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Introduction: Infection remains one of the most common causes of death in
neonates. However, early detection of neonatal infections to inform treatment
decisions remains clinically and technically challenging due to the non-specific
nature of symptoms, and the lack of a sufficiently accurate diagnostic test.
Neonatal infections and sepsis in adults have been associated with increased
CD64 expression on neutrophils. We investigated whole blood CD64 (wbCD64)
and neutrophil elastase (NE) in neonates who were evaluated and treated for
potential infection and evaluated the potential for these biomarkers as
diagnostic tools.

Methods: Neonates were prospectively recruited from two neonatal units. Whole
blood samples were collected at the time of clinical evaluation for potential
infection, if antimicrobials were also initiated. Whole blood CD64 and NE, as a
marker of the neutrophil count, were measured by enzyme-linked
immunosorbent assays (ELISA). Correlations between wbCD64, NE, and
standard hematologic indices were evaluated and diagnostic performance of
wbCD64 in relation to infections analyzed using logistic regression and receiver
operating characteristic (ROC) curves.

Results: Samples were analyzed from a total of 178 episodes of infection
evaluation from 163 neonates. Whole blood CD64 and NE had a positive, non-
linear correlation. Infection was diagnosed in 45% (80/178) of episodes, and 31%
(55/178) had infection that was microbiologically confirmed. There was no
association identified between wbCD64 and infections, and wbCD64 had poor
diagnostic performance for infection detection. Evaluation of wbCD64 relative to
levels of NE did not improve diagnostic performance. WbCD64 levels were
significantly higher among a subgroup of neonates aged >48 hours who had
microbiologically-confirmed bacterial bloodstream infections (BSI), with optimal
sensitivity and specificity for BSI detection 53% and 87% respectively.
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Conclusion: WbCD64 is generally not significantly associated with infection in
neonates, but shows some association with bacterial bloodstream infections. The
diagnostic performance of wbCD64, with or without NE, does not afford
sufficient diagnostic accuracy to aid antimicrobial therapeutic decisions for

neonatal infections.

neonatal sepsis and other neonatal infections, CD64 biomarker, infection diagnostics,
bloodstream infection (BSI), whole blood CD64

1 Introduction

Infections affect millions of neonates each year, and are the
third greatest contributor to worldwide neonatal deaths (1-5).
Causative pathogens can be bacterial (6), viral (7), fungal (8) or
parasitic (9), each with the potential for mortality. Due to
immaturity of their innate and adaptive immune defenses,
neonates are uniquely susceptible to infections and their
associated complications (10-14), particularly if they are born
preterm (15). Neonates who require hospital care are additionally
exposed to the risk of nosocomial infections (16, 17). The neonate’s
host response to infection is as yet incompletely understood (6).
Available evidence delineates the release of both pro-inflammatory
and anti-inflammatory mediators, with dysregulation in this
response associated with multi-organ dysfunction that can lead
rapidly to death (6, 18, 19). Variations in neonatal host responses to
infection are observed with both preterm birth and postnatal age.
Premature neonates have heightened infection susceptibility
compared to term neonates, and differences in their immune
response (15, 19). Immune response differences are also observed
between neonates with infections in their first few days, referred to
as early-onset infections, compared to late-onset infections (20).
Regardless of age or gestation at birth, neutrophils play an early and
critical role in the neonate’s infection response (10, 21). When
activated by the presence of infection, they express CD64, also
referred to as Fc gamma receptor 1 (FCYR1) (22).

Early and accurate identification of infections in neonates is a
critical first step in clinical care, affording the best opportunity for
survival and recovery through prompt antimicrobial and supportive
treatments (23). However, this remains a major challenge even for
experienced clinicians as features of infections in neonates are subtle,
and can mimic other non-infectious diagnoses (24). Available
diagnostic tests that assist this process include microbiologic culture
and polymerase chain reaction (PCR) for pathogen identification,
hematologic indices and biomarkers associated with infection or
inflammation such as C-reactive protein (CRP) and procalcitonin
(25). These are largely laboratory-based, and can take hours to days
from the time of specimen collection to a result. Therefore, a decision to
start empiric treatment is usually made before all test results are
available (26, 27). Consequently, many neonates who receive
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antimicrobial treatment are ultimately found not to have infection
(28, 29), and have thus been unnecessarily exposed to antimicrobials.
Antimicrobial treatment in the absence of infection carries risks of
fatrogenic harm, including medication errors, delayed breastfeeding,
and increased mortality for preterm neonates (30-32). Hence an
accurate point of care test for neonatal infections is needed, to better
achieve early treatment for true infections and avoid unnecessary
antimicrobial exposure for cases where infection is not the diagnosis.
Such a test would avoid the need for specialized laboratory equipment
and could be particularly valuable in remote and resource-constrained
settings (26, 33, 34).

