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Abstract
Influenza vaccination is recommended for children following allogeneic haematopoietic stem cell transplant (HSCT),
however there is limited evidence regarding its benefit. A prospective multicentre study was conducted to evaluate the
immunogenicity of the inactivated influenza vaccine in children who have undergone HSCT compared with healthy age-
matched controls. Participants were vaccinated between 2013 and 2016 according to Australian guidelines. Influenza-
specific hemagglutinin inhibition antibody titres were performed prior to each vaccination and 4 weeks following the final
vaccination. A nasopharyngeal aspirate for influenza was performed on participants that developed influenza-like illness.
There were 86 children recruited; 43 who had undergone HSCT and 43 controls. For the HSCT group, seroprotection and
seroconversion rates were 81.4% and 60.5% for H3N2, 41.9% and 32.6% for H1N1, and 44.2% and 39.5% for B strain
respectively. There was a significant geometric mean fold increase to the H3N2 (GMFI 5.80, 95% CI 3.68–9.14, p < 0.001)
and B (GMFI 3.44, 95% CI 2.36–5.00, p= 0.048) strains. Serological response was superior in age-matched controls to all
vaccine strains. There were no serious adverse events following vaccination. For children who underwent HSCT, incidence
of laboratory-proven influenza infection was 2.3%. Overall, this study provides evidence to support annual inactivated
influenza vaccine administration to children following HSCT.

Introduction

Influenza infection can result in significant morbidity and
mortality following allogeneic haematopoietic stem cell
transplantation (HSCT) [1–3]. In children, the incidence of
influenza following allogeneic HSCT ranges between 0.9
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and 9.9% [4–8]. Administration of one dose of the seasonal
inactivated influenza vaccine is recommended for children
commencing 6 months following HSCT. Children aged
6 months to 8 years who have never previously been vac-
cinated should receive two doses, 4 or more weeks apart
[9, 10]. However, these recommendations are based on
adult studies [10], with a distinct paucity of paediatric-
specific data assessing the immunogenicity of the inacti-
vated influenza vaccine following HSCT [11]. Given the
lack of evidence, we undertook a prospective multicentre
study to evaluate the immunogenicity of the seasonal
inactivated influenza vaccine in children who have under-
gone allogeneic HSCT compared with healthy matched
controls, and to identify risk factors that predict vaccine
response in this population.

Methods

Patient selection

Children between the ages of 6 months and 18 years who
were ≥6 months and ≤2 years post allogeneic HSCT were
eligible. Recruitment was undertaken during the Southern
Hemisphere influenza seasons of 2013–2016 (March to
September) from four tertiary paediatric haematology,
oncology and bone marrow transplant units in Australia
(Princess Margaret Hospital for Children, Perth; Queens-
land Children’s Hospital, Brisbane; Women’s and Chil-
dren’s Hospital, Adelaide; The Royal Children’s Hospital,
Melbourne). Healthy siblings were recruited as age-matched
controls. Exclusion criteria included anaphylaxis to pre-
vious doses of any influenza vaccine, a history of egg
anaphylaxis, receipt of intravenous immunoglobulin within
the last 3 months, a history of Guillain-Barre syndrome or
current medical condition that would be compromised by
inclusion in the study. Informed consent was obtained from
the parents of each child prior to recruitment.

Study design

Participants were vaccinated with inactivated influenza
vaccine according to national Australian guidelines [12].
Children receiving influenza vaccine for the first time
post allogeneic HSCT were given two doses of the vaccine
4 weeks apart, with one dose given to vaccine-experienced
children. For healthy age-matched controls, children less
than 10 years of age receiving influenza vaccine for the first
time, were given two doses of the influenza vaccine 4 weeks
apart; children less than 10 years of age who had previously
received the influenza vaccine and children who were 10 or
older were given a single dose of the vaccine. A 0.25 mL
dose was administered to children less than 3 years of age

