) 1.080 (0.786, 1.484)  1.192(0.444,3.199)  0.932
B/Yamagata 0.442 (0.092, 2.112) 0.917(0.714,1.177)  1.004(0.459,2.193)  0.683
Days 0-3
A/H1N1 0.584 (0.144, 2.363) 0.873(0.661,1.154)  0.569(0.235,1.380)  0.398
A/H3N2 0.793(0.241, 2.615) 0.774(0.610,0.982)  0.682(0.320,1.451)  0.142
B/Victoria 1.126 (0.278, 4.564) 1.078 (0.815,1.424)  1.032(0.426,2.498)  0.959
B/Yamagata 0.731(0.242, 2.21) 0.952(0.764,1.186)  1.153(0.573,2.323)  0.881
Days 0-6
A/H1N1 1.342 (0.500, 3.602) 0.759(0.590,0.978)  0.805 (0.358,1.806)  0.160
A/H3N2 1.252(0.539, 2.912) 0.809 (0.651,1.004)  0.697(0.349,1.392)  0.175
B/Victoria 1.177 (0.439, 3.157) 1.139(0.884,1.467)  0.937(0.417,2.103)  0.767
B/Yamagata 0.993 (0.454, 2.171) 0.942(0.772,1.150)  1.000 (0.527,1.897)  0.952

Results from the linear mixed effects models including study as a random effect, and age, sex,

priming status and log, pre-vaccination Hl titres as fixed effects.

46



3.3 Comparison of Maximum Recorded Fever in Children Reporting
Fever = 38°C

Supplemental analysis comparing the maximum recorded post-vaccination fever was

performed for all participants reporting a fever = 38°C, with results reported in Table 8

below. For the combined all-age and 6 months to <2 years cohorts, participants who

reported a fever and used antipyretics recorded a higher magnitude of fever compared

to those who did not use antipyretics across all time periods. For the 2 to <9 years

cohort, this association was only significant for the day 0-3 and 0-6 time periods. This

association was not seen in the 9 years and older cohort, however as previously noted,

the sample of participants reporting fever in this cohort was very small.

Table 8: Mean maximum reported fever for participants reporting a fever (= 38°C)

over days 0-3

N All No Antipyretics Difference p-
(95% Cl) antipyretics (95% CI) (95% CI) value*
(95% Cl)
Day 0-1
All-ages 38.56 38.43 38.67 0.24
149 (38.47,38.65)  (38.30, 38.55) (38.54,38.79) (0.06,0.42) 0.0104
6mths to 81 38.59 38.37 38.72 0.34 0.0172
<2yrs (38.45,38.73)  (38.20, 38.55) (38.53,38.91) (0.06,0.62)
2yrs to 63 38.53 38.46 38.60 0.14 0.3891
<9yrs (38.41,38.65) (38.28,38.64) (38.43,38.78) (-0.10, 0.39)
9years and 5 38.56 38.90 38.48 -0.43 0.6374
older (38.16,38.96) (N/A) (38.00, 38.95) (-1.49, 0.64)
Day 0-3
Al 303 38.67 38.50 38.78 0.28 0.0001
participants (38.60,38.74) (38.40, 38.59) (38.68,38.88) (0.14, 0.42)
6mths to 153 38.67 38.45 38.79 0.34 0.0011
<2yrs (38.57,38.77) (38.32,38.58) (38.66,38.66) (0.14, 0.55)
2yrs to 143 38.67 38.54 38.77 0.23 0.0332
<9yrs (38.57,38.78)  (38.40,38.68) (38.61,38.92) (0.02,0.44)
9years and 7 38.56 38.45 38.60 0.15 0.703
older (38.18,38.94) (32.73,44.17) (38.13,39.07) (-0.80, 1.10) )
Day 0-6
Al 432 38.73 38.53 38.84 0.30 <0.0001
participants (38.66, 38.79)  (38.44,38.62) (38.75,38.92) (0.18,0.43)
6mths to 210 38.74 38.47 38.88 0.41 <0.0001
<2yrs (38.65,38.83) (38.35,38.58) (38.76,39.00) (0.23,0.60)
2yrs to 212 38.71 38.58 38.79 0.22 0.0187
<9yrs (38.62,38.80) (38.45,37.70) (38.67,38.91) (0.04, 0.40)
9years and 10 38.75 38.78 38.79 -0.04 0.9215
older (38.32,39.18) (37.44,40.11) (38.67,38.91) (-0.99, 0.90) )

*Comparing difference between mean maximum reported fever with student’s t-test
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3.4 Comparison of Models Across Time-Periods

The fit of the model estimates discussed above were compared using the AlIC, with the
results presented in Table 9 below. The fit of the model for days 0-1, 0-3 and 0-6 was
compared for each strain and age group. For the all age cohort, the day 0-6 estimates
provided the most accurate model fit, although B/Yamagata did not reach the AAIC>2
threshold compared to the day 0-1 estimated. Similar results were obtained for the 2
years to <9 years age cohort, with improved model fit for the day 0-6 estimates, reaching
the threshold of AAIC>2 for all strains. In the 6 months to < 2 years cohort, model fit was
similar across the time-periods for all strains, whilst for the 9 years and older cohort,
assessing fever and antipyretic use on days 0-1 appeared to have better model fit for the

A/H1N1 and B/Yamagata strains.
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Table 9: Assessment of Model Fit Using Akike Information Criterion (AIC)

Al 6mths 2 9
-<2 years years
years -<9 and
years older
AlC AAIC Likelihood AIC AAIC Likelihood AIC AAIC Likelihood AIC AAIC Likelihood

A/H1N1
DO0-1 6233.5 6.8 0.033 2194 2324.6 104 0.006 912.1
DO0-3 6233.9 7.2 0.027 21954 1.4 0.497 2320.8 6.6 0.037 918.6 6.5 0.039
D0-6 6226.7 2194.2 0.2 0.905 2314.2 917.4 5.3 0.071
A/H3N2
D01 5832.1 12.1 0.002 2115.2 2.2 0.333 2446.5 10.7 0.005 682.9 0.8 0.670
DO0-3 5824.1 4.1 0.129 21141 1.1 0.577 24412 5.4 0.067 682.1
D0-6 5820 2113 2435.8 683.7 1.6 0.449
B/Victoria
DO0-1 6637.8 5.5 0.064 2193.9 3060.9 1.2 0.549 917
DO0-3 6639.2 6.9 0.032 2195.7 1.8 0.407 3068.1 8.4 0.015 918.3 1.3 0.522
DO0-6 6632.3 2194 0.1 0.951 3059.7 918.5 1.5 0.472
B/Yamagata
DO0-1 5496 1.6 0.449 2073.2 2323.5 3.4 0.183 564
DO0-3 5497.7 3.3 0.192 2074.5 1.3 0.522 2328.3 8.2 0.017 566 2 0.368
DO0-6 5494.4 2073 0.2 0.905 2320.1 567.4 3.4 0.183

AlIC - Akike Index Criterion, AAIC - AlIC,.in — AlIC,, Likelihood - likelihood of obtaining this model, compared to the model with the

minimum AIC, AIC- minimum AIC for that strain and cohort
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3.5 The Effect of Age, Sex, Priming and Pre-Vaccination HI Titres on
Post-Vaccination Haemagglutination Inhibition Titres

The effects of age, sex, priming status and pre-vaccination Hl titres were included in the
model estimates discussed above to attempt to control for confounding. The inclusion
of these confounders allows for an opportunistic assessment of the effects of each of
these factors upon post-vaccination Hl titres. The estimates of the confounders are
detailed in both the full model estimates included in Supplementary Tables 1 through
12 and estimates from the models with the best fit associated (determined by lowest

AIC discussed above) are collated in Supplementary Tables 13 to 16.