Many biomarkers related to the neonate’s host response to
infection have been suggested as potential point of care tests (26)
including C-reactive protein, presepsin, procalcitonin, interleukins
6 and 8, tumor necrosis factor-alpha, and neutrophil CD64 (26, 33).
While some show promise, no single test or test combination has
yet demonstrated the diagnostic accuracy required for widespread
point of care diagnostic use. Neutrophils typically express CD64 at
low levels in a resting state, and rapidly upregulate expression in the
presence of infection or inflammation, although data from diverse
populations are limited (35, 36). Raised neutrophil CD64 measured
using flow cytometry has been reported in neonates receiving
hospital care who have infections, including both invasive
bacterial infections and infections diagnosed without
microbiologic confirmation due to clinical signs and/or other
biomarkers of inflammation (36-41). However, flow cytometry
requires sophisticated laboratory equipment, trained technicians,
and is generally performed in daytime working hours, therefore
limiting its feasibility for the rapid diagnosis of infection (22).
Monocytes and macrophages express surface CD64 constitutively,
although expression level varies between subsets (35, 42), with some
upregulation observed during neonatal infections (43).

Whole blood testing of CD64 could allow for a simplified point
of care test approach, avoiding the need for specialized laboratory
equipment. However, greater knowledge on whole blood CD64
(wbCD64) levels in neonates is needed. As neonates have a
propensity to neutropenia (44), the influence of total neutrophil
count on CD64 levels requires evaluation, as lower levels in whole
blood could occur where the neutrophil count is low despite
neutrophil CD64 upregulation (45, 46). Further, wbCD64’s
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potential diagnostic performance needs evaluation across the broad
range of clinical situations where a neonatal infection point of care
test might be used. Such situations encompass term and preterm
neonates, early-onset and late-onset infections, and infections that
are acquired in communities and in hospitals (47). In adults,
wbCD64, measured by enzyme-linked immunosorbent assay
(ELISA) of lysed whole blood was evaluated in patients with
sepsis versus controls, combined with a surrogate marker of
neutrophil count, neutrophil elastase (NE) (45, 46, 48). Elevated
levels of wbCD64 relative to NE were found in adults with sepsis
(45). Using cut-offs derived from a non-linear relationship between
wbCD64 and NE, a pilot study in adults identified sepsis with 100%
sensitivity and 94% specificity relative to controls (46). This
approach demonstrated the potential for the combined
measurement of wbCD64 and NE as a point of care test. Whether
this approach can be used in neonates has not previously been
reported. Therefore, in this exploratory study we analyzed wbCD64
and NE in neonates with and without infection and provide the first
report of wbCD64 measurement in this population. We aimed to
(1) determine the ranges of wbCD64 and NE in neonates who are
evaluated and treated for possible infection, (2) understand the
relationship between wbCD64 and NE in neonates, and (3) evaluate
the diagnostic potential of wbCD64 in isolation and combined with
NE for the early detection of neonatal infection.

2 Materials and methods
2.1 Study setting and approvals

This prospective observational cohort study recruited
participants between December 2018 and February 2021 from
two tertiary Australian neonatal units: The Royal Children’s
Hospital (RCH) and Royal Hobart Hospital (RHH). Some
interruptions to recruitment occurred during the early stages of
the SARS-Cov-2 pandemic. Both units admit neonates from the
emergency department when needed, RCH is a referral center for
neonates who need advanced ventilation techniques or surgery and
RHH is a perinatal and surgical center, predominantly caring for
preterm neonates. Ethical approval was provided by each center’s
Human Research Ethics Committees (HREC) (RCH HREC: 38207;
University of Tasmania HREC: H0018176).

2.2 Eligibility criteria and recruitment

Neonates were included if informed written consent from their
guardian was provided and they were: i) aged <28 days or 44 weeks
corrected gestation age; ii) evaluated by the hospital’s clinical staff
for potential infection and commenced antibiotics; and iii) a blood
specimen as part of clinical care was collected in an
ethylenediaminetetraacetic acid (EDTA) tube for a full blood
count in the period between four hours prior to and two hours
after antibiotic commencement. Exclusion criteria included a
known diagnosis of a congenital neutropenia syndrome, receiving
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extra-corporeal life support, and prior administration of parenteral
antibiotics for more than 2 hours for the treatment of an infection at
the time of evaluation when the EDTA tube was collected. For
neonates with multiple evaluations across their hospital admission,
further samples (if available) along with related data were collected.
Recruitment aimed to reach equal numbers of evaluation and
treatment episodes for term and preterm neonates. Study
participation did not impact clinical care and did not involve any
blood collection additional to routinely collected tests.