and 0.5 mL to children older than 3. The inactivated triva-
lent vaccine was given for the 2013–2015 seasons and the
inactivated quadrivalent vaccine for the 2016 season. The
specific strains included in each annual influenza vaccine
were A/Victoria/362/2011 (H3N2), A/California/7/2009
(H1N1), B/Hubei-Wujiagang/158/2009 (B) for 2013; A/
Texas/50/2012 (H3N2), A/California/7/2009 (H1N1), B/
Massachusetts/2/2012 (B) for 2014; A/South Australia/55/
2014 (H3N2), A/California/7/2009 (H1N1), B/Phuket/
3073/2013 (B) for 2015; and A/Hong Kong/480/2014
(H3N2), A/California/7/2009 (H1N1), B/Phuket/3073/2013
(B), B/Brisbane/60/2008 (B) for 2016.

Blood was taken prior to each vaccination and 4 weeks
following the final vaccination to assess influenza-specific
immune responses. Following collection, blood samples
were centrifuged and sera stored at −20 °C. At the end of
each influenza season, the samples were sent to the World
Health Organization (WHO) Collaborating Centre for
Reference and Research on Influenza, Victorian Infectious
Diseases Reference Laboratory where standardised hemag-
glutinin inhibition (HI) assays were performed to determine
specific influenza antibody titres towards each virus in the
vaccine [13]. Viruses used for HI analysis were egg pro-
pagated; specifically for A(H1N1)pdm NYMC-X-179A (A/
California/7/2009) was used for seasons 2013–2016. For A
(H3N2) IVR-165 (A/Victoria/361/2011), NYMC X-223A
(hy A/Texas/50/2012), IVR-175 (A/South Australia/55/
2014) and NYMC X-263 (hy A/Hong Kong/4801/2014)
were used for the 2013, 2014, 2015 and 2016 seasons,
respectively. Split B/Yamagata viruses B/Hubei-Wujia-
gang/158/2009, NYMC BX-51B (B/Massachusetts/02/
2012) and B/Phuket/3073/2013 were used for the 2013,
2014 and 2015 seasons, respectively. Split viruses B/
Yamagata (B/Phuket/3073/2013) and B/Victoria (B/Bris-
bane/60/2008) were both used for the 2016 season.

Susceptibility to a vaccine-like strain was defined as a
prevaccination HI titre of <40. Seroprotection in an indi-
vidual was defined as a post vaccination HI titre of ≥40.
Seroconversion was defined as either a fourfold increase in
HI antibody titre if the prevaccination titre was ≥10 or a rise
in HI titre from <10 to ≥40 following vaccination [14]. The
percentage (95% confidence interval [CI]) of patients who
individually met the criteria for seroprotection and ser-
oconversion to each strain of the vaccine was calculated.

Criteria as established by the Committee for Proprietary
Medicinal Products (CPMP) were used to determine whether
the vaccine was considered effective as to elicit an overall
immunogenic response [15]. According to these criteria the
influenza vaccine is considered effective if it meets one or
more of the following three criteria: seroprotection in >70%
of patients; seroconversion in >40% of patients; or a geo-
metric mean fold increase (GMFI) of >2.5. These criteria
were used to calculate one-sided p values in relation to the
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null hypothesis for overall seroprotection and seroconversion
to each strain of the vaccine. GMFI was calculated for each
strain as the geometric mean of the fold increase in antibody
level after vaccination, with CI and one-sided p values esti-
mated using a log-normal approximation for the distribution
of antibody levels pre- and post-vaccination and the CPMP
defined threshold of GMFI >2.5.

Linear regression models, with change in log antibody
level as the dependent variable, were used to assess the
influence of clinically relevant predictors on vaccine
response to each strain. The predictor variables included
within the models were age at receipt of first vaccination,
the number of vaccination doses received, time since
transplant, and the absolute lymphocyte count at the time of
first vaccination. Lower than normal limits for absolute
lymphocyte counts according to age were defined as 1.7 ×
109/L for children <5 years of age, 1.1 × 109/L for 5 to ≤10
years, and 1.0 × 109/L for ≥10 years [16].

