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Lactoferrin reduces febrile neutropenia in children

receiving chemotherapy for hematologic malignancies: a

randomized, placebo-controlled trial

Febrile neutropenia (FN) is one of the most frequent and
clinically significant complications of intensive chemo-
therapy for pediatric hematologic malignancies, occur-
ring in up to 25% of cases.! FN can lead to bloodstream
infection, septic shock, and treatment delays. In addition
to its direct morbidity, FN results in prolonged hospital-
ization, increased healthcare costs, and overuse of anti-
biotics.? Notably, exposure to systemic antibiotics during
FN episodes increases the risk of microbial resistance,
antibiotic-related adverse events, and disruption of the
gut microbiota (GM).® Recent evidence indicates that the
GM also plays a pivotal role in the pathogenesis of FN.
Chemotherapy-induced mucosal injury leads to a loss
of microbial diversity and an overgrowth of pathobionts,
such as Enterobacteriaceae, Enterococcaceae, and Akker-
mansia spp., which can facilitate bacterial translocation
and trigger systemic inflammation.* Therefore, strategies
that preserve a healthy microbiota may offer an effective,
antibiotic-sparing approach to infection prevention.
Lactoferrin (Lf) is an 80 kDa cationic glycoprotein se-
creted by epithelial cells and neutrophil granules and is
abundant in colostrum and other mucosal secretions. Lf
exhibits antimicrobial, anti-inflammatory, and immuno-
modulatory properties, acting through mechanisms such
as iron sequestration, disruption of bacterial membranes,
inhibition of biofilm formation, and modulation of cyto-
kine release (including interleukin [Il]-6, IL-10, and tumor
necrosis factor a [TNF-a]).>¢ Notably, oral bovine Lf (bLf),
which shares 70% sequence homology with the human
protein, has demonstrated clinical benefits in reducing
sepsis and necrotizing enterocolitis in preterm infants™®
as well as in mitigating infectious diarrhea and recurrent
respiratory or urinary infections in children.®

Given these properties, we hypothesized that oral bLf
could reduce the incidence of FN and infections during
induction chemotherapy in children with acute lympho-
blastic leukemia (ALL), acute myeloid leukemia (AML),
or non-Hodgkin lymphoma (NHL). These diseases are all
characterized by profound and prolonged neutropenia,
mucositis, and gut microbiota dysbiosis.*

We conducted a prospective, multicenter, randomized,
double-blind, placebo-controlled trial (clinicaltrials gov.
Identifier: NCT07113314) among nine centers of the Italian
Association of Pediatric Hematology and Oncology (AIEOP).
The study was approved by the Ethics Committee of Fon-
dazione IRCCS Policlinico San Matteo, Pavia, Italy (protocol
20160001176), and ratified by local ethics boards.

Eligible patients were aged >1 month and <21 years, re-
ceiving first-line induction chemotherapy for ALL, AML, or
NHL according to AIEOP protocols, with written informed
consent signed from parents or guardians. Exclusion cri-
teria included gut colonization with multidrug-resistant
organisms, prior chemotherapy, or inability/refusal to take
oral medication.

Patients were randomized 1:1, stratified by center, using
blocks of different size (2-6). Random allocation sequence
was generated using the software STATA 14.0 (StataCorp.,
College Station, TX, USA). Allocation was managed by an
Interactive Web Response System (REDCap-based).

The experimental arm received oral bLf (Mosiac®, Pharma-
guida, Rome, Italy) 200 mg once daily for 8 weeks, corre-
sponding to the induction chemotherapy period. The control
arm received identical placebo capsules. Both products
were indistinguishable in appearance, ensuring that study
staff, patients, and families remained blinded to group
allocation. Capsules can be opened and the powder swal-
lowed with few mL of liquids. Adherence was monitored
through patient diaries and capsule counts. The purity
of bLf, checked by SDS-PAGE and silver nitrate staining,
was about 98%. The bLf iron saturation was about 10%.
All supportive therapies were according to local practices,
and the use of antibiotic prophylaxis was recorded in the
electronic CRF.

The primary endpoint was the incidence of FN with ab-
solute neutrophil count (ANC) <0.1 g/L over 90 days. Sec-
ondary endpoints included incidence of FN with ANC
<0.5 g/L, fever of unknown origin (FUO), microbiologically
documented infections, and safety.

This preliminary efficacy study aimed to exclude, using a
one-sided 80% confidence interval (Cl), that the difference
in FN incidence between the treated and control groups
was less than 5%.

Patients were analyzed according to their randomized
treatment group, using intention-to-treat analysis. Inci-
dence rates were compared by Cox regression and Ka-
plan-Meier analysis, with results expressed as hazard ratios
(HR). The number needed to treat (NNT) was calculated as
the inverse of cumulative incidences difference between
the two treatment arms at specific points in time derived
from the Kaplan-Meier curves.