2.3 Specimen processing and analysis

The whole blood samples, which in this study had in the first
instance been collected for clinical purposes, were initially stored at
4°C in local laboratories for 7 days per national laboratory
accreditation requirements, and within the week thereafter frozen
at -80°C prior to batch analysis. CD64 and NE were each measured
using single batches of commercially available enzyme-linked
immunosorbent assay (ELISA) kits (Cloud Clone Corp. and R&D
Systems, respectively), with detailed methods available in
Supplementary 1. Investigators performing these assays were
unaware of infection status.

2.4 Data collection, definitions, subgroups
and outcome groups

The Strengthening the Reporting of Observational Studies in
Epidemiology for Newborn Infection (STROBE-NI) statement
informed preparation of this study (49). Data were collected using
REDCap (Research Electronic Data Capture) (50, 51) from medical,
laboratory and radiology records at each site. The first day of life
was designated day 0 (49). Prematurity was defined as birth at or
prior to 37 weeks’ gestation, and the timepoint differentiating early
and late-onset neonatal infections was set at 48 h per the definition
of the Australian and New Zealand Neonatal Network (ANZNN)
(52). Birthweight percentiles were calculated per the Fenton 2013
growth charts (53). Late-onset infections were categorized as
healthcare associated if the neonate had been admitted to hospital
for 48 hours or greater at the time of their evaluation, and
community-acquired otherwise (47). All clinical laboratory results
(hematologic indices, immature to total neutrophil ratio, C-reactive
protein and microbiologic identification tests) were sourced from
the medical record. The neutrophil to monocyte ratio was
calculated as (neutrophil count x10°/L)/ (monocyte count x10°/L).

Two clinician investigators performed the outcome
categorization for each episode. Information available to these
clinician investigators included the each episode’s classification
per the ANZNN definitions for neonatal bloodstream infection,
meningitis, viral infection and necrotising enterocolitis (52), a
published set of consensus criteria for neonatal infection which
includes criteria for attribution of a diagnosis of infection in the
absence of microbiologic confirmation (54), and review of medical,
radiological and laboratory records. The presence of alternative
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diagnoses to infection was also considered and recorded for each
episode. Where there was disagreement between the reviewers as to
the outcome category, the opinion of a third clinician investigator
was sought. Each evaluation and treatment episode was assigned to
one of the following pre-specified hierarchical outcome categories:

. Culture confirmed bloodstream infection, bacterial.

. Culture confirmed bloodstream infection, fungal.

. Culture confirmed meningitis, bacterial.

. Culture confirmed meningitis, fungal.

. Microbiologically confirmed meningitis or encephalitis, viral.

A U1 W N =

. Microbiologically confirmed respiratory tract
infection, bacterial.
7. Microbiologically confirmed respiratory tract
infection, fungal.
8. Microbiologically confirmed respiratory tract infection, viral.
9. Other microbiologically confirmed infection.
10. Culture negative bloodstream infection.
11. Culture negative meningitis.
12. Culture negative respiratory tract infection.
13. Necrotising enterocolitis.
14. Other infection without microbiologic confirmation
nonetheless suspected to be a culture negative infection.
15. No infection.

Details regarding each evaluation and treatment episode’s
pathogen(s) and infection site(s) were recorded. Using the above
outcome categories, the following infection outcome groups were
formed for analysis:

* Any infection: any of outcome categories 1 to 14.

* Microbiologically confirmed infection: any of outcome
categories 1 to 9.

» Bacterial infection: any of outcome categories 1, 3, 6, or 9 (if
a bacterial pathogen was specified).

» Viral infection: any of outcome categories 5, 8, or 9 (if a
viral pathogen was specified).

* Bacterial bloodstream infection: outcome category 1.

* No infection: outcome category 15.

2.5 Statistical analysis

Statistical analysis was performed in in Stata (StataCorp. 2023.
Stata Statistical Software: Release 18. College Station, TX 77845,
USA; StataCorp LLC). Missing data are indicated directly in the
results, without imputation in the analyses. Normality of
continuous variables was tested using the Shapiro-Wilk test.

Subgroup analyses were performed by gestation at birth and the
age at the time of infection evaluation:

e Term (>37 weeks’ gestation at birth) and preterm (<37
weeks’ gestation at birth).
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 Early-onset (<48 hours of age at the time of evaluation) and
late-onset (=48 hours of age at the time of evaluation).

These subgroup categories were not mutually exclusive.

Spearman’s rank correlation was used to evaluate relationships
between monotonic, non-parametric continuous variables,
specifically wbCD64 with NE, neutrophil counts and monocyte
counts. Univariate logistic regression was used to compare
continuous and categorical variables including wbCD64, NE
hematologic indices and CRP between subgroups.