All patients enroled on the study that developed
influenza-like illness were instructed to present for clinical
review. Influenza detection was performed on a nasophar-
yngeal aspirate using polymerase chain reaction. Influenza-
like illness was defined as an elevated temperature
(≥37.5 °C) or a clear history of fever (e.g. chills, rigors); the
presence of at least one constitutional symptom from irrit-
ability, myalgia, headache, vomiting, diarrhoea or malaise;
and the presence of at least one respiratory symptom from
cough, sore throat or rhinorrhoea; with the onset of symp-
toms occurring greater than 72 h after vaccine administra-
tion. Clinical features of all children with laboratory-proven
influenza infection were documented.

This study was approved by the Child and Adolescent
Health Service Ethics Committee (Ethics Approval Number
1988/EP), with ethical approval granted at all sites under the
National Mutual Acceptance agreement. It conforms to the
provisions of the Declaration of Helsinki in 1995 (as revised
in Tokyo, 2004) and the National Statement on Ethical
Conduct in Human Research, Australian National Health
and Medical Research Council. The study was registered on
the Australian New Zealand Clinical Trials Registry
(ACTRN12614000240640).

Results

There were 86 children enroled in the study; 43 children
who had undergone allogeneic HSCT and 43 healthy con-
trols. The groups were frequency matched according to age
(mean age: 7.7 versus 8.2 years, p= 0.65) and sex (females:
37.2% versus 41.9%, p= 0.66) Participant characteristics
are listed in Table 1, with individualised characteristics
listed in Supplementary Table 1. The percentage of patients
in the allogeneic HSCT group that were susceptible to each

strain of the vaccine prior to the first dose was 65% to
H3N2, 88% to H1N1 and 91% to the B strain. Susceptibility
of the healthy age-matched controls was 37% to H3N2,
70% to H1N1 and 79% to the B strain. Seroprotection
occurred in 81.4% to H3N2, 41.9% to H1N1 and 44.2% to
B strain in children who received allogeneic HSCT com-
pared with 97.7%, 81.4% and 69.8% for healthy age-
matched controls (Table 2). Seroconversion occurred in
60.5% for H3N2, 32.6% for H1N1 and 39.5% for B strain
in children who received allogeneic HSCT, while 72.1%,
65.1% and 58.1% of healthy age-matched controls ser-
oconverted to the respective strains (Table 2). For children
in the HSCT group who received two doses of the vaccine
and seroconverted, the second dose of the vaccine was
required for seroconversion to occur in 47% of patients to
H3N2, 70% to H1N1 and 81% to B strain.

According to CPMP criteria, children who had under-
gone allogeneic HSCT demonstrated a significant response
to the H3N2 (GMFI 5.80, 95% CI 3.68–9.14, p < 0.001 and
seroconversion 60.5%, 95% CI 45.9–75.1, p= 0.003) and
B (GMFI 3.44, 95% CI 2.36–5.00, p= 0.048) strains
(Table 2). Healthy age-matched controls demonstrated sig-
nificant response to all vaccine strains: H3N2 (GMFI 8.96,
95% CI 5.96–13.45, p < 0.001; seroprotection 97.7%, 95%

Table 1 Patient demographics

Characteristic Allogeneic HSCT
(n= 43)

Healthy controls
(n= 43)

Age at vaccination

6 months to <3 years 9 6

3 to <10 years 18 24

10 to <18 years 16 13

Number of vaccine doses

One dose 11 23

Two doses 32 20

Diagnosis

Malignant 26

Non-malignant 17

Donor type

Matched sibling 12

Matched unrelated 28

Haploidentical 3

Interval between allogeneic HSCT and influenza vaccine

6 to <12 months 32

≥12 months 11

History of graft versus host disease

Yes 23

No 20

On immunosuppressive therapy at time of vaccination

Yes 13

No 30

Immunogenicity of the influenza vaccine in children post allogeneic HSCT 775



CI 93.2–99.9, p < 0.001 and seroconversion 72.1%, 95% CI
58.7–85.5, p < 0.001), H1N1 (GMFI 6.49, 95% CI
4.40–9.56, p < 0.001 and seroconversion 65.1%, 95%
CI 50.9–79.4, p < 0.001) and B (GMFI 6.81, 95% CI
4.41–10.53, p < 0.001 and seroconversion 58.1%, 95%
CI 43.4–72.9, p= 0.008) according to CPMP criteria
(Table 2).