Between January 2017 and June 2020, 156 patients were
enrolled: 79 in the bLf arm and 77 in the placebo arm,
respectively (Online Supplementary Figure S7). Median
age was 6 years (range, 1-17) in the bLf group and 7 years
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(range, 1-20) in the placebo group. Diagnoses included ALL
(117/156, 75.0%), AML (17/156, 10.9%), and NHL (22/156, 14.1%).
At enrollment, there were no between-arm differences in
clinical and demographic data (Table 1).

Over 90 days, FN with ANC <0.1 g/L occurred in 33 of 79
patients (41.8%) in the bLf arm versus 40 of 77 (51.9%) in
placebo. Accounting for time-to-event in a Cox regres-
sion analysis, the incidence rate was significantly lower
in the bLf arm (4.4 vs. 6.9 cases per 100 person-weeks),
corresponding to a 37% risk reduction (HR=0.63; 80% CI:
0.47-0.85; P=0.05) (Figure 1). The NNT at 90 days was eight,
meaning one FN event was prevented for every eight pa-
tients treated. The NNT at weeks 4, 6, and 8 were seven,
eight and nine, respectively.

When considering FN with ANC <0.5 g/L, the incidence was
still lower in the bLf group (568.2%) compared to placebo
(63.6%), and in a Cox regression model the incidence rate
of this event tended (P=0.10) to be lower (-29%) in the bLf
group (7.1 cases per 100 persons-week) as compared to the
placebo group (9.9 cases per 100 persons-week) (bLf vs.
placebo; HR=0.71; 80% CI: 0.55-0.93) (Online Supplementary
Figure S2). At 4, 6, and 8 weeks, the NNT values for the
incidence of FN <0.5 g/L were ten, ten, and 11, respectively.
During the 90-day follow-up, FUO occurred in 36 of 77
(46.7%) placebo versus 32 of 79 (40.5%) bLf patients - 19%
lower total number of episodes (43 vs. 53). The 90-day
cumulative incidence was 50% (95% Cl: 38-62) in placebo
and 42% (95% Cl: 31-53) in bLf (P=0.20; NNT=12) (Figure 2A).
MDI were diagnosed in 11 of 77 (14.3%) placebo and eight
of 79 (10.1%) bLf patients (P= 0.40) (Figure 2B). The distri-
bution of pathogens among blood cultures was compa-
rable between groups (Online Supplementary Table S7).
Incidence of Clostridioides difficile, vancomycin-resistant
Enterococcus, or multidrug-resistant bacteria was too low
for analysis. No treatment-related adverse events (AE)

were observed; overall AE incidence was not statistically
different between groups (placebo arm, 18 AE in 14 pa-
tients; bLf arm, 26 AE in 10 patients).

This is the first randomized, double-blind, placebo-con-
trolled trial providing evidence that oral bLf may reduce
FN incidence during induction chemotherapy in children
with hematologic malignancies. Patients receiving bLf ex-
perienced a 37% lower rate of FN and a consistent trend
toward fewer FUO episodes, without safety concerns. To
our knowledge, this is the first randomized trial evaluating
bLf as a preventive strategy for FN in pediatric oncology.
The effect size observed exceeded initial expectations and
aligns with prior evidence of LF’s protective role against
sepsis in preterm infants.

Lf’s antimicrobial actions are multifaceted. Through iron
sequestration, it deprives pathogens of an essential growth

Table 1. Patients’ characteristics by study arms.

Patients Total
Characteristics Placebo group bLF group .
N=77 N=79 -
Sex, N (%)
Male 42 (54.6) 49 (62.0) 91 (58.3)
Female 35 (45.5) 30 (38.0) 65 (41.7)
Age at random, years, i i 6
median (min-max) 72, Sk (1.0-17)
Underlying diseases, N (%)
ALL 56 (72.7) 61 (77.2) 117 (75.0)
AML 9 (11.7) 8(10.1) 17 (10.9)
NHL 12 (15.6) 10 (12.6) 22 (14.1)

ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; bLF:
bovine lactoferrin; NHL: non-Hodgkin lymphoma; min: minimum; max:
maximum.