Infection outcome group analyses of wbCD64, hematologic
indices and CRP were performed using univariate and
multivariate logistic regression. Covariates with a p-value of <0.1
in univariate regression analyses were included in the multivariate
logistic regression models. For all logistic regression analyses,
adjustment for clustering was undertaken to account for neonates
with multiple evaluation episodes where appropriate. Receiver
operating curves (ROC) were generated for each outcome group,
with Youden’s index used to identify optimal diagnostic cut points
with associated sensitivity and specificity (55).

Each infection outcome group evaluation comprised analysis of
the specified outcome group against all other evaluations (those
with no infection and those with other infection group outcomes
combined). Evaluation of microbiologically-confirmed infections
was limited to the subgroup of late-onset evaluations, as none
occurred in evaluations at <48 hours of age. Ethnicity was not well-
documented in medical records, therefore analysis by ethnicity was
not possible. Two episodes of evaluation for infection were excluded
from this analysis due the sample having insufficient volume and 20
where it was noted that the neonate had received antimicrobials
outside of the protocol’s timeframe.

3 Results

3.1 Study population and infection
outcomes

Across the two study sites during periods of active study
recruitment, 367 episodes of evaluation for infection and
antimicrobial treatment were identified, with 283 deemed
potentially eligible for inclusion in the study. Of these, 178
eligible samples with a sufficient volume for analysis from 163
neonates were included in this analysis. Eleven neonates (6.7%) had
more than one episode of infection evaluation and treatment with
an associated blood sample and clinical data included (range 2 to 3).

Demographic characteristics are detailed in Table 1, and
infection outcome groups in Table 2. Across all episodes, the
median gestation was 36 weeks (IQR 30 to 39) and median age
was 9 days (IQR 0 to 24). Infection was identified in 80 (45%) of the
178 evaluations. Of these, 55 (69%) were microbiologically
confirmed, all in the subgroup of evaluations for possible late
onset neonatal infections (age =48 hours). Of microbiologically
confirmed infections, 27 were bacterial (49%) and 28 were viral
(51%). Fifteen of the bacterial infections were bloodstream
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TABLE 1 Neonatal population characteristics.

All
evaluations

No infection

Characteristic Any

infection

Preterm (<37 107/178 (60.1) 42/80 (52.5) 65/98 (66.3)

10.3389/fimmu.2025.1629223

Fewer infections occurred for evaluations in neonates who were
preterm than term (p = 0.061). More infections occurred for late-
onset than early-onset evaluations (p <0.001) (Table 1). For late-
onset infection evaluations, neonates admitted to hospital for >48
hours had fewer infections (p = 0.001) (Table 2).

weeks) ¢

n/N (%)

Birthweight in 2635 2820 2485 (1340-3240) H
grame (1340-3290) (1310-3465) 3.2 Whole blood CD64 and neutrophil

median (IQR)*

Small for gestational | 23/175 (13.1) 10/77 (13.0) 13/98 (13.3)

age* n/N (%)

Female sex
n/N (%)

71/178 (39.9) 32/80 (40.0) 39/98 (39.8)

Age >48 hours
n/N (%)%, ¢

109/175 (62.3) 76/79 (96.2) 33/96 (34.4)

Hospital admission 55/109 (50.5) 30/76 (39.5) 25/33 (75.8)
>48 hours prior to
evaluation***

n/N (%)

*Classified per Fenton’s 2013 Growth Charts (53). Three neonates did not have
birthweight data.

**Three neonates had insufficient data to categorize age in hours.

***Characteristics with a p-value of <0.1 and included in multivariate logistic
regression analyses.

infections (56%). Of infections from late-onset evaluations (>48
hours of age), 46 (61%) were community-acquired and 30 (39%)
were hospital-acquired. Identified pathogens for microbiologically
confirmed infections are listed in Supplementary 2.

TABLE 2 Infection outcomes.

All
evaluations

Gestation at
birth subgroups*

Infection
outcome

elastase

Median whole blood CD64 was 139.1ng/mL (IQR 102.8ng/mL
to 172.7ng/mL). Preterm neonates had higher wbCD64 values than
term neonates (p=0.001). Early-onset evaluations (<48 hours of age)
had higher wbCD64 values than late onset-evaluations (=48 hours
of age) (p = 0.004) (Table 3).