3.5.1Age

Age (in months) was included as a linear term in the estimates for all age cohorts. In the
all-ages combined analysis, an increase in age was associated with a small but
statistically significant increase in post-vaccination Hl titres for all strains, with an
increase in age by one month resulting in increases ranging from 0.3% - 0.5%. For the 6
months to < 2 years cohort, an increase of a larger magnitude was demonstrated
compared to the all-age cohort, with age associated with statistically significant
increases associated with a one month increase in age ranging from 6.2% to 12.1%. For
the 2 years to < 9yrs cohort, a statistically significant association between age and post-
vaccination Hl titres was only seen for the A/H1N1 cohort, with a one month increase in
age associated with a 0.3% increase in post-vaccination Hl titre (95% CI 1.002-1.005,
p<0.001). For the 9 years and older cohort, the only statistically significant association
was demonstrated in the B/Victoria strain where an increase in age by one month was
associated with a decrease in post-vaccination Hi titres of 0.004% (95% CI1 0.004 -

0.999, p=0.004).
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3.5.2 Sex

Sexwas included as a categorical variable in all models, with female sex used as the
base case scenario. The effects of male sex (in comparison to female) are summarised
in Supplementary Table 14. For the all ages cohort, male sex was associated with a
trend towards decrease post-vaccination Hl titres, however this only achieved
statistical significant for the B/Yamagata strain where male sex was associated with a
6.3% decrease in post-vaccination Hl titres (95% CI 0.887-0.989, p=0.017). This trend
was consistent across the 6m to < 2years and 2 years to < 9yrs cohorts (without
reaching statistical significance in all cases), however the estimates in the 9 years and
older cohort trended to male sex being associated with an increase in Hl titres

compared to females, however this failed to reach statistical significance for all strains.

For the 6 months to < 2 years cohorts, male sex was associated with a statistically
significant decrease in post-vaccination Hl titres for the A/H3N2 (GMT 0.863, 95% ClI
0.776-0.959, P=0.007) and B/Victoria strains (GMT 0.891, 0.798 - 0.993, p=0.038). For
the 2 yrs to < 9yrs, statistically significant association only seen for the B/Yamagata
strain where male sex was associated with a 7.3% decrease in post-vaccination Hl titres
(95% C10.868 — 0.991, p-0.025). For the 9 years and older cohort male sex trended
towards an opposite association of an increase in HI titres related to male sex, however

this failed to reach statistical significance for any of the four strains.

3.5.3 Priming

The effect of priming (and therefore receiving a single dose schedule), whilst controlling
for the effect of pre-vaccination Hl titre, was assessed for the 6 month to <2 years and 2
years to < 9 years cohorts and is summarised in Supplementary Table 15. There were no
participants in the 9 years and older cohort who were considered unprimed. When
controlling for pre-vaccination Hl titres, priming was associated with a statistically
significant decrease in post-vaccination Hl titre for all strains for both cohorts. For the
6m to < 2 years cohort, the effects ranged from a 19.8% to 76.6% decrease in Hl titres,
and for the 2 years to <9 years cohort ranged from 22.6% to 42.5% decrease. These

results must be interpreted in the context of it being an estimate of the effect of priming,
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and therefore receiving a single dose schedule, when the other factors, most

importantly pre-vaccination Hl titre, have also been controlled for.

3.5.4 Pre-vaccination Log:o Hi Titre

Increased pre-vaccination logqo HI titres was associated with significant increases in
post-vaccination HI titres across all age cohorts, strains and considered time-periods.
Results are reported on the effect of a 1 unitincrease in pre-vaccination Hi titre on the
logio scale. Estimates of effect ranged from a 42.0% increase (95% CIl 1.257 to 1.603) for
the A/H3N2 estimate for the 9 years and older cohort, to a 7.54-fold increase (95% ClI

6.494 to 8.815) for the B/Victoria estimate for the 6 months to < 2 years cohort.
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CHAPTER 4: DISCUSSION

4.1 What This Thesis Contributes

This thesis examines patterns of fever and antipyretic medication use and their impact
upon post-vaccination HI-titres in paediatric participants from eight clinical trials of QIV
performed across Asia, Europe, Central and North America. The analysis pooled a large
sample of 4,935 participants with recorded adverse event outcomes and pre- and post-
vaccination Hl titre serology results. The analysis included participants ranging in age
from 6 months to 17 years. The thesis provides further evidence of the influence of fever
and antipyretic use independently on post-vaccination Hl-titres, and an assessment of

the combined impact of fever and antipyretic use.

4.2 Discussing Rates and Patterns of Fever and Antipyretic Use

Our study observed notable patterns in fever and antipyretic medication use among
children during the 6 days following influenza vaccination, highlighting age-related and
priming-status-related differences. Fever was most common in the youngest cohort (6
months to <2 years), with 13.3% experiencing fever during days 0-6 post-vaccination.
This was higher than the 8.1% reported in the 2 years to <9 years cohort and 1.3% in
children aged 9 years and older. Rates of fever were also elevated in the unprimed
cohort (11.9%) compared to those who were primed (3.1%). These differences likely
reflect the younger age of the unprimed cohort and the recording of adverse events
across two post-vaccination time periods for this group. Fever was most frequently
reported on the day of vaccination (day 0) after dose 1, independent of age or priming

status, and were highest within the first 48 hours after dose 2.
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Our findings are consistent with observations by Nakayama et al., who reported high
rates of fever >38°C in younger children, following immunisation with an alum-
adjuvanted A/H5N1 whole virion inactivated vaccine (WIV)(100). Fever was most
prevalent in infants aged below 1 year (100%, though there were only 5 participants in
this cohort) and progressively declined with age, to 6% in adolescents aged 13-19
years(100). In contrast to our study which found similar rates of fever post dose 1 and 2,
a 2011 RCT found higher fever rates after the second dose of 2009 A/H1N1 pandemic
vaccines, particularly for children who received the adjuvanted vaccine (95), with fever

rates of 22.4% after the second dose compared to 8.9% after dose one (112).

Similar to our study, fever was less frequent in older children, with fever rates of 7.7%
after the first dose and 6.3% following the second dose of the adjuvanted vaccine in
children over 5 years of age (95). A 2014 systematic review found fever rates were
highest in children aged 6-35 months, especially among those immunised with
reactogenic vaccines such as bioCSL’s TIV, which was also associated with an increase
in febrile convulsions (113). Langley et al. reported identical fever rates of 14.5% in
children receiving QIV or TIV after dose 1, with slightly lower rates following dose 2
(10.3% QIV, 9.1% TIV) (110). Comparatively, Stockwell et al. observed low fever rates in
children aged 24-59 months receiving LAIV or IIV, with no significant differences
between age groups or vaccine types (114). Though similar patterns in fever rates can be
observed between these vaccine studies and our study, it should be noted that the QIV
vaccine tested in our study is unadjuvanted and therefore not directly comparable to

the adjuvanted H5N1 or LAIV vaccines.

In our study, antipyretic medication use was more commonly reported than fever, with
15.5% of participants reporting antipyretic administration during the first 6 days post-
vaccination. Like fever, antipyretic use was highest among the youngest cohort (23.4%),
followed by the 2 to <9 years (12.7%) and 9 years and older (9.7%) cohorts. First reports
of antipyretic use were most common on the day of vaccination (day 0), regardless of
age, priming status or vaccine dose. These findings align with previous results which
found that antipyretic use was most common on the day of vaccination (day 0) and that
rates declined with each subsequent day post-vaccination (41). This pattern is also
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evidenced by other published studies; a longitudinal study comparing the safety and
immunogenicity of a 3 or 4 dose DTP vaccination schedule in children reported that
73.5% of participants received paracetamol at least once in the first 48 hours following
vaccination to treat either fever, pain or local reactions (115). Furthermore, a 2017
survey of 150 parents or caregivers of 6- and 15-month-old children who recently
received a vaccine revealed that 64% administered antipyretic medications in the first
48 hours post-vaccination to trat fever or pain, and 11% administered an antipyretic
medication prophylactically (116). The authors noted that paracetamol was
administered by parents or caregivers 2.6 times more frequently than ibuprofen, and
overall, ibuprofen was administered less to 6-month-old cohort than the 15-month-old
cohort (7.4% vs 28% respectively) (116). A 2019 study that aimed to investigate post-
childhood-vaccination fever patterns from mobile app data found that from 4448
vaccination records, 77% recorded antipyretic medication use, including 669 children
who used antipyretics following influenza vaccination (117). 50% of children who
received an antipyretic were administered the medication within the first 10 hours post-

vaccination (117).

The combination of fever and antipyretic use was reported in 5.6% of participants,
following a similar pattern to fever and antipyretic use individually. The youngest cohort
had the highest combined rate (9%), compared to the 2 to <9 years cohort (4.9%) and
the over 9 years cohort (0.8%). These findings demonstrate that younger children are
consistently more likely to experience reactogenicity and receive antipyretic

medications following influenza immunisation.

4.3 Immunological Effects of Fever and Antipyretic Use

4.3.1 Immunological effects of fever

Our study found that fever without antipyretic use was associated with increased HI
titres, however this effect was only found to be significant for the A/H3N2 strain and was
limited to analysis including fever and antipyretic use for day 0-6 for the combined all-

age, 6 months to < 2 years and 2 years to < 9 years cohorts. There was a consistent trend

55



towards increased Hl titres in children who experienced fever without antipyretic use for
the remaining strains when considering days 0-6, however these trends did not reach
statistical significance. In a similar study analysing the impact of day 0-3 fever and
antipyretic use on post-vaccination Hl titres from 3 pooled TIV RCTs, the authors found
that fever was associated with increased Hl titres across all included influenza strains

(41).

In children receiving an alum-adjuvanted WIV, one study reported significantly higher
neutralising antibody titres (NT) in participants who experienced a fever following
vaccination compared to those who did not (100). Similarly, an RCT found that HI titres
in children vaccinated with either an AS03B-adjuvanted split virion or a non-adjuvanted
whole virion H1N1 (2009) vaccine were 50-60% higher in children who experienced
post-vaccination fever (95). These results were consistent with findings from another
study of the same trial population, who reported that children who experienced a fever
post-vaccination had consistently higher immune titres, by both microneutralisation
and HI assays in the same trial population (112). Our study potentially did not
demonstrate as consistent a relationship between fever and increased Hl titres
because of the consideration of the combination of fever and antipyretic use. This
decreased the sample size of those with fever, reducing the power to detect a
statistically significant association. It also potentially removed participants who
experienced greater reactogenicity from this group, as demonstrated by the increased
magnitude of fever of participants in the fever and antipyretic group, compared to those

with fever alone.

4.3.2 Immunological effects of antipyretic use

In our study, antipyretic use was associated with a decrease in Hl titres for the A/H1N1,
A/H3N2 and B/Yamagata strains in the combined, all-age cohort. When broken down by
age cohort this negative association only reached statistical significance in the 6
months to <2 years cohort, However, a general trend toward reduced titres with

antipyretic use was observed across all age cohorts and strains.
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Our study’s findings of an association between antipyretic use and reduced
immunogenicity are consistent with those of Li-Kim-Moy et al., who reported reductions
in post-vaccination Hl titres of 13 — 20% amongst those receiving antipyretics day 0-3
post-TIV (41). Prymula et al. also reported a reduction in immunogenicity in their open-
label RCT investigating the use of prophylactic paracetamol post coadministration of
10-valent pneumococcal conjugate vaccine and hexavalent diphtheria-tetanus-
acellular pertussis-hepatitis B-inactivated poliovirus types 1, 2 and 3-H influenzae type

b vaccine (37).

There are, however, several studies that have not demonstrated this same association
between antipyretic use and reduced post-vaccination immunogenicity. A UK study
evaluating A/H1N1 (2009) pandemic influenza vaccine in children found that early
antipyretic use (day 0-1) did not significantly affect antibody titres orimmune responses
(95). Similarly, an RCT involving children aged 6-47 months receiving IIV found no
significant differences in seroconversion or post-vaccination seroprotection between

children receiving paracetamol, ibuprofen or placebo (36).

Several mechanisms have been posited to explain the causal relationship between
antipyretic use and reduced post-vaccination immunogenicity. Bancos et al.
demonstrated that ibuprofen reduced IgM production by up to 97% and IgG production
by up to 70%, particularly when administered soon after immune activation in in vitro
studies. Whilst paracetamol had less impact, it still measurably reduced antibody
production, likely by interfering with B cell functionality (118). Our findings add further
evidence to the literature of the potential for antipyretics to blunt influenza vaccine

induced immune responses, particularly among young children.
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4.3.3 Immunological effects of the combination of fever and antipyretic use
To our knowledge, our study is the first to specifically investigate the relationship
between the combination of fever and antipyretic use, and post-vaccination
immunogenicity in a paediatric cohort receiving quadrivalent influenza vaccination. The
combination of fever and antipyretic use was associated with an increase in post-
vaccination Hl titres, with the strongest evidence in the 2 years to < 9 years cohort
where this relationship was statistically significant for all four strains. Supplementary
analysis comparing the maximum temperature by those reporting a fever demonstrated
that (with the exception of the 9 years and older cohort) antipyretic use was associated
with a greater magnitude of fever. We suggest that a potential explanation for this
positive association of the combination of fever and antipyretic use and increased
immunogenicity may be that those experiencing higher fevers, are more likely to be
administered antipyretic medications, as well as mounting a greater immunological

response, resulting in higher immune titres.

4.3.4 Time-periods of fever and antipyretic use

Our study explores the associations between fever, antipyretic use and post-
vaccination immunogenicity across several time periods, with fever and antipyretic use
in days 0-1, 0-3 and 0-6 considered. Our study found increased associations between HI
titres and fever and antipyretic use the longer the time post-vaccination was
considered, with p-values for these associations consistently lowest at days 0-6.
Furthermore, comparisons of model fit using the AIC demonstrated that models
considering day 0-6 fever and antipyretic use post-vaccination provided the best fit to
the underlying data for the combined all-ages and the 2 years to < 9 years cohorts.
Interestingly, this was not the case for the 6 months to <2 years age cohort where there
was minimal difference between the different time-period models, however p-values of

the associations were still lowest at days 0-6.
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These results suggest that the immunological effects of fever and antipyretic use extend
beyond the initial 24-48hrs post-vaccination, when these events are likely to be
vaccine-related (97). This is in contrast to previous work by Prymula et al. who
suggested that the immunologic effects of prophylactic paracetamol are mediated by
interference in dendritic, B and T cell interactions, possibly by reducing inflammatory
sighals at the site of injection thereby disrupting early innate and adaptive immune
responses (37). This results in changes in germinal centre induced plasma-cell or
memory-cell differentiation, involved in antibody production (37). This would therefore
suggest that the effect of paracetamol should only be seen if administered early in the

post-vaccination period, during the generation of local inflammatory signals.