NNT=7 NNT=8 NNT=9 NNT=8
100 — —  Placebo i E i Hazard ratio: 0.63, 80% E
bLF : ; ' Cl: 0.47-0.85, P=0.05 !
75 : : | :
Cumulative incidence | | | =
of FN(<0.1 g/L) - ; ; ,-Ji/_"'_’_‘_‘-‘—
| 30% s : 439% !
25 - : s i
o 1 19% i i
0- = s a i
0o 7 14 21 28 35 42 49 56 63 70 77 8 90
Time (days)
) ) Placebo 77 72 62 52 52 50 50 47 41 34 28 24 19 14
Patients at risk
bLF 79 76 73 68 67 65 64 62 56 49 45 40 35 27

Figure 1. Cumulative incidence of febrile neutropenia by study arms. bLF: bovine lactoferrin; Cl: confidence interval; FN: febrile

neutropenia; NNT: number needed to treat.
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Figure 2. Cumulative Incidence of fever of unknown origin and microbiologically documented infection by study arms. (A) The
cumulative incidence of fever of unknown origin (FUO) across study arms. (B) The cumulative incidence of microbiologically doc-
umented infection (MDI) in the 2 groups. bLF: bovine lactoferrin; NNT: number needed to treat.

factor, limiting proliferation of Gram-positive and Gram-neg-
ative bacteria and fungi. In addition, Lf binds bacterial lipo-
polysaccharides and lipoteichoic acid, disrupts membranes,
inhibits adherence and internalization into host cells."
Beyond direct antimicrobial effects, Lf exerts anti-in-
flammatory and immunomodulatory actions. It modu-
lates cytokine production (IL-1p, IL-6, TNF-a), promotes
IL-12-mediated Th1responses, enhances natural killer and
T-cell activity, and reduces oxidative stress via iron chela-
tion.” These effects may help explain why, in our cohort,
the incidence of microbiologically documented infections
and bacteremia was similar between groups, whereas the
incidence of FUO was reduced in bLf-treated patients -
particularly during the first 6 weeks of treatment. This
pattern is reflected in the Kaplan-Meier cumulative-inci-
dence curve, which mirrors the trend observed for FN. The
origin of FUO is often non-infectious and may be driven
by cytokine-mediated mechanisms.

Another mechanism may involve preservation of healthy
gut microbiota, as found in an ancillary study of our co-
hort,® where bLf prevented chemotherapy-induced loss

of microbial diversity, reduced pathobionts (Enterobac-
teriaceae, Akkermansia), and maintained butyrate-pro-
ducing commensals. These changes are consistent with
prior work showing that Enterococcus and Akkermansia
expansion predicts FN and infection risk in leukemia
patients.* Maintenance of butyrate producers supports
mucosal integrity, modulates inflammatory responses,
and decreases oxidative stress, potentially mediating the
clinical benefit of bLf.

Future studies should explore extended supplementa-
tion throughout intensive chemotherapy, weight-adjust-
ed dosing, and evaluation in higher-risk settings such as
relapsed leukemia or hematopoietic stem cell transplan-
tation. Combining bLf with other microbiota-modulating
interventions (e.g., prebiotics or postbiotics) may further
enhance efficacy.”®

In conclusion, oral bLf supplementation during induction
chemotherapy may reduce FN incidence in children with
acute leukemia or lymphoma, without adverse effects. By
bridging antimicrobial, anti-inflammatory, and microbio-
ta-stabilizing mechanisms, bLf may represent a promising,
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safe, and non-antibiotic strategy for preventing FN in high-
risk pediatric patients. These encouraging findings warrant
confirmation in a larger, adequately powered phase Il trial.

Authors

Nunzia Decembrino,’ Daniele Zama,>® Edoardo Muratore,* Paola
Muggeo,® Katia Perruccio,® Virginia Vitale,” Antonella Colombini,®
Valentina Kiren,® Rosamaria Mura,”® Raffaella De Santis," Santina
Recupero,”? Riccardo Masetti,* Gloria Tridello,” Catherine Klersy,"

Luigia Scudeller,®* Marco Zecca™ and Simone Cesaro™

"Neonatal Intensive Care Unit Unit-AOU Policlinico “Rodolico-San
Marco”, University of Catania, Catania; 2Pediatric Unit, IRCCS Azienda
Ospedaliero-Universitaria di Bologna, Bologna; *Department of
Medical and Surgical Sciences, Alma Mater Studiorum, University of
Bologna, Bologna; *Pediatric Hematology and Oncology, IRCCS
Azienda Ospedaliero-Universitaria di Bologna, Bologna; ®Pediatric
Hematology and Oncology, University Hospital of Policlinico, Bari;
fPediatric Hematology and Oncology Department, “Santa Maria della
Misericordia” Hospital, Perugia; "Pediatric Hematology and Oncology,
Department of the Mother and the Child, Azienda Ospedaliera
Universitaria Integrata Verona, Verona; 8Pediatric Hematology/
Oncology Fondazione Monza e Brianza per il Bambino e la Mamma,
Monza; °Pediatric Hematology/Oncology IRCCS Burlo Garofalo,
Trieste; Pediatric Hematology and Oncology Unit, ARNAS G. Brotzu,
Cagliari; "Pediatric Hematology/Oncology, IRCCS Fondazione Casa
Sollievo della Sofferenza, San Giovanni Rotondo, Foggia; "Pediatric
Hematology/Oncology IRCCS San Matteo Hospital Foundation, Pavia
and Clinical Epidemiology and Biometry, IRCCS San Matteo Hospital

Foundation, University of Pavia, Pavia, Italy
*MZ and SC contributed equally as senior authors.
Correspondence:

E: MURATORE - edoardo.muratore@studio.unibo.it
D. ZAMA - daniele.zama2@unibo.it

References

https://doi.org/10.3324/haematol.2025.300007

Received: October 8, 2025.
Accepted: January 16, 2026.
Early view: January 29, 2026.