Median NE was 5.1 pg/mL (IQR 2.3 pug/mL to 10.2 ug/mL). NE for
preterm neonates did not significantly differ from term neonates
(median 3.8 pg/mL [IQR 1.7 to 8.9 ug/mL] versus median 6.2 ug/mL
[IQR 3.2 to 11.3 ug/mL] respectively; p=0.411). Early-onset evaluations
had similar NE values to late-onset evaluations (median 5.6 pug/mL
[IQR 2.2-12.2 ug/mL] versus median 4.6 pg/mL [IQR 2.3-8.5 pg/mL]
respectively; p=0.583).

3.3 Hematologic indices and CRP

No statistically significant differences were observed in total
white cell, neutrophil and monocyte counts quantified as part of the
full blood examination between neonates with and without
infection (Supplementary 3). The median ratio of neutrophils to

Age at the time of evaluation subgroups*

Preterm Term Late-onset (>48 hours) **

Early-onset
(<48 hours) *

All Community Hospital
acquired*** acquired****

No infection 98/178 65/107 33/71 63/66 33/109 8/54 25/55

/N (%) (55.1) (60.8) (46.5) (95.5) (30.3) (14.8) (45.5)

Any infection 80/178 42/107 38/71 3/66 76/109 46/54 30/55

n/N (%) (44.9) (39.3) (53.5) (4.6) (69.7) (85.2) (54.6)
Microbiologically- 55/178 25/107 30/71 0/66 55/109 36/54 19/55
confirmed infections (30.9) (23.4) (42.3) (0) (50.5) (66.7) (34.6)

n/N (%)

Bacterial infections 27/178 19/107 8/71 0/66 27/109 12/54 15/55

n/N (%) (15.2) (17.8) (11.3) (0) (24.8) (22.2) (27.3)

Viral infections 28/178 6/107 22/71 0/66 28/109 24/54 4/55

n/N (%) (15.7) (5.6) (31.0) 0) (25.7) (44.4) (7.3)
Bacterial bloodstream 15/178 13/107 2/71 0/66 15/109 4/54 11/55
infections (8.4) (12.2) (2.8) (0) (13.8) (7.4) (20.0)

n/N (%)

*These subgroup categories were not mutually exclusive.

**Three had insufficient data to categorize age in hours, including one case of infection not microbiologically confirmed.
***Not hospital admitted for >48 hours prior to evaluation.

****Hospital admission >48 hours prior to evaluation.

Frontiers in Immunology 05 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1629223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spotswood et al.

monocytes was 4.2 (IQR 2.9 to 6.6), with no statistically significant
difference in this ratio between neonates with and without infection
(median 3.8 [IQR 2.4 to 6.5] versus median 4.6 [IQR 3.0 to 6.9]
respectively; p=0.744). The immature to total ratio (ITR) of
neutrophils, often reported as a marker of infection or
inflammation as part of the full blood examination, was measured
in 113 episodes. ITR was higher in neonates with infections than
without (median 0.13 IQR 0.05-0.33 versus 0.10 IQR 0.04-0.19,
p=0.001). CRP, also often reported as a marker of infection or
inflammation, was measured in 142 episodes. CRP was greater than
20 mg/L in 20/60 episodes with infection (33%) versus 7/82
episodes without infection (9%) (p=0.151), with sensitivity and
specificity of 33.3% and 91.5%, respectively (Supplementary 3).

3.4 Whole blood CD64: relationships with
neutrophil elastase, neutrophil and
monocyte counts

There was a moderate positive, non-linear correlation between
wbCD64 and NE (r=0.52, p<0.001), displaying the same overall
pattern as that observed in a prior study of adults (45, 46, 48). This
pattern was observed for neonates with and without infection in the
whole cohort (r;=0.57, p<0.001 and r=0.48, p<0.001, respectively)
(Figure 1) and in each of the subgroups (term and preterm neonates;
early-onset and late-onset evaluations) (Supplementary 4).

Whole blood CD64 and neutrophil count displayed a moderate,
positive, non-linear correlation, with a similar pattern to that
observed between NE and wbCD64 (r,=0.57, p<0.001). This was
observed for neonates with and without infection (r;=0.59; p<0.001
and r,=0.54; p<0.001, respectively) (Figure 1). Monocyte count and
wbCD64 displayed a weak, positive, non-linear correlation (r;=0.37;
p<0.001), which was observed for neonates with and without
infection (ry=0.37; p<0.001 and r.=0.34; p<0.001, respectively;
Supplementary 5).

No pattern of diagnostic discrimination between cases with and
without any infection was observed based on wbCD64’s non-linear
relationship with NE for all evaluations or for the subgroups (term
and preterm neonates; early-onset and late-onset evaluations)
(Figure 1, Supplementary 4).

3.5 Associations between whole blood
CD64 and infections

The presence of any infection, inclusive of all infection types,
was analyzed against no infection for all 178 evaluations. Whole
blood CD64 was not significantly associated with the presence of
any infection (Table 3). Similarly, no association between wbCD64
and the presence of any infection was observed in any of the four
subgroups in adjusted analyses (term and preterm neonates; early-
onset and late-onset evaluations) (Table 3).