The multivariate analysis of predictive variables revealed
a significantly higher GMFI to the B strain for children who
received two doses of the inactivated influenza vaccine
(Two doses GMFI 4.23, 95% CI 2.74–6.53 versus One dose
GMFI 1.88, 95% CI 0.90–3.94, p= 0.019) and who had a
normal lymphocyte count at the time of vaccination (Nor-
mal range GMFI 4.22, 95% CI 2.78–6.39 versus Low
GMFI 1.59, 95% CI 0.71–3.57, p= 0.07). Table 3 shows
the multivariate analysis of factors predicting GMFI to each
strain.

There were no adverse effects following vaccination in
either the allogeneic HSCT or healthy age-matched control
group. There was a single case of laboratory-proven influ-
enza infection in the allogeneic HSCT group (2.3%). This
patient was typed as having H1N1pdm09 strain in 2014,

with infection occurring 50 days following completion of a
two dose immunisation schedule and absence of a ser-
ological response to any vaccine strain. The patient received
a 5-day course of oseltamivir following confirmation of
influenza infection and did not experience any significant
influenza associated complications. There were no cases of
laboratory confirmed influenza in the healthy age-matched
control group.

Discussion

Influenza infection can result in significant morbidity and
mortality following allogeneic HSCT [1–3]. Vaccination
with inactivated influenza vaccine represents the main
strategy to prevent infection. Several studies have been
conducted to determine immunogenicity of the inactivated
influenza vaccine in adults who have undergone HSCT,
however, there is a distinct lack of paediatric-specific data
[11]. Our study demonstrates that the inactivated influenza
vaccine is safe and elicits a statistically significant ser-
ological response to H3N2 and B strains in children who

Table 3 Multivariate analysis of factors predicting GMFI to inactivated influenza vaccine in children who have undergone allogeneic HSCT

Variable Influenza strain H3N2 (A) H1N1 (A) B

GMFI (95% CI) P value GMFI (95% CI) P value GMFI (95% CI) P value

Time since transplant <12 months 4.86 (2.84–8.33) 0.42 2.65 (1.44–4.87) 0.15 3.12 (1.99–4.89) 0.24

≥12 months 9.66 (3.85–24.24) 10.29 (3.64–29.08) 4.54 (2.11–9.76)

Age at vaccination <10 years 5.73 (3.15–10.43) 0.97 5.31 (2.69–10.48) 0.10 3.52 (2.15–5.76) 0.58

≥10 years 5.91 (2.71–12.86) 2.09 (0.86–5.05) 3.30 (1.74–6.27)

Lymphocyte count at time of
vaccination

Low 3.17 (1.15–8.76) 0.34 1.71 (0.52–5.62) 0.30 1.59 (0.71–3.57) 0.07

Normal range 6.80 (4.03–11.46) 4.61 (2.51–8.49) 4.22 (2.78–6.39)

Doses of vaccine received One 7.05 (2.77–17.98) 0.93 7.51 (2.57–21.96) 0.54 1.88 (0.90–3.94) 0.019

Two 5.42 (3.13–9.38) 2.95 (1.57–5.54) 4.23 (2.74–6.53)

GMFIs are raw subgroup means; P values relate to a multivariate comparison of GMFIs between subgroup

Table 2 Overall immunogenicity to inactivated influenza vaccine in children who have undergone allogeneic HSCT and age-matched controls