Alternative hypotheses relate to the role of cyclooxygenase 2 (COX2) and prostaglandin
synthesis in the process of B cell differentiation to plasmablasts and subsequent
antibody production, a process which takes place over several days (59,119,120). COX-
2 is a critical part of the inflammatory pathway resulting in fever and interference in the
COX-2 mediated production of prostaglandins is responsible for the fever-reducing
properties of antipyretic medications. NSAIDs exert their antipyretic effects through
inhibition of COX-2, interfering with prostaglandin synthesis and thus reducing febrile
responses (121-123). Despite its widespread use, the exact mechanism of action of
paracetamol’s antipyretic effects is an ongoing area of research. Paracetamol is noted
to inhibit prostaglandin synthesis and has been shown to be a weak COX-2 inhibitor
(121-123). If COX-2 is also involved in the process of B-cell differentiation and antibody
production, then there is a potential that fever or antipyretic use may influence this
process through this pathway (119,120,124,125). This hypothesis more closely aligns
with our findings with the effects of fever and antipyretics extending beyond the initial

post-vaccination period.
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4.4 Immunological Effects of Age, Sex, Priming and Pre-Vaccination
Titres

Age, sex, priming status and pre-vaccination Hl titres were included as covariates in the
model, to attempt to account for confounding attributable to these factors. The models
provide estimates of the effect of these factors upon post-vaccination Hl titres;

however, these results were not primary endpoints and were not examined in detail.

Increasing age was associated with increased post-vaccination Hl titres across all
strains in the combined all-age and 6 months to <2 years cohorts, however for the 2 to
<9 years cohort, a statistically significant increase was only seen for the A/H1N1 strain.
These findings of increasing immune response with increasing age have previously been
demonstrated in children (32,75,91,95,112), likely due to the increased efficiency of
APCs and broader memory cells in older children (32). In the 9 years and older cohort,
increasing age was associated with a decrease in Hl titres for the B/Victoria strain, and

the A/H3N2 strain for the days 0-1 and 0-6 time periods.

Male sex was associated with decreased Hl titres for the B/Yamagata strains in the
combined all-age and 2 years to < 9 years cohorts, and the A/H3N2 and B/Victoria
strains for the 6 months to < 2 years cohort. Data for the influence of sex upon vaccine
immunogenicity in paediatric populations is varied and conflicting, due to the limited
number of studies that report their results by sex (76). For example, when considering
the measles vaccine, some studies report higher antibody responses in infant females
than in males, some report no difference between sexes and others report higher
antibody responses in males (126). For diphtheria, pertussis, hepatitis A and B,
pheumococcal, rabies, human papillomavirus and rubella vaccines, the literature
describes a higher antibody response in female children than in males (76). Though
there is limited evidence for sex differences in antibody titres following immunisation

with influenza vaccines in paediatric populations, among adults aged 18-49 years who
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received either a half or full dose of seasonal TIV, HAI titres were reported to be two

times higher in females than in males (127).

Given these mixed findings, it has been argued that sex differences in children’s vaccine
responses may hot have any clinical significance if protective antibody levels are
achieved in both males and females (76). This result was not explored further, as the
relationship between sex and immunogenicity was not a predefined endpoint for this
study, however this is a suggested area for future research to determine if these findings

can be replicated.

The inverse association between priming and HI titres potentially reflects that primed
participants received a single-dose vaccination schedule, compared to unprimed
participants who received two, with post-vaccination Hl titre measured 28 days post
final vaccination. There are however, several studies which report a negative association
between repeat influenza vaccination and measures of immunogenicity
(83,84,86,87,92,128). Potential mechanisms for this negative association are the
antigenic distance hypothesis and original antigenic sin (92). The antigenic distance
hypothesis, first proposed by Smith et al. in 1999, suggests that if vaccine strains are
closely related, the immune system may focus on the first strain, potentially reducing
the effectiveness of the vaccine against the second strain. The concept of original
antigenic sin, first proposed by Davenport in 1953, suggests that when the immune
system is exposed to a new but related strain, it preferentially relies on memory from its
first encounter with that particular strain, producing antibodies that target shared

features of both the original and novel strains (92,93,129).

Pre-vaccination logi HI titre was associated with significant increases in post-
vaccination Hl titres across all age cohorts, strains and considered time-periods.
Estimates of effect ranged from a 42.0% increase (95% CI 1.257 to 1.603) for the
A/H3N2 day 0-1 estimate for the 9 years and older cohort, to a 656.7% increase (95% ClI

6.494 to 8.815) for the B/Victoria day 0-1 estimate for the 6 months to < 2 years age
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cohort from a 1 unitincrease in pre-vaccination Hl titre on the log, scale. This result is
consistent with previous findings of positive associations between pre- and post-

vaccination Hl titres (41,91).

4.5 Clinical Implications, Limitations and Strengths of This Thesis and
Recommendations for Future Research

4.5.1 Clinical Implications

This thesis suggests evidence of a positive association between post-vaccination Hl
titre and fever alone, and for fever and antipyretic use, but found a negative association
between post-vaccination titres and antipyretic use. These findings may suggest that
prophylactic antipyretic administration in the absence of fever may be detrimental to
post-vaccination immunity, an effect which appears to persist to 6 days post-
vaccination. This finding may be particularly pertinent given influenza vaccination is
only moderately effective, and children may require a higher HI titre to achieve adequate
protection (56, 66-70). However, the findings of increased Hl titres in those experiencing
fever and antipyretic use are reassuring that antipyretic use in the context of post-
vaccination fever do not compromise immune responses to vaccination. This analysis
was however limited to serological measures of immunogenicity, and whether these

findings translate to clinically significant effects is yet to be established.

4.5.2 Limitations

Our study has some limitations; our analysis relies upon the robustness of the
underlying trial data, which included self-measurement and reporting of fever and
antipyretic use. As previously discussed, inaccuracies in readings of body temperature
may come from user error or improper positioning of thermometers, or from factors
such as mouth breathing during oral measurement (96,99). Our analysis has also been

limited to a single vaccine manufacturer, which may affect the generalisability of these
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results. Investigation of QIVs by other manufacturers may be warranted. The limited
number of patients reporting fever in the 9 years and older cohort limited the power of
this study to find significant associations in this cohort. Finally, we are unable to assess
the clinicalimplications (such as impacts on vaccine efficacy) of the associations found
in our paper and this would be an important area for future studies, particularly given
that influenza is one of the few diseases for which there is data regarding correlates of

protection, whereby a certain level of immunogenicity may translate to protection (18).

4.5.3 Strengths

This study included a large number of participants from eight separate clinical trials.
The inclusion of participants from multiple trials performed in different countries
increases the generalisability of the study. The model controls for confounders
including age, sex, priming and pre-vaccination titre, and the inclusion of trial as a
random effect allows for variation in the immunogenicity and reactogenicity of the
vaccines due to trial specific effects without biasing the results (such as vaccine
formulations, viral strains, variations in trial populations, rates of circulating influenza,
and ethnic differences). The main strength of this study is the novel exploration of the
combination of fever and antipyretic use in this patient cohort, which have previously

only been explored individually.

4.5.4 Recommended areas for future research

Further research into the clinical implications of fever and antipyretic use post-
influenza vaccination is needed to provide guidance to both parents and clinicians on
the use of antipyretics in the post-vaccination period. The inclusion of prospective
analyses of fever and antipyretic use and immunogenicity as part of manufacturers’
randomised controlled trials would help in informing this guidance. If efficacy outcomes
were included in these trials, insights could be gained as to the clinical significance of

potential differences to HI titres. Uncertainties remain from our research as to whether
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peak levels of fever correlate with greater effects on Hl titres, and whether differences
exist in prophylactic versus therapeutic patterns of antipyretic use in various age
groups, and how this may impact immunogenicity. An investigation of differences
between classes of antipyretics, such as NSAIDs and paracetamol, upon vaccine
immunogenicity would also expand knowledge about this subject. Fever was the only
adverse event reported in this study, however other common post-vaccination adverse
events such as lumps, pain, rashes and irritability are often collated within trials and
could undergo similar investigation. Antipyretics are also commonly used in the context
of other childhood vaccines, and similar research into other childhood vaccines would

also improve the knowledge base of this interaction.

4.6 Conclusion

This retrospective analysis of the impact of fever and antipyretics upon the immune
response of children receiving a QIV adds to previous studies suggesting an increase in
immunogenicity following influenza vaccination in children who experience fever, and a
decrease in those using antipyretics in the post-vaccination period. The thesis
contributes to the existing evidence base by finding that the combination of fever and
antipyretic use is associated with an increase in Hl titres compared to those who
experience neither, and that the effects of fever and antipyretic use appear to be
influential to day 6 post-vaccination. Influenza vaccination in children provides
moderate protection against infection and changes in immunogenicity may have an
impact on the protection afforded by influenza vaccines. Further understanding of these
associations and the impact of prophylactic antipyretics will be valuable for future
vaccine recommendations, as parts of the world shift back from quadrivalent to

trivalent influenza vaccination for their populations.
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Supplementary Results Tables

Supplementary Table 1: All ages (6 months to 17 years) day 0-1 fever and antipyretic use

APPENDIX

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% Cl) p-value
Fever 0.874 0.014 1.272 <.0001 1.018 0.118 0.837 <.001
(0.674,1.133) (0.993, 1.63) (0.776, 1.335) (0.659, 1.063)
Antipyretic 0.843 0.793 0.955 0.815
(0.757, 0.939) (0.715, 0.879) (0.854, 1.068) (0.738, 0.9)
Both 0.925 1.106 1.311 1.038
(0.738, 1.159) (0.892, 1.372) (1.035, 1.661) (0.842, 1.28)
Age 1.003 <.0001 1.003 <.0001 1.005 <.0001 1.004 <.0001
(1.003, 1.004) (1.002, 1.004) (1.004, 1.006) (1.003, 1.005)
Male 0.954 0.117 0.949 0.068 0.959 0.174 0.937 0.017
(0.9,1.012) (0.898, 1.004) (0.902, 1.019) (0.887, 0.988)
Primed 1.059 0.182 0.834 <.0001 0.523 <.0001 0.89( 0.004
(0.973, 1.152) (0.77,0.903) (0.479, 0.57) 0.823, 0.963)
Pre-vaccination 3.834 <.0001 3.334 <.0001 4.361 <.0001 2.394 <.0001

Log Hl titre (3.652, 4.025) (3.173, 3.503) (4.112, 4.625) (2.272, 2.522)
N 4928 4932 4928 4932
AIC 6233.5 5832.1 6637.8 5496

Results from the linear mixed effects models including study as a random effect, and age, sex, priming status and log,pre-vaccination
Hi titres as fixed effects. Bolded: statistical significance (P-value < 0.05 or 95% CI/ not including 1). Results are reported as GMT ratios
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and 95% confidence intervals, where a ratio of 1 represents no effect, <1 a reduction in post-vaccination immune titre and >1 an

increase in the immune titre. P-values are reported for the F-tests assessing the statistical significance of the fever and/or antipyretic use

categorical variable. Estimates are for the effect compared to the base case of a female, unprimed participant experiencing neither fever

or antipyretic use, and the effect of a 1 month increase in age and 1 unit increase in the reported pre-vaccination log-Hl titre.

Supplementary Table 2: All ages (6 months to 17 years) day 0-3 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% ClI) p-value GMT (95% ClI) p-value GMT (95% Cl) p-value
0.992 1.155 0.972 0.908
Fever (0.818, 1.203) 0.008 (0.96, 1.388) <.0001 (0.795, 1.189) 0.117 (0.759, 1.085) 0.001
0.836 0.779 0.954 0.819
Antipyretic (0.754, 0.927) (0.705, 0.86) (0.857, 1.062) (0.744, 0.901)
1.016 1.188 1.197 1.019
Both (0.87,1.187) (1.024, 1.378) (1.018, 1.408) (0.882,1.177)
1.004 1.003 1.005 1.004
Age (1.003, 1.004) <.0001 (1.002, 1.004) <.0001 (1.004, 1.006) <.0001 (1.003, 1.005) <.0001
0.954 0.95 0.959 0.936
Male (0.9, 1.011) 0.114 (0.898, 1.004) 0.071 (0.902, 1.019) 0.172 (0.887, 0.988) 0.017
1.062 0.838 0.524 0.892
Primed (0.976, 1.155) 0.164 (0.774, 0.907) <.0001 (0.481, 0.572) <.0001 (0.825, 0.965) 0.004
Pre-vaccination 3.832 3.327 4.353 2.393
Log Hl titre (3.649, 4.023) <.0001 (3.167, 3.495) <.0001 (4.105, 4.616) <.0001 (2.271, 2.521) <.0001
N 4928 4932 4928 4932
AlC 6233.9 5824.1 6639.2 5497.7

Reference group: no fever or antipyretic use reported D0-3

Linear mixed effects model
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Supplementary Table 3: All ages (6 months to 17 years) day 0-6 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% CI) p-value GMT (95% Cl) p-value
1.103 1.260 1.103 1.053
Fever (0.932, 1.306) <.001 (1.073, 1.481) <.0001 (0.925, 1.315) 0.004 (0.901, 1.231) <.0001
0.820 0.800 0.948 0.821
Antipyretic (0.743, 0.905) (0.727,0.879) (0.856, 1.051) (0.749, 0.900)
1.084 1.179 1.255 1.096
Both (0.953, 1.233) (1.042, 1.334) (1.097, 1.435) (0.972, 1.235)
1.004 1.003 1.005 1.004
Age (1.003, 1.005) <.0001 (1.002, 1.004) <.0001 (1.004, 1.006) <.0001 (1.003, 1.005) <.0001
0.954 0.951 0.959 0.937
Male (0.900, 1.011) 0.115 (0.899, 1.006) 0.078 (0.902, 1.019) 0.172 (0.887, 0.989) 0.017
1.066 0.843 0.528 0.897
Primed (0.980, 1.160) 0.136 (0.779, 0.913) <.0001 (0.484, 0.576) <.0001 (0.83,0.971) 0.007
Pre-vaccination 3.828 3.33 4.355 2.395
Log Hl titre (3.647, 4.019) <.0001 (3.17, 3.499) <.0001 (4.108, 4.618) <.0001 (2.273, 2.523) <.0001
N 4928 4932 4928 4932
6226.7 5820 6632.3 5494.4
AlC

Reference group: no fever or antipyretic use reported D0-6

Linear mixed effects model
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Supplementary Table 4: 6 months to <2 years cohort day 0-1 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% CI) p-value GMT (95% CI) p-value GMT (95% CI) p-value GMT (95% CI) p-value
0.926 1.385 1.015 0.892
Fever (0.625, 1.372) 0.774 (0.945, 2.032) 0.042 (0.685, 1.503) 0.751 (0.612, 1.302) 0.378
0.917 0.830 0.984 0.875
Antipyretic (0.776, 1.086) (0.705, 0.978) (0.832, 1.163) (0.744, 1.028)
0.992 1.001 1.187 1.049
Both (0.726, 1.356) (0.738, 1.358) (0.866, 1.627) (0.777,1.417)
1.121 1.085 1.062 1.097
Age (1.107, 1.135) <.0001 (1.071, 1.098) <.0001 (1.049, 1.076) <.0001 (1.083, 1.11) <.0001
0.899 0.863 0.891 0.918
Male (0.806, 1.003) 0.058 (0.776, 0.96) 0.007 (0.798, 0.993) 0.038 (0.827,1.02) 0.111
0.800 0.596 0.234 0.560
Primed (0.671, 0.954) 0.013 (0.502, 0.707) <.0001 (0.196, 0.279) <.0001 (0.471, 0.665) <.0001
Pre-vaccination 4.56 4.634 7.567 1.980
Log Hl titre (4.103, 5.07) <.0001 (4.132,5.198) <.0001 (6.494, 8.815) <.0001 (1.736, 2.258) <.0001
N 1571 1573 1571 1574
AlC 2194 2115.2 2193.9 2073.2

Reference group: no fever or antipyretic use reported DO-1

Linear mixed effects model
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Supplementary Table 5: 6 months to <2 years cohort day 0-3 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% CI) p-value GMT (95% ClI) p-value GMT (95% CI) p-value GMT (95% CI) p-value
1.112 1.322 1.024 0.947
Fever (0.823, 1.501) 0.831 (0.987,1.772) 0.015 (0.758, 1.382) 0.88 (0.71, 1.264) 0.386
0.954 0.835 1.003 0.876
Antipyretic (0.811, 1.123) (0.713, 0.978) (0.853, 1.18) (0.75, 1.024)
0.986 1.125 1.100 1.030
Both (0.784, 1.24) (0.9, 1.407) (0.874, 1.385) (0.826, 1.284)
1.121 1.085 1.062 1.096
Age (1.107, 1.136) <.0001 (1.072, 1.098) <.0001 (1.049, 1.076) <.0001 (1.083, 1.11) <.0001
0.899 0.862 0.890 0.917
Male (0.806, 1.003) 0.057 (0.775, 0.959) 0.006 (0.798, 0.993) 0.037 (0.825, 1.018) 0.104
0.802 0.598 0.234 0.562
Primed (0.673, 0.957) 0.015 (0.504, 0.71) <.0001 (0.196, 0.28) <.0001 (0.473, 0.667) <.0001
Pre-vaccination 4.555 4.645 7.54 1.974
Log Hl titre (4.098, 5.064) <.0001 (4.142,5.21) <.0001 (6.471, 8.786) <.0001 (1.731, 2.252) <.0001
N 1571 1573 1571 1574
AIC 2195.4 2114.1 2195.7 2074.5

Reference group: no fever or antipyretic use reported D0-3

Linear mixed effects model

80



Supplementary Table 6: 6 months to <2 years cohort day 0-6 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% ClI) p-value GMT (95% CI) p-value GMT (95% CI) p-value GMT (95% Cl) p-value
1.154 1.393 1.128 1.045
Fever (0.881, 1.511) 0.440 (1.072,1.812) 0.007 (0.861, 1.477) 0.397 (0.806, 1.354) 0.161
0.928(0.79, 0.853 0.971 0.864
Antipyretic 1.09) (0.729, 0.998) (0.827,1.141) (0.74, 1.008)
1.077 1.11 1.153 1.098
Both (0.886, 1.308) (0.918, 1.342) (0.948, 1.402) (0.91, 1.324)
1.121 1.085 1.062 1.097
Age (1.107, 1.135) <.0001 (1.072, 1.099) <.0001 (1.049, 1.076) <.0001 (1.083, 1.11) <.0001
0.899 0.863 0.889 0.917
Sex (0.805, 1.002) 0.055 (0.776, 0.959) 0.007 (0.797, 0.992) 0.036 (0.826, 1.018) 0.105
0.807 0.601 0.235 0.564
Primed (0.676, 0.963) 0.017 (0.507,0.714) <.0001 (0.197, 0.281) <.0001 (0.474, 0.669) <.0001
Pre-vaccination 4.557 4.626 7.528 1.971
Log HI titre (4.1,5.065) <.0001 (4.125, 5.187) <.0001 (6.461, 8.77) <.0001 (1.727,2.248) <.0001
N 1571 1573 1571 1574
AlC 2194.2 2113 2194 2073

Reference group: no fever or antipyretic use reported D0-6
Linear mixed effects model
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Supplementary Table 7: 2 years to <9 years cohort day 0-1 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% CI) p-value GMT (95% Cl) p-value
0.964 1.28 1.030 0.850
Fever (0.71,1.31) 0.468 (0.94, 1.743) 0.003 (0.724, 1.467) 0.003 (0.628, 1.148) 0.056
1.004 0.934 0.964 0.909
Antipyretic (0.875, 1.151) (0.812, 1.074) (0.823, 1.128) (0.793, 1.042)
1.283 1.69 1.962 1.392
Both (0.94, 1.751) (1.236, 2.312) (1.371, 2.807) (1.02, 1.899)
1.003 1.00 1.001 1.000
Age (1.001, 1.005) 0.001 (0.998, 1.002) 0.758 (0.999, 1.003) 0.473 (0.999, 1.002) 0.657
0.985 0.979 0.948 0.926
Sex (0.921, 1.052) 0.647 (0.915, 1.048) 0.550 (0.878, 1.023) 0.169 (0.867, 0.99) 0.023
0.754 0.696 0.565 0.764
Primed (0.685, 0.831) <.0001 (0.632, 0.766) <.0001 (0.507, 0.631) <.0001 (0.693, 0.842) <.0001
Pre-vaccination 3.569 3.077 4.642 2.61
Log HI titre (3.386, 3.762) <.0001 (2.907, 3.257) <.0001 (4.34, 4.966) <.0001 (2.456, 2.773) <.0001
N 2604 2606 2604 2605
AIC 2324.6 2446.5 3060.9 2323.5

Reference group: no fever or antipyretic use reported D0-1

Linear mixed effects model
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Supplementary Table 8: 2 years to <9 years cohort day 0-3 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% CIl)  p-value GMT (95% ClI) p-value GMT (95% CI) p-value GMT (95% CI) p-value
1.074 1.173 1.009 0.978
Fever (0.86, 1.342) 0.046 (0.936, 1.47) <.0001 (0.781, 1.304) 0.039 (0.785, 1.22) 0.219
0.949 0.903 0.952 0.917
Antipyretic (0.83, 1.084) (0.788, 1.035) (0.816, 1.111) (0.802, 1.048)
1.292 1.502 1.369 1.168
Both (1.066, 1.564) (1.236, 1.826) (1.097, 1.708) (0.964, 1.415)
1.003 1.000 1.001 1.000
Age (1.001, 1.005) <.001 (0.999, 1.002) 0.621 (0.999, 1.003) 0.419 (0.999, 1.002) 0.620
0.984 0.981 0.948 0.926
Sex (0.921,1.051) 0.626 (0.916, 1.049) 0.571 (0.878, 1.023) 0.170 (0.867, 0.99) 0.023
0.758 0.702 0.568 0.767
Primed (0.689, 0.835) <.0001 (0.637,0.773) <.0001 (0.509, 0.634) <.0001 (0.696, 0.846) <.0001
Pre-vaccination 3.571 3.065 4.632 2.613
Log Hl titre (3.388,3.764) <.0001 (2.895, 3.243) <.0001 (4.33, 4.955) <.0001 (2.459, 2.777) <.0001
N 2604 2606 2604 2605
2320.8 2441.2 3068.1 2328.3
AlIC