Microbiologically-confirmed infections were analyzed for the
late-onset evaluations group, with each group analyzed against all
other outcomes (no infection or other infection types combined).
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Higher wbCD64 was associated with microbiologically confirmed
bacterial bloodstream infections (BSI), after adjustment for preterm
birth and hospital admission for greater than 48 hours prior to
evaluation (Table 3). Other microbiologically confirmed infection
outcomes did not show significant associations with wbCD64 in
adjusted analyses (Table 3).

3.6 Diagnostic performance of whole
blood CD64 for infections

Whole blood CD64 showed poor diagnostic performance for the
detection of any infection compared to no infection for the entire
cohort of 178 evaluations, with a ROC area under the curve (AUC) of
0.45 (Figure 2; Table 4). For early-onset evaluations (<48 hours of age),
a ROC curve was not generated and sensitivity and specificity were not
calculated due to the low number of infections (n=3). The AUC for
bacterial bloodstream infections for late-onset evaluation (>48 hours of
age) was 0.71 (Figure 3, Table 4). A cut-off point of 180.3 ng/mL
provided 53% sensitivity and 87% specificity for the detection of
bacterial BSIs compared to evaluations with any other infection
outcome or no infection. Given no other AUCs reached an
acceptable value of >0.7 (56), optimal sensitivity and specificity cut-
offs were not calculated.

4 Discussion

In this study we provide to our knowledge the first analysis of
wbCD64 levels in neonates evaluated for infection, relative to
neutrophil and monocyte levels, and an assessment of the
potential diagnostic value of this marker for the early
identification of infection. We report, for the first time, a
significant non-linear correlation between wbCD64 and NE in
neonates, similar to that observed in adults (46, 48). Additionally,
we confirm that the relationship between wbCD64 and NE (used as
a biomarker surrogate of neutrophil count) closely approximates
the relationship between wbCD64 and neutrophil count, a finding
not evaluated in previous work in an adult population. We found
that wbCD64 and NE do not provide sufficient diagnostic accuracy
to identify infection at the time of clinical evaluation in a
heterogeneous population of neonates receiving hospital care.

Our study’s key finding is that wbCD64 either in isolation or
relative to NE provides no clear diagnostic discrimination between
neonates who do and do not have infections. This contrasts with
prior work with wbCD64 in adults (46, 48), and neutrophil CD64
expression by flow cytometry in neonates (37, 38). We postulate
that potential reasons for this finding include our study population’s
intentional exclusion of neonates without any clinical concerns for
infection, the timing of sample collection, sepsis definition
differences between neonates and adults, and the relative
contribution of basal monocyte CD64 expression in neonates.

For this study, we evaluated the performance of wbCD64 and
NE in a patient population for whom a point of care test might
feasibly be employed. For a well or medically stable neonate, the
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TABLE 3 Whole blood CD64 levels and associations with infection outcomes.

Evaluation Infection wbCD64 (ng/mL) Unadjusted* Adjusted*
group outcome median (IQR)
or subgroup = N=evaluations OR (95% Cl) per P-value OR (95% ClI) per P-value
10ng/mL increment 10ng/mL increment
All All evaluations 139.1 n/a
178 evaluations N=178 (102.8-172.7)
for 163 neonates**
No infection 142.2
N=98 (107.5-172.1)
Any infection 132.0 0.98 0.396 1.06 0.146
N=80 (95.8-175.8) (0.93-1.03) (0.98-1.14)
Preterm All evaluations 140.7 n/a
107 evaluations | N=107 (107.5-214.0)
for 92 neonates**
No infection 141.5
N=65 (112.4-209.7)
Any infection 140.7 1.00 1.00 1.04 0.34
N=42 (94.6-231.7) (0.95-1.05) (0.96-1.12)
Term All evaluations 128.3 n/a
71 evaluations for | N=71 (97.5-157.9)
71 neonates**
No infection 145.8
N=33 (101.2-159.7)
Any infection 120.0 0.94 0.331 1.18 0.101
N=38 (96.9-145.4) (0.84-1.06) (0.97-1.44)
Early-onset All evaluations 153.0 n/a
66 evaluations for = N=66 (124.9-203.2)
66 neonates
No infection 151.3
N=63 (123.1-178.7)
Any infection 2544 1.27 0.024 1.61 0.059
N=3 (1.03-1.56) (0.98-2.64)
Late-onset All evaluations 129.8 n/a
109 evaluations N=109 (94.0-158.8)
for 97 neonates**
No infection 134.0
N=33 (88.1-145.8)
Any infection 127.3 1.01 0.757 1.06 0.169
N=76 (94.5-163.5) (0.95-1.08) (0.98-1.15)
Microbiologically 126.3 1.01 0.715 1.07 0.145
confirmed infections (94.6-166.0) (0.95-1.08) (0.98-1.16)
N=55
Bacterial infections 145.4 1.09 0.020 1.09 0.066
N=27 (110.8-231.7) (1.01-1.18) (0.99-1.20)
Viral infections 115.5 0.91 0.009 0.96 0.314
N=28 (88.9-139.1) (0.85-0.98) (0.88-1.04)
Bacterial 181.0 1.11 0.008 1.08 0.043
bloodstream (112.0-232.6) (1.03-1.20) (1.00-1.16)
infections
N=15