Strain GMFI (95% CI) P valuea Seroprotection % (95% CI) P valuea Seroconversion % (95% CI) P valuea

Allogeneic HSCT (n= 43)

H3N2 (A) 5.80 (3.68–9.14) <0.001 81.4 (69.8–93.0) 0.051 60.5 (45.9–75.1) 0.003

H1N1 (A) 3.75 (2.20–6.40) 0.069 41.9 (27.1–56.6) >0.99 32.6 (18.6–46.6) 0.84

B 3.44 (2.36–5.00) 0.048 44.2 (29.3–59.0) >0.99 39.5 (24.9–54.1) 0.53

B (2016) 1.46 (0.79–2.71) 0.96 44.4 (12.0–76.9) 0.95 33.3 (2.5–64.1) 0.66

Controls (n= 43)

H3N2 (A) 8.96 (5.96–13.45) <0.001 97.7 (93.2–99.9) <0.001 72.1 (58.7–85.5) <0.001

H1N1 (A) 6.49 (4.40–9.56) <0.001 81.4 (69.8–93.0) 0.051 65.1 (50.9–79.4) <0.001

B 6.81 (4.41–10.53) <0.001 69.8 (56.0–83.5) 0.51 58.1 (43.4–72.9) 0.008

B (2016) 5.88 (2.24–15.41) 0.041 66.7 (35.9–97.5) 0.59 44.4 (12.0–76.9) 0.39

aOne-sided P values in relation to CPMP criteria
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have undergone allogeneic HSCT. However, serological
response was limited in comparison with healthy age-
matched controls. The only study from which meaningful
paediatric-specific data can be extrapolated for comparison
between children who have undergone allogeneic HSCT is
from a mixed paediatric-adult study [17]. In this study,
seroconversion rates in 27 of the study participants under
the age of 18 years were 59.3% for H3N2, 55.6% for H1N1
and 40.7% for B strain. Our current study shows compar-
able seroconversion rates to the H3N2 and B strains, but
showed an inferior seroconversion rate to H1N1. There
were notable differences between the H1N1 viruses tested
in both of these studies as the Yalcin et al. [17] study was
conducted over the 2007–2008 influenza season, when the
previous seasonal influenza H1N1 vaccine was used, in
comparison with our study, which used a post-2009 H1N1
pandemic influenza virus.

The CPMP have defined criteria to assess whether
influenza vaccines are effective within a population. Using
these criteria, our study shows that the inactivated influenza
vaccine can be considered immunologically effective
against the H3N2 and B strains in children following allo-
geneic HSCT. For the H1N1 strain, statistical significance
was not achieved according to GMFI criteria and the
numerical thresholds of >70% for seroprotection and >40%
for seroconversion were not attained. However, interpreta-
tion of these findings should also take into consideration
that the CPMP criteria were defined based on applicability
to immunocompetent populations, further emphasised by
satisfaction of the criteria against all three strains in our age-
matched healthy control population. This highlights the
need for revised definitions according to different popula-
tions, such as immunocompromised children.

Previously, only two small studies assessing responses to
influenza vaccination following HSCT have been exclu-
sively performed in children [18, 19]. Haining et al. iden-
tified an increase in influenza A-specific CD4+ T-cell
proliferation but no increase in influenza A-specific serum
antibody levels in four children following vaccination with
trivalent inactivated influenza vaccine 4–22 months fol-
lowing allogeneic HSCT [18]. Guerin-El Khourouj et al.
identified a cellular proliferative response to H1N1 strain in
11 of 14 children following vaccination 76–336 days
post allogeneic HSCT. H1N1 antibody titres were also
measured in eight participants, with seroconversion only
occurring in one patient following vaccination [19].
Although small numbers, both studies are important as they
demonstrate that despite the absence of an influenza-specific
antibody response, there was generation of an influenza-
specific T-cell response. This finding is supported by an
adult study, which identified a strong cell-mediated immune
response to a single dose of the trivalent inactivated influ-
enza vaccine in 14 patients following allogeneic HSCT,

despite a poor influenza-specific antibody response [20].
This further highlights the potential to consider alternative
measures to determine vaccine efficacy in immunocom-
promised populations, in addition to those defined by
the CPMP.