Reference group: no fever or antipyretic use reported D0-3

Linear mixed effects model



Supplementary Table 9: 2 years to <9 years cohort day 0-6 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% CI) p-value GMT (95% CI) p-value GMT (95% CI) p-value GMT (95% CI) p-value
1.128 1.233 1.148 1.125
Fever (0.932,1.366) 0.001 (1.016, 1.498) <.0001 (0.92, 1.431) 0.001 (0.93, 1.36) 0.004
0.917 0.891 0.944 0.896
Antipyretic (0.809, 1.039) (0.784, 1.013) (0.817, 1.091) (0.791, 1.016)
1.309 1.424 1.428 1.259
Both (1.122,1.527) (1.217, 1.666) (1.195, 1.706) (1.079, 1.468)
1.003 1.001 1.001 1.001
Age (1.002, 1.005) <.001 (0.999, 1.002) 0.549 (0.999, 1.003) 0.320 (0.999, 1.003) 0.493
0.985 0.982 0.949 0.927
Sex (0.921,1.052) 0.644 (0.918, 1.051) 0.605 (0.879, 1.024) 0.179 (0.868, 0.991) 0.025
0.764 0.707 0.575 0.774
Primed (0.694, 0.841) <.0001 (0.642, 0.779) <.0001 (0.515, 0.642) <.0001 (0.702, 0.854) <.0001
Pre-vaccination 3.560 3.070 4.633 2.614
Log Hl titre (3.377,3.751)  <.0001 (2.901, 3.249) <.0001 (4.332, 4.956) <.0001 (2.46,2.777) <.0001
N 2604 2606 2604 2605
AlC 2314.2 2435.8 3059.7 2320.1

Reference group: no fever or antipyretic use reported D0-6

Linear mixed effects model
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Supplementary Table 10: 9 years to 17 years cohort day 0-1 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% CI) p-value GMT (95% CI) p-value
0.137 0.674 1.374 0.442
Fever (0.019,0.981) 0.042 (0.125, 3.637) 0.327 (0.191, 9.872) 0.932 (0.092,2.112) 0.683
0.7990 0.784 1.080 0.917
Antipyretic (0.583, 1.097) (0.598, 1.029) (0.786, 1.484) (0.714,1.177)
0.448 0.821 1.192 1.004
Both (0.167, 1.201) (0.353, 1.91) (0.444, 3.199) (0.459, 2.193)
0.999 0.998 0.996 1.00
Age (0.997,1.001) 0.41 (0.996, 1) 0.049 (0.994, 0.999) 0.004 (0.998, 1.002) 0.717
1.085 1.067 1.070 1.072
Sex (0.94, 1.252) 0.262 (0.944, 1.207) 0.299 (0.927, 1.236) 0.356 (0.957, 1.201) 0.229
Pre-vaccination 2.092 1.420 1.76 2.154
Log Hl titre (1.842,2.376) <.0001 (1.257, 1.603) <.0001 (1.550, 1.998) <.0001 (1.95, 2.38) <.0001
N 753 753 753 753
AlC 912.1 682.9 917 564

Reference group: no fever or antipyretic use reported DO-1

Linear mixed effects model



Supplementary Table 11: 9 years to 17 years cohort day 0-3 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% Cl) p-value GMT (95% CI) p-value GMT (95% ClI) p-value
0.584 0.793 1.126 0.731
Fever (0.144,2.363) 0.398 (0.241, 2.615) 0.142 (0.278, 4.564) 0.959 (0.242, 2.21) 0.881
0.873 0.774 1.078 0.952
Antipyretic (0.661, 1.154) (0.61, 0.982) (0.815, 1.424) (0.764, 1.186)
0.569 0.682 1.032 1.153
Both (0.235, 1.38) (0.32, 1.451) (0.426, 2.498) (0.573, 2.323)
0.999 0.998 0.996 1.000
Age (0.997,1.002) 0.455 (0.996, 1) 0.051 (0.994, 0.999) 0.004 (0.998, 1.002) 0.711
1.081 1.07 1.071 1.069
Sex (0.936, 1.248) 0.289 (0.947,1.21) 0.278 (0.927, 1.237) 0.349 (0.954, 1.198) 0.251
Pre-vaccination 2.104 1.422 1.761 2.163
Log HI titre (1.851, 2.39) <.0001 (1.26, 1.605) <.0001 (1.551, 2) <.0001 (1.958, 2.389) <.0001
N 753 753 753 753
AlC 918.6 682.1 918.3 566

Reference group: no fever or antipyretic use reported D0-3

Linear mixed effects model



Supplementary Table 12: 9 years to 17 years cohort day 0-6 fever and antipyretic use

A/H1N1 A/H3N2 B/Victoria B/Yamagata
GMT (95% Cl) p-value GMT (95% CI) p-value GMT (95% Cl) p-value GMT (95% CI) p-value
1.342 1.252 1.177 0.993
Fever (0.5, 3.602) 0.160 (0.539, 2.912) 0.175 (0.439, 3.157) 0.767 (0.454,2.171) 0.952
0.759 0.809 1.139 0.942
Antipyretic (0.59, 0.978) (0.651, 1.004) (0.884, 1.467) (0.772,1.15)
0.805 0.697 0.937 1.000
Both (0.358, 1.806) (0.349, 1.392) (0.417,2.103) (0.527, 1.897)
0.999 0.998 0.996 1.000
Age (0.997, 1.001) 0.445 (0.996, 1) 0.047 (0.994, 0.999) 0.004 (0.998, 1.002) 0.709
1.077 1.068 1.073 1.070
Sex (0.933, 1.243) 0.312 (0.945, 1.208) 0.291 (0.929, 1.239) 0.337 (0.955, 1.199) 0.246
Pre-vaccination 2.098 1.421 1.758 2.164
Log Hl titre (1.846, 2.383) <.0001 (1.258, 1.605) <.0001 (1.549, 1.996) <.0001 (1.959, 2.39) <.0001
N 753 753 753 753
AIC 917.4 683.7 918.5 567.4

Reference group: no fever or antipyretic use reported D0-6

Linear mixed effects model
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Supplementary Table 13: Estimates of the effect of age (months) upon post-vaccination geometric mean tires

A/H1N1 A/H3N2 B/VICTORIA B/YAMAGATA
éslrlna-gi;yrs) (11'%)(;13, 1005 <0001 (11'900032, 1.004) <0001 (11'900054, 1.0086) <-0001 (11'?5;3, 1.005) <.0001
6m - <2yrs (11' .112017, 1135 <0001 (11'908752, 1.009) <0001 (11'906429, 1.076) <.0001 (11'?09873, 1.11) <.0001
2yrs - <9yrs (11'?00032, 1.005 <001 (16?90;9, 1.002) 0949 (16?;919, 1.003) 0.320 (16?919, 1.003) 0.493
3%12?5 o ?6?5?997, 1.001) 04 ?(;?99986, 1) 0.051 ?6?;;4, 0.999) 0.004 (1(;)9098, 1.002) 0.717

Estimates of effect extracted from the linear mixed effects models including study as a random effect, and age, sex, priming status and logopre-vaccination Hl titres
as fixed effects. Estimates included from the time-period model with the lowest AIC for each strain/age cohort. Bolded: statistical significance (P-value < 0.05 or
95% CI notincluding 1). Results are reported as GMT ratios and 95% confidence intervals for the effect of a 1 month increase in age, where a ratio of 1 represents no
effect, <1 a reduction in post-vaccination immune titre and >1 an increase in the immune titre. P-values are reported for the F-tests assessing the statistical
significance of the fever and/or antipyretic use categorical variable.
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Supplementary Table 14: Estimates of the effect of male sex upon post-vaccination geometric mean tires

A/H1N1 A/H3N2 B/VICTORIA B/YAMAGATA
All ages 0.954 0.951 0.959 0.937
®m-17yrs) | (0.900,1.011) 0119 (0.899,1.006) 0078 (0.902, 1.019) 0.172 (0.887, 0.989) 0.017
0.899 0.863 0.891 0.918
-< . . . .
6m-<2yrs | 0.806,1.003 0% (0.776,0.959) 0907 (0.798, 0.993) 0.038 (0.827, 1.02) 0.111
0.985 0.982 0.949 0.927
-< . . . .
2yrs-<9yrs | 1.921,1.052) 0644 (0.918,1.051)  °-60° (0.879, 1.024) 0.179 (0.868, 0.991) 0.025
9years and 1.085 1.07 1.070 1.072
older (0.94, 1.252) 0.262 (0.947, 1.21) 0.278 (0.927, 1.236) 0.356 (0.957, 1.201) 0.229
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Supplementary Table 15: Estimates of difference between the unprimed and primed cohort upon post-vaccination

geometric mean tires

A/H1N1 A/H3N2 B/VICTORIA B/YAMAGATA
Q;L»ﬁ f?f\?RS) (1(;?:860, 1.160) 0.136 ?6?74739, 0.913) <-0001 ?(;.542884, 0.576) <0001 ?(f;?z 0.971) 0.007
6M-<2YRS ?6?723, 0.957) 2018 ?6.650017, 0.714) <0001 ?6.213;6, 0.28) <.0001 ?6?4?723, 0.667) <.0001
i;\?;s- ?6.7:;4, 0.841) <-0001 ?6.75472, 0.779) <-0001 ?6?57155, 0.642) <0001 ?(;.777;2, 0.854) <0001
9 YEARS N/A N/A N/A N/A

AND OLDER




Supplementary Table 16: Estimates of the effect of pre-vaccination Logio HI titre upon post-vaccination geometric

mean tires
A/H1IN1 A/H3N2 B/VICTORIA B/YAMAGATA
ALL AGES 3.828 <.0001 3.33 <.0001 4.355 <.0001 2.395 <.0001
(6M-17YRS) | (3.647, 4.019) (3.17, 3.499) (4.108, 4.618) (2.273, 2.523)
6M-<2YRS | 4.555 <.0001 4.626 <.0001 7.54 <.0001 1.974 <.0001
(4.098, 5.064) (4.125,5.187) (6.471, 8.786) (1.731, 2.252)
2YRS - 3.560 <.0001 3.070 <.0001 4.633 <.0001 2.614 <.0001
<9YRS (3.377, 3.751) (2.901, 3.249) (4.332, 4.956) (2.46,2.777)
9 YEARS 2.092 <.0001 1.422 <.0001 1.76 <.0001 2.154 <.0001
AND OLDER | (1.842, 2.376) (1.26, 1.605) (1.550, 1.998) (1.95, 2.38)

91



	Statement of Originality
	Acknowledgements
	Author Note
	Abstract
	List of Figures
	List of Tables
	List of Abbreviations
	CHAPTER 1: BACKGROUND TO THE PROJECT
	1.1 Burden of Disease
	1.2 The Influenza Virus
	1.2.1 Epidemic and pandemic strains of influenza

	1.3 Influenza in Children
	1.4 Influenza Vaccines
	1.4.1 Influenza vaccine composition
	1.4.2 Current influenza vaccines
	1.4.3 Influenza vaccination in children

	1.5 Measuring Influenza Vaccine Immunogenicity
	1.5.1 Haemagglutination inhibition antibody titres as a correlate of protection against influenza infection

	1.6 Influenza Vaccine Effectiveness in Children
	1.7 Factors Impacting Vaccine Immunogenicity
	1.7.1 Age and sex as effect modifiers in influenza vaccine immunogenicity in children
	1.7.2 The impact of prior vaccination on immune responses to influenza vaccination in children
	1.7.3 The impact of antipyretic medications upon the immune response to influenza vaccines
	1.7.4 The impact of fever upon the immune response to influenza vaccines

	1.8 Thesis Objective

	CHAPTER 2: METHODS
	2.1 Design and Subjects
	2.2 Statistical Analyses

	CHAPTER 3: RESULTS
	3.1 Study Population
	3.1.1 Baseline characteristics
	3.1.2 Fever rates
	3.1.3 Rates of antipyretic use
	3.1.4 Rates of combined fever and antipyretic use

	3.2 The Effect of Fever and Antipyretic Use on Post-Vaccination Haemagglutination Inhibition Titres
	3.2.1 All age cohorts
	3.2.2 6 months to <2 years cohort
	3.2.3 2 years to < 9 years cohort
	3.2.4 9 years to 17 years cohort

	3.3 Comparison of Maximum Recorded Fever in Children Reporting Fever ≥ 38 C
	3.4 Comparison of Models Across Time-Periods
	3.5 The Effect of Age, Sex, Priming and Pre-Vaccination HI Titres on Post-Vaccination Haemagglutination Inhibition Titres
	3.5.1 Age
	3.5.2 Sex
	3.5.3 Priming
	3.5.4 Pre-vaccination Log10 Hi Titre


	CHAPTER 4: DISCUSSION
	4.1 What This Thesis Contributes
	4.2 Discussing Rates and Patterns of Fever and Antipyretic Use
	4.3 Immunological Effects of Fever and Antipyretic Use
	4.3.1 Immunological effects of fever
	4.3.2 Immunological effects of antipyretic use
	4.3.3 Immunological effects of the combination of fever and antipyretic use
	4.3.4 Time-periods of fever and antipyretic use

	4.4 Immunological Effects of Age, Sex, Priming and Pre-Vaccination Titres
	4.5 Clinical Implications, Limitations and Strengths of This Thesis and Recommendations for Future Research
	4.5.1 Clinical Implications
	4.5.2 Limitations
	4.5.3 Strengths
	4.5.4 Recommended areas for future research

	4.6 Conclusion

	THESIS REFERENCES
	APPENDIX
	Supplementary Results Tables
	Supplementary Table 1: All ages (6 months to 17 years) day 0-1 fever and antipyretic use
	Supplementary Table 2: All ages (6 months to 17 years) day 0-3 fever and antipyretic use
	Supplementary Table 3: All ages (6 months to 17 years) day 0-6 fever and antipyretic use
	Supplementary Table 4: 6 months to <2 years cohort day 0-1 fever and antipyretic use
	Supplementary Table 5: 6 months to <2 years cohort day 0-3 fever and antipyretic use
	Supplementary Table 6: 6 months to <2 years cohort day 0-6 fever and antipyretic use
	Supplementary Table 7: 2 years to <9 years cohort day 0-1 fever and antipyretic use
	Supplementary Table 8: 2 years to <9 years cohort day 0-3 fever and antipyretic use
	Supplementary Table 9: 2 years to <9 years cohort day 0-6 fever and antipyretic use
	Supplementary Table 10: 9 years to 17 years cohort day 0-1 fever and antipyretic use
	Supplementary Table 11: 9 years to 17 years cohort day 0-3 fever and antipyretic use
	Supplementary Table 12: 9 years to 17 years cohort day 0-6 fever and antipyretic use
	Supplementary Table 13: Estimates of the effect of age (months) upon post-vaccination geometric mean tires
	Supplementary Table 14: Estimates of the effect of male sex upon post-vaccination geometric mean tires
	Supplementary Table 15: Estimates of difference between the unprimed and primed cohort upon post-vaccination geometric mean tires
	Supplementary Table 16: Estimates of the effect of pre-vaccination Log10 HI titre upon post-vaccination geometric mean tires