*Logistic regression analyses with the presence of the infection outcome the dependent variable, compared to all other evaluations not resulting in that outcome, clustered where appropriate to
account for neonates who contribute data for separate sepsis evaluations. Adjusted (multivariate) analyses included: preterm birth, age >48 hours for the entire cohort, preterm and term
subgroups; preterm birth for the <48 hour evaluations subgroup; both preterm birth and hospital admission >48 hours prior to evaluation for the >48 hour evaluations subgroup. **Three had
insufficient data to categorize age in hours, thus are not included in the age at time of evaluation subgroups, and all adjusted analyses. ***IQR not reported as n=3.

question of whether infection is present does not need to be  patients admitted to an intensive care unit without sepsis. Similarly,
answered by a diagnostic test; therefore we did not include  in some previous neonatal neutrophil CD64 diagnostic studies, the
healthy neonatal controls in our study. In a prior exploratory  control group has been comprised of neonates without any clinical
study of CD64 in adult patients, controls were healthy adults and  concern for infection (40, 57-61). It is possible that this approach
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magnifies the diagnostic potential of this biomarker for sepsis
detection, as neonates who are medically complex or hospitalized
may be more likely reasons other than infection for increased CD64
expression than healthy controls. In a surveillance study employing
daily neutrophil CD64 measurements in very low birthweight
infants, unexplained CD64 activation was observed to occur in
some infants without infection (41). In another surveillance study of
CD64 measurements for late onset infections, maternal
inflammation, intraventricular hemorrhage and mechanical
ventilation initiation were each postulated as potential causes for
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FIGURE 2
Receiver operating curve for whole blood CD64's detection of any
infection.
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elevated CD64 expression observed in the absence of infection (62).
In our study, it is possible that other processes inherent in non-
infective conditions that prompted clinician suspicion for infection
may have had an impact on the expression of neutrophil CD64 and
wbCD64 levels. However, there are also some studies which, similar
to our design, evaluated neutrophil CD64 solely in neonates who
had commenced antimicrobial therapy, and observed higher
neutrophil CD64 values in neonates with infection (43). Thus, we
cannot assume that our study design is the sole reason for
wbCD64’s poor diagnostic discrimination in our cohort.
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FIGURE 3

Receiver operating curve for whole blood CD64's detection of
culture-confirmed bacterial bloodstream infections in late-onset
evaluations.
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TABLE 4 Receiver operating curve data for wbCD64 and
infection outcomes.

Evaluation group Infection AUC (95% ClI)
or subgroup outcome
All evaluations Any infection 0.45
(0.36-0.53)
Preterm Any infection 0.49
(0.37-0.61)
Term Any infection 0.41
(0.27-0.55)
Late-onset Any infection 0.53
(0.41-0.66)
Microbiologically 0.54
confirmed infections (0.43-0.65)
Bacterial infections 0.67
(0.56-0.79)
Viral infections 0.38
(0.27-0.49)
Bacterial 0.71
bloodstream infections (0.58-0.85)

AUG, Area under the curve; CI, Confidence interval.

Infections in neonates can be life-threatening without prompt
antimicrobial treatment. For a point of care test to effectively support
a decision to start treatment, its accuracy must be optimal at the first
point of clinical evaluation. In the prior work evaluating wbCD64 in an
adult population, specimens were collected within 48 hours of
antimicrobial commencement (46). By contrast, in this study, we
limited our analysis to samples collected within a short window of
time near the start of antimicrobial therapy, emulating as best we could
the process of a potential point of care test being performed at the time
when the clinician needs to decide if they should start antimicrobial
treatment. Neutrophil CD64 is often presented as a potential point of
care test biomarker due to its higher likelihood of being elevated early
in an infectious illness than other more routinely used biomarkers
including C-reactive protein (59, 61). However, in some reports of
neutrophil CD64’s diagnostic accuracy in neonates, sample timing in
relation to symptom onset or antimicrobial therapy commencement is
not clearly specified, or could occur in a longer timeframe than
specified in our study, up to 24 hours following symptom onset
(41, 60). Further, peak neutrophil CD64 levels may occur up to 24
hours after the onset of symptoms (57) rather than at the outset of an
infectious illness as has been observed in children and adults (43). From
our analysis, with a strict time period during which included samples
were collected, wbCD64 does not appear to be a biomarker likely to aid
early treatment decisions. Changes in wbCD64 over the course of a
neonatal infection may merit further study, as diagnostic
discrimination later in the course of illness may aid other treatment
decisions, such as stopping antimicrobials.