Receipt of two doses of the inactivated influenza vaccine
and a normal lymphocyte count at the time of vaccination
were identified as significant predictors of vaccine response
to B strain. Two studies with combined adult and paediatric
populations have identified time from transplantation to
vaccination as one of the strongest predictors of response to
trivalent inactivated influenza vaccine following HSCT
[21, 22], with one of the studies also identifying absolute
CD19+ cell counts as being predictive of response [22].
Although both studies were not able to identify a significant
benefit for administration of two doses of the trivalent
inactivated influenza vaccine compared with one dose
[21, 22], the benefit of a second vaccine dose has been
demonstrated in several studies which have assessed
response to the AS03-adjuvanted 2009 H1N1 vaccine in
adults post HSCT [23–25], while another study identified
comparable response to two doses of the AS03-adjuvanted
2009 H1N1 vaccine in adults post allogeneic HSCT to a
single dose received by healthy controls [26]. Transplant to
vaccination interval [24, 26], presence of graft versus host
disease [26], donor type [23] and receipt of immunosup-
pressive therapy [25] have all been shown to be predictive
of response to the AS03-adjuvanted 2009 H1N1 vaccine
within these studies. Although this is the largest paediatric
study to assess immunogenicity of the inactivated influenza
vaccine following allogeneic HSCT, greater patient num-
bers are required to further validate the variables that have
been assessed and to identify whether additional variables,
such as presence of graft versus host disease, receipt of
immunosuppressive therapy, donor type and stem cell
source, predict response to vaccination.

To determine whether a vaccine is clinically effective
traditionally relies on comparison of infection rate between
unvaccinated and vaccinated subjects. In a previous retro-
spective study, the clinical efficacy of influenza vaccination
in HSCT recipients was identified as 80% [27]. However, in
the modern era, all patients who have undergone allogeneic
HSCT are recommended to receive inactivated influenza
vaccination [10], thus precluding assessment of vaccine
efficacy due to the low number of unvaccinated patients.
This highlights the need for alternative measures to deter-
mine the clinical efficacy of influenza vaccine for patients
receiving HSCT. Incidence of laboratory-proven influenza
infection was defined as the clinical endpoint for this study,
limited to one case occurring in the HSCT cohort (2.3%).
This patient was typed as having H1N1pdm09 infection in
2014, occurring 50 days following completion of a two dose
immunisation schedule, and did not mount protective

Immunogenicity of the influenza vaccine in children post allogeneic HSCT 777



antibody titres to any strain. The published data regarding
clinical effectiveness of the influenza vaccine in HSCT
recipients is limited, with reported incidence rates of 10.5%
following one dose of the trivalent inactivated influenza
vaccine and 4.6% following administration of two doses of
AS03-adjuvanted 2009 H1N1 vaccine post allogeneic
HSCT [26, 27]. The low incidence of influenza infection in
our study may also be influenced by minimising risk of
exposure to infection, which is considered standard practice
for children who have undergone HSCT [28].

In summary, our data demonstrate that the inactivated
influenza vaccine is safe and provides immunogenicity to
the H3N2 and B strains in children who have received
allogeneic HSCT. We identify the need for further research
to improve overall vaccine response and immunogenicity to
the H1N1 pandemic strain. Receipt of two doses of the
inactivated influenza vaccine and a normal lymphocyte
count at the time of vaccination were both predictive of
response to the B strain, however larger global collaborative
studies are required to validate these findings and investi-
gate a greater number of predictive variables. A high pro-
portion of children who received two vaccine doses and
seroconverted, required the second dose of the vaccine for
seroconversion to each strain. In conclusion, our study
provides evidence to support the recommendation for
annual administration of inactivated influenza vaccine to
children following allogeneic HSCT.
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