©2026 Ferrata Storti Foundation
Published under a CC BY-NC license

Disclosures

No conflicts of interest to disclose.

Contributions

ND developed the concept, performed the study, analyzed data and
wrote the manuscript. DZ performed the study, analyzed data and
wrote the manuscript. EM analyzed data, took care of patients and
helped writing the manuscript. GT, CK and LS performed the
biostatistical analyses, created the figures, and helped writing the
manuscript. PM, KP, VV, AC, NG, RM, RDS and SR performed the
study and took care for patients. MZ and SC critically revised the
manuscript and analyzed data. All authors have critically revised and
approved the final version of the manuscript.

Acknowledgments

The authors thank all the patients and treating physicians who sent
fecal samples and took care for the patients, for follow-up and
provided us with clinical information. The study has been supported
by Pharmaguida which freely provided lactoferrin and placebo.

Funding
The work reported in this publication was funded by the Italian
Ministry of Health, RC-2025-2796962.

Data-sharing statement
For original data, please contact the corresponding authors.

Individual participant data will not be shared.

1. Alali M, David MZ, Danziger-lsakov LA, Elmuti L, Bhagat PH,
Bartlett AH. Pediatric febrile neutropenia: change in etiology of
bacteremia, empiric choice of therapy and clinical outcomes. J
Pediatr Hematol Oncol. 2020;42(6):e445-e451.

2. Boccia R, Glaspy J, Crawford J, Aapro M. Chemotherapy-induced
neutropenia and febrile neutropenia in the US: a beast of burden
that needs to be tamed? Oncologist. 2022;27(8):625-636.

3. Muratore E, Baccelli F, Leardini D, et al. Antimicrobial
stewardship interventions in pediatric oncology: a systematic
review. J Clin Med. 2022;11(15):4545.

4, Masetti R, Muratore E, Leardini, et al. Gut microbiome in
pediatric acute leukemia: from predisposition to cure. Blood
Adv. 2021;5(22):4619-4629.

5. Kell DB, Heyden EL, Pretorius E. The biology of lactoferrin, an

iron-binding protein that can help defend against viruses and
bacteria. Front Immunol. 2020;11:1221.

6. Actor JK, Hwang S-A, Kruzel ML. Lactoferrin as a natural
immune modulator. Curr Pharm Des. 2009;15(17):1956-1973.

7. Manzoni P, Decembrino L, Stolfi I, et al. Lactoferrin and
prevention of late-onset sepsis in the pre-term neonates. Early
Hum Dev. 2010;86(Suppl 1):59-61.

8. Manzoni P, Mostert M, Stronati M. Lactoferrin for prevention of
neonatal infections. Curr Opin Infect Dis. 2011;24(3):177-182.

9. Manzoni P. Clinical benefits of lactoferrin for infants and
children. J Pediatr. 2016;173 Suppl:S43-52.

10. Pammi M, Suresh G. Enteral lactoferrin supplementation for
prevention of sepsis and necrotizing enterocolitis in preterm
infants. Cochrane Database Syst Rev. 2017;6(6):CD007137.

Haematologica | 111 July 2026
2502



LETTER TO THE EDITOR

11.

12.

13.

Giansanti F, Panella G, Leboffe L, Antonini G. Lactoferrin from
milk: nutraceutical and pharmacological properties.
Pharmaceuticals (Basel). 2016;9(4):61.

Drago-Serrano ME, Campos-Rodriguez R, Carrero JC, de la
Garza M. Lactoferrin and peptide-derivatives: antimicrobial
agents with potential use in nonspecific immunity modulation.
Curr Pharm Des. 2018;24(10):1067-1078.

D’Amico F, Decembrino N, Muratore E, et al. Oral lactoferrin
supplementation during induction chemotherapy promotes gut
microbiome eubiosis in pediatric patients with hematologic

14.

15.

malignancies. Pharmaceutics. 2022;14(8):1705.

Mikulska M, Averbuch D, Tissot F, et al. Fluoroquinolone
prophylaxis in haematological cancer patients with neutropenia:
ECIL critical appraisal of previous guidelines. J Infect.
2018;76(1):20-37.

Muratore E, Leardini D, Baccelli F, et al. The emerging role of
nutritional support in the supportive care of pediatric patients
undergoing hematopoietic stem cell transplantation. Front Nutr.
2023;10:1075778.

Haematologica | 111 July 2026

2503