In this analysis, we intentionally use the term infection rather
than neonatal sepsis because there is a current lack of a robust and
universal definition for neonatal sepsis. Defining sepsis in neonates
is a long-standing challenge (63, 64), and varied sepsis or infection
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definitions are used across neonatal neutrophil CD64 literature
(41, 43, 57, 58, 60). Sepsis in adults is defined as “...life-threatening
organ dysfunction caused by a dysregulated host response to
infection” (65). While a neonatal sepsis definition that includes
organ dysfunction for preterm infants has been developed (66, 67),
this definition is not yet widely used for clinician-led sepsis
identification across the world. Infections in neonates generally
require antimicrobial therapy regardless of whether there is organ
dysfunction, particularly if they are bacterial. Thus, we evaluated
whole blood CD64s’s diagnostic performance in neonates with any
infection, rather than infection combined with organ dysfunction.
Our analysis demonstrated that wbCD64 did not accurately identify
all-type bacterial infections in our cohort. While higher wbCD64
levels were associated with bacterial bloodstream infections, the
sensitivity of the test for this infection group at less than 60% is
unlikely to sufficiently aid decisions to start antimicrobials.

There is a paucity of literature on the measurement of wbCD64,
where total CD64 from both neutrophils and monocytes is
measured. Monocyte CD64 has low accuracy for infection
detection in neonates (36, 43, 68). In prior work in adults, it was
hypothesized that a relative abundance of neutrophils to monocytes
minimized the impact monocyte CD64 would make on the
diagnostic capacity of the test (46). However, it is possible that
the contribution of monocyte CD64 masks the diagnostic
discrimination capacity of whole blood CD64 in neonates,
particularly given typical monocyte counts in this age group have
a broader range than adults, and low neutrophil counts are more
frequently observed (69). While the ratios of neutrophils to
monocytes in our study did not significantly differ between
neonates with and without infection, the overall values for the
ratios we observed were lower than those described in adult cohorts
with infectious and non-infectious morbidities (70-73), and in the
limited literature available for neonates (74, 75). A limitation of our
study is that we were not able to evaluate the relative contributions
of neutrophil and monocyte CD64 to wbCD64 in our study with
concurrent flow cytometry. Future work evaluating the contribution
of monocyte CD64 to wbCD64 in neonates may have merit, as it is
possible that specific measurement of neutrophil CD64 would have
improved diagnostic accuracy. Such work could inform further
diagnostic development for CD64, particularly given monocyte
depletion of whole blood in point of care devices is feasible,
having already been established in a CD4 point of care test
(Visitect® CD4) (76, 77).

In this study, we included a diverse group of neonates receiving
hospital care for the treatment of possible infection. Such a
population comprises the heterogeneous presentations a clinician
might be expected to encounter in hospital-based neonatal care.
However, a neonate’s infection risk profile, inflammatory response
to infection, and likelihood of having an alternative diagnosis to
infection can each vary depending on factors such as that neonate’s
age, gestation, and prior medical history (20, 24). To explore these
differences, we examined four subgroups: term and preterm
neonates and evaluations for early-onset and late-onset infection.
Whole blood CD64 was higher in infants born preterm, and for
evaluations for early-onset infections. This observation is not
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surprising, given well-described hematologic differences (78-80)
and differences in the host response to sepsis (20) observed
following the first few days after birth. Further, higher neutrophil
CD64 levels have previously been described in preterm than term
neonates (81), with reduced expression with age in preterm infants
(81). While neonates with early-onset infections had some of the
highest wbCD64 values, our study only captured three cases in this
subgroup, all microbiologically negative. The potential diagnostic
performance of wbCD64 for early-onset neonatal infections with
microbiologic confirmation thus remains incompletely understood
and could be further explored.

This study has several limitations. First, the population was
limited to neonates receiving tertiary-level hospital-based care in a
high-income country. Our findings may not be directly translatable
to other neonatal healthcare contexts, including community-based
care for neonates born in situations where hospital care is not
feasible (82). Second, due to our approach of using samples already
collected for clinical purposes, we necessarily measