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ABSTRACT

Influenza, commonly known as the flu, poses a significant global health
challenge, impacting millions of adults and children each year. Its clinical
presentation ranges from asymptomatic infection to severe illness, with
potential complications leading to hospitalization and death. Influenza
may be particularly dangerous for children with immunocompromising
conditions, such as pediatric oncology patients and pediatric recipients
of either solid organ transplant (SOT) or hematopoietic cell transplant (HCT).
These cohorts are at higher risk of influenza-induced complications, including
pneumonia, exacerbation of pre-existing medical conditions, or even
death. Comprehensive studies have emphasized the need for effective
prophylactic strategies to protect immunocompromised children from
influenza infection. This review aims to advance endeavors in influenza
prevention and treatment among these three vulnerable pediatric cohorts
by summarizing the latest findings in clinical presentations, risk factors, and
vaccine recommendations. Additionally, it explores emerging perspectives
that may guide the development of effective prophylactic strategies.
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Influenza in Immunocompromised Pediatric Patients

Introduction

Influenza viruses are single-stranded, negative-
sense RNA viruses classified within the family
Orthomyxoviridae. There are three antigenically
distinct species of influenza that infect humans:
influenza A, B, and C'. Influenza A and B cause
most human infections and may cause clinically
significant disease, whereas influenza C viruses are
less common and typically cause mild respiratory
illness?. In the Northern hemisphere, influenza
typically circulates between October and May, with
peak activity in December and January?.

Globally, the World Health Organization (WHO)
estimates that influenza viruses cause up to
650,000 deaths per year due to respiratory disease
alone. Notably, this number does not account for
death from other diseases that may be influenza-
related®. In the United States, the Centers for Disease
Control and Prevention (CDC) estimated the burden
for the 2023-2024 season to be 40 million influenza-
related illnesses, 18 million medical visits, 470,000
hospitalizations, and 28,000 influenza-related deaths®.

Infection with influenza virus presents with a wide
spectrum of clinical manifestations, ranging from
asymptomatic infection to severe outcomes,
including acute respiratory distress and death®.
Immunocompromised patients are at an increased
risk of severe respiratory illness and particularly
vulnerable to influenza-associated complications
that contribute to morbidity and mortality, i.e.,
myocarditis, exacerbation of pre-existing conditions,
acute respiratory distress syndrome (ARDS), prolonged
viral shedding, pneumonia and secondary bacterial

pneumonia®®.

For decades, extensive efforts, including
advancements in public health strategies as well as
antiviral and vaccine technologies, have been
dedicated to preventing and treating influenza in
children. Antiviral therapies available for use in
treatment and prevention of influenza infection
should be started as soon as possible, and these

therapies have potential adverse effects. For

prevention of influenza infection, vaccination is of
greater focus due to several reasons: 1) widespread
vaccination can achieve population-level protection
by lowering influenza transmission rate, thus
protecting immunocompromised children; 2) vaccines
help mitigate the risk of influenza infection 3) vaccines
help reduce severity of illness and complications if
children do contract influenza. Therefore, vaccination
remains the standard for reducing the risk of infection
and preventing severe disease in children, including
immunocompromised hosts. Unfortunately, due to
antigenic drift, new variants of the influenza virus
frequently emerge, rendering antibodies developed
against one strain largely ineffective against
another’. Consequently, the WHO, European Center
for Disease Prevention and Control, and CDC
recommend updated annual influenza vaccination
for all individuals to ensure optimal protection®*”.

Although vaccination remains the most important
form of prevention against influenza-related
diseases, there are limitations to vaccine efficacy in
immunocompromised children. Underlying
conditions, immunosuppression from chemotherapy,
medications to reduce graft rejection, therapy for
graft-versus-host-disease, or other immunomodulatory
therapies may blunt the immune responses to
vaccines. Immunity titers to the influenza vaccines
are primarily studied in research settings, limiting
their applicability for predicting vaccine responses
in clinical practice. Unsurprisingly, pediatric patients
undergoing cancer therapy or receiving
hematopoietic cell transplant (HCT) or solid organ
transplants (SOT) exhibit lower rates of seroconversion,
seroprotection, or both after standard influenza
vaccination, when compared to healthy controls'®".
In this review, we will explore influenza treatment and
vaccination strategies across immunocompromised
pediatric populations, including SOT recipients,
pediatric oncology patients, and HCT recipients.
Notably, we will exam various strategies that have
been studied with aims to enhance vaccine efficacy
in these pediatric cohorts, including optimizing

vaccination timing, comparing high-dose (HD) and
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standard-dose (SD) formulations, evaluating single-
dose versus two-dose regimens, and utilizing

adjuvanted influenza vaccines.

Influenza Disease and Vaccination
in Pediatric Solid-Organ Transplant
(SOT) Recipients

PRESENTATION AND RISK FACTORS
Pediatric SOT recipients are known to have more

severe influenza disease and higher rates of influenza-
associated complications™®. A five-year prospective
multicenter study estimated that the cumulative
incidence of influenza-associated hospitalizations
in pediatric SOT recipients at 1 year and 3 years post-
transplant was 2.7% and 7.4%, respectively. Of those
hospitalized, 12.4% required intensive care unit (ICU)
admission, and 6.3% required mechanical ventilation.
Influenza-associated mortality occurred in less than
1% of cases™. Risk factors associated with more
severe disease included heart transplant, Black or
Hispanic race, and age <1 year'.

A large cohort study of adult and pediatric SOT
recipients evaluated the history, clinical presentation,
and outcomes of laboratory-proven influenza virus
infections. The most common presenting symptoms
were cough (90%) and fever (70%), followed by
rhinorrhea, sore throat, and gastrointestinal
symptoms’®. In this study, ICU admission occurred
in 11% of all cases, and 12% of pediatric cases. A
low initial influenza viral load was associated with
less severe disease, and influenza vaccine and early
initiation of antiviral therapy reduced the risk of
lower respiratory tract disease and ICU admission.
These findings highlight the importance of
vaccination in preventing progression to severe

disease in this patient population.

CURRENT VACCINATION RECOMMENDATIONS
AND EVIDENCE

The current Infectious Diseases Society of America

(IDSA), Advisory Committee on Immunization
(ACIP), and American Society of Transplantation
(AST) guidelines for vaccination in SOT recipients

recommend that all patients and all close contacts
receive annual vaccination with the inactivated

1618 As a rule, the influenza

influenza vaccine
vaccine should be offered as early as possible once
transplantation is considered to increase the
likelihood of generating a more robust immune

response.

Unlike children with malignancies or certain
hematopoietic cell transplant (HCT) recipients,
most pediatric SOT candidates do not under pre-
transplant immunosuppression. As a result, they
generally retain the ability to mount strong, protective
immune responses. Thus, the ideal time to discuss
and administer vaccines to SOT candidates is
during pre-transplant evaluation. During the pre-
transplant visit, a comprehensive review of vaccine
records ensures that SOT candidates are up-to-
date with all age-appropriate vaccinations per local
guidelines. This visit often provides ample time to
discuss vaccine details, including the diseases they
prevent. Given the increasing prevalence of vaccine
hesitancy among pediatric patients and their families,
these discussions are especially crucial'. Current
guidelines suggest that the influenza vaccine should
be delayed only in patients who are very unlikely to
respond, such as those who have received anti-B-
cell antibodies for immune-mediated and oncologic
conditions (e.g., rituximab)®.

After transplantation, the inactivated influenza vaccine
is the only vaccine formulation recommended, as
the live influenza vaccine is contraindicated in all
immunocompromised hosts. Existing data on
influenza vaccine safety in pediatric SOT recipients
are limited to small cohort studies®. Instead, most
of the available knowledge on vaccine safety is
derived from cohorts of adult SOT recipients. These
studies compared vaccination 6 months pre- and
post-transplant and showed that the rates of adverse

events (AEs) were similar between the two groups®'#.

The optimal timing of influenza vaccination after SOT
is of particular interest in both adult and pediatric
patients. There is no standardized or universally

accepted approach to the optimal timing of influenza
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vaccination. Transplant centers often consider the type
and amount of immunosuppression when deciding
on the timing of post-transplant vaccination?. Most
centers defer inactivated vaccine administration
until at least 3-6 months post-transplant, provided
the patient is clinically stable and receiving the
anticipated level of immunosuppression. IDSA
guidelines suggest that if the organ transplant
occurs during the influenza season, vaccine should
be offered as early as 1-month post-transplant with
repeat vaccination 3-6 months later if community
influenza activity remains high'®. Additionally, for
children under 9 years old and receiving their first
recommendations  advise

influenza  vaccine,

administering two doses one month apart'®.

New strategies being studied to boost the
immunogenic response to influenza vaccine in SOT
recipients include administration of high-dose (HD)
inactivated vaccine or adjuvanted vaccine, and
adoption of a two-dose regimen. One review article
suggested improved responses from HD compared
to SD and from two doses compared to one dose,
although they did not include many patients in the
early post-transplant phase?’. A randomized
controlled study TRANSGRIPE 1-2 with 499 adult
SOT recipients showed that seroconversion and
seroprotection rates were significantly higher in the
two-dose group (with doses given 5 weeks apart)
than in the control group (one dose), particularly
forinfluenza A (H1N1)pdm, influenza A (H3N2), and
influenza B®. Recently, a large, randomized clinical
trial in Europe, the STOP-FLU Trial, compared the
safety and immunogenicity of SD versus HD versus
adjuvant influenza vaccine in over 600 SOT recipients
3 months or more post-transplant. This study
showed that both high-dose and MF5%-adjuvanted
vaccines significantly improved seroconversion
rates at 28 days postvaccination when compared
to the SD vaccine?. When comparing HD to
adjuvanted vaccines, the former resulted in higher
rates of immune response than the latter (66% vs.
60%), although this difference was not statistically
significant. Based on emerging evidence, the ACIP

recommendations for the 2024-2025 influenza

vaccine include both HD and adjuvanted vaccines
as acceptable options for adult SOT recipients

receiving immunosuppressive treatment’.

In pediatric SOT recipients, a small, prospective,
randomized double-blind study showed that HD
influenza vaccine administered at 6 months post-
transplant appeared to be safe and led to a higher
percentage of seroconversion and higher numerical
titer compared to SD vaccine recipients'’. Although
this strategy is promising, it has not been adopted
across all pediatric SOT centers, and larger-scale
clinical trials are needed to confirm these findings.
Similarly, additional studies that evaluate the
benefit of a two-dose regimen versus a single dose
of influenza vaccine in pediatric SOT recipients are
needed. Current approaches to improve immune
responses to inactivated influenza vaccine in the
pediatric SOT recipients are summarized in Figure 1.

Influenza Disease and Vaccination
in Pediatric Oncology Patients

PRESENTATION AND RISK FACTORS
Due to the inherent immunosuppression associated

with the underlying disease and chemotherapy
treatment regimens, children receiving cancer
therapy are at an especially high risk for morbidity
and mortality related to influenza infection? 8, Thirty
to seventy percent of pediatric oncology patients
with influenza require hospitalization and 10-20%
require ICU admission, a phenomenon noted more
frequently with the 2009 H1N1 strain?#’. In addition,
bacterial co-infections complicating influenza have
been reported in pediatric patients undergoing
cancer treatment®®. A low lymphocyte count has
been identified as a risk factor for influenza
complications and serious illness, including lower

respiratory tract infections (LRTIs)?.

CURRENT VACCINATION RECOMMENDATIONS
AND EVIDENCE
International guidelines recommend that children

aged 6 months and older with cancer receive the

inactivated influenza vaccine annually®'®. Exceptions
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to this guidance are patients receiving high-intensity
chemotherapy (such as treatment for acute myeloid
leukemia) and treatment with anti-B cell agents (e.g.,
rituximab) within the past 6 months, as these patients
are unlikely to respond to vaccination. Despite these
recommendations, influenza vaccination rates among
pediatric oncology patients are suboptimal, close
to 60%%’.

Several factors, including the type of malignancy,
immunosuppressive  treatment regimen, and
lymphocyte count, have been shown to impact the
response to influenza vaccine in pediatric oncology
patients” 2. Children with solid tumors who received
inactivated trivalent influenza vaccine (TIV) displayed
a significantly stronger immune response to each
strain individually and to all three strains combined,
when compared to those with hematological
malignancies®?*. This difference is largely due to
the direct negative effects of hematological cancers
on the immune system, which are compounded by
myelosuppressive therapies. In contrast, treatments
for solid tumors are generally shorter and follow a
cyclical pattern.

Approaches to enhance the immune response of
pediatric oncology patients to influenza vaccination
have been increasingly evaluated. Current
recommendations suggest that pediatric oncology
patients receive two doses of inactivated influenza
vaccine 1 month apart®*. However, one study that
reviewed 498 pediatric patients receiving
chemotherapy for acute leukemia during three
consecutive influenza seasons showed that two doses
of influenza vaccine in a single influenza season were
not protective against laboratory-proven influenza
or influenza-like infection®. This study highlights
that the currently available vaccination approaches

may be ineffective in this patient population.

HD vaccination has also been explored in pediatric
oncology patients. One small, randomized, open-
label study enrolled participants aged 3-21 years
(including 27 patients with leukemia and 17 with
solid tumors) and compared two doses of HD to

the SD influenza vaccine®. Children who received

the HD vaccine had significantly increased antibody
titers to the B antigen in the leukemia group and to
the H1 antigen in the solid tumor group compared
to SD recipients, suggesting higher immunogenicity
of the HD vaccine. However, there were no
differences in seroconversion (defined as a = 4-fold
rise in titers) or seroprotection (defined as a post-
vaccine titer 21:40) between the groups. The study
also showed that immunogenicity was higher with
two doses versus one dose of the vaccine®. Current
approaches to improve immune responses to
inactivated influenza vaccine in the pediatric oncology

patients are summarized in Figure 1.

Data are scarce regarding immune response to
influenza vaccination in patients receiving newer
therapies such as the monoclonal antibodies
blinatumomab and inotuzumab ozogamicin. It is
known that patients who receive rituximab within 6
months prior to vaccination have significantly
impaired humoral responses to influenza vaccines®.
It is not known whether children receiving these
newer B-cell chemotherapeutic agents would have

similar outcomes.

Another population that has not been well studied
is patients who have received chimeric antigen
receptor T-cell therapy (CAR-T). Only one small
study with an adult oncology cohort showed that
the humoral response to the vaccine was limited
both before and after CAR-T cell infusion®.
Immunogenicity of vaccination following receipt of
immune checkpoint inhibitors (e.g., nivolumab,
pembrolizumab, ipilimumab) appears to be
preserved, although its safety is unclear .

Influenza Disease and Vaccination
in Pediatric Hematopoietic Cell
Transplant Recipients

PRESENTATION AND RISK FACTORS
Symptoms of influenza in the pediatric HCT

population are similar to those in other populations,
and most commonly include fever, congestion,

cough, and myalgias. However, as opposed to
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other immunocompromised children, it has been
reported that up to 20% of HCT recipients may be
afebrile on initial presentation. HCT recipients are
also more likely to develop severe and uncommon
presentations of influenza infection, such as
encephalitis and myocarditis®®. These patients may
also require longer hospitalization, demonstrate
prolonged viral shedding, and have higher mortality

rates*'.

In general, the risk of developing severe influenza
disease is much higher in allogeneic transplant
recipients than in autologous transplant recipients®*
3. Higher influenza viral loads, lymphopenia, and
steroid use have been associated with disease
progression'¢4,

An immunodeficiency scoring index (ISl), originally
applied to respiratory syncytial virus (RSV), has also
been applied to adult HCT recipients to identify
patients with influenza infection who are at high risk
for lower respiratory infection. This ISl includes
absolute neutrophil count, absolute lymphocyte
count, age, myeloablative conditioning regimen,
graft-versus-host disease, corticosteroids, and recent
or pre-engraftment allogeneic HCT. Patients are
classified as low-, moderate-, or high-risk based on
the number of risk factors present. Patients classified
as high-risk (score of 7-12) had a significantly higher
probability of progression to lower respiratory infection
compared to low-risk patients (score of 0-2)*.

In addition to the risks posed by influenza infection
post-transplant, it is also known that pre-transplant
respiratory virus infection, including influenza, is
associated with worse prognosis and increased

post-transplant mortality*®.

As mentioned above, in a prospective multicenter
study examining influenza infection in adult SOT
and HCT patients, influenza vaccination and early
antiviral administration were associated with improved
disease outcomes'. This study highlights the
importance of influenza vaccination in this

vulnerable population.

CURRENT VACCINATION RECOMMENDATIONS
AND EVIDENCE
The current European Conference on Infections in

Leukemia (ECIL) guidelines for vaccination of HCT
recipients recommend administration of a seasonal
inactivated influenza vaccine yearly starting 6 months
post-transplant and as early as 3 months post-
transplant in the setting of a community outbreak®.
The consensus is that a second dose of vaccine
administered 3-4 weeks after the first dose should
be considered in the setting of an outbreak.
Additionally, patients receiving treatment for graft-
versus-host disease (GVHD) or with persistent low

lymphocyte count may benefit from a second dose.

As noted in other populations, investigations are
ongoing regarding the optimal timing of vaccination
post-transplant, 1 versus 2 dose vaccine schedules,
and the utility of HD or adjuvanted vaccines in HCT
recipients.

The timing of vaccination has been addressed in
multiple adult studies. A recent study by a group in
Australia evaluated humoral and cellular responses
to influenza vaccine in adult HCT recipients. It
demonstrated that, in general, patients further away
from transplant exhibit stronger vaccine-induced
immune responses. This is a unique characteristic
of the HCT population when compared to others.
Since immune reconstitution is crucial to develop
an effective response to all vaccines, patients
further from transplant generate enhanced humoral
immunity following vaccination®’.

Adult studies evaluating HD and adjuvanted influenza
vaccine after HCT have shown some improvement
in protective titers with HD compared to SD
vaccine, although they failed to demonstrate the

benefit of adjuvanted vaccine®®*’

. Specifically, in a
recent large, multicenter, double-blinded study
conducted in the pediatric population, two doses
of influenza vaccine doses demonstrated superior
efficacy over a single dose, and the HD vaccine

generated a more robust immune response®.

© 2025 European Society of Medicine 6
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Another interesting point of investigation in HCT
recipients is the utility of immune profiling to
determine optimal vaccination strategies. One
study analyzed 33 different cell populations and
found a statistically significant association between
higher absolute CD19+ and CD4+ numbers at
baseline and increased vaccine immunogenicity at
28 to 42 days after two vaccine doses. Additionally,
seven distinct cell subpopulations predicted
responses to all three vaccine antigens 28 to 42
days after a 2-dose vaccine series, irrespective of
vaccine dose®'. In a follow-up study, a portion of
the original study population received two doses
of HD or SD vaccine in a consecutive year®. Repeat
titers indicated a cumulative response to vaccination.
Titers following HD vaccination were higher than
SD, although not significantly. The results of this
study highlight the importance of both the HD
vaccine and two-dose regimen, at least in the first
influenza season post-HCT. Current approaches to
improve immune responses to inactivated influenza
vaccine in the pediatric HCT recipients are

summarized in Figure 1.

Consideration for Family Members

of Immunocompromised Children

For all immunocompromised groups, seasonal
influenza vaccines should be discussed with family
members and caregivers. All eligible family members
and close contacts should receive a yearly seasonal
influenza vaccine®. Vaccinating family members
and close contacts for influenza is one of the most
efficient ways to protect immunocompromised
patients. Vaccination guidelines for SOT recipients
recommend that healthcare workers and close
contacts of all transplant recipients be fully
immunized and receive influenza vaccines annually.
Live attenuated intranasal influenza vaccines are
contraindicated in immunocompromised patients
and their close contacts and caregivers, including
oncology patients on active chemotherapy, SOT
recipients, and HCT recipients early post-
transplant and while receiving treatment for graft-
versus-host disease (GVHD)*.

Conclusion

Influenza infection poses a serious risk to pediatric
oncology patients and pediatric recipients of SOT
and HCT. Initial symptoms of influenza infection in
these patients are typically similar to those of
immunocompetent patients, although it is important
to remember that these patient populations are at
increased risk of significant morbidity and mortality

related to influenza infection.

The most effective means of reducing this morbidity
and mortality is to prevent influenza infection.
Research supports influenza vaccination of patients
and their immediate contacts as an effective
preventive measure, although the ideal timing,
schedule, and dose of influenza vaccination in
immunocompromised patients remains to be
clarified. Future research is needed to determine
the optimal timing of vaccination across patient
populations, evaluate the safety and efficacy of
vaccination in individuals undergoing specific
chemotherapy regimens or CAR-T therapy, compare
the benefits of high-dose (HD) versus standard-
dose (SD) vaccination, and assess the feasibility of
an individualized vaccine strategy informed by

immune profiling.
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Figure 1. Summary of approaches to improve the response to influenza vaccine in pediatric oncology patients,
solid-organ transplant recipients, and hematopoietic cell transplant recipients. ¢ Pediatric recipients of solid organ
transplants (SOT) are suggested to receive the inactivated influenza vaccine as soon as possible prior to the
transplant. P Pediatric recipients who already underwent SOT are recommended to administer the inactivated
influenza vaccine 3 to 6 months after the transplant, with earlier administration at 1 month during peak season.
"Pediatric recipients who already underwent hematopoietic cell transplant (HCT) are recommended to administer
the inactivated influenza vaccine 6 months after the transplant, with earlier administration at 3 months during the
influenza outbreak. ® Ongoing research is comparing high-dose (HD) and standard-dose (SD) formulations of the
inactivated vaccine. Preliminary data suggest that HD vaccine may elicit a stronger immune response; however,

it has not been adopted as standard practice.

¢Evidence supports the benefit of a two-dose HD vaccine in the first influenza season post-transplant. Subsequently,
a single-dose SD vaccine may be given annually thereafter. ¢ The vaccination strategy recommendations and
corresponding humoral responses vary depending on the chemotherapy. Patients who receive rituximab within
6 months prior to vaccination have significantly impaired humoral responses to influenza vaccines. Safety in

patients receiving immune checkpoint inhibitors is unclear.
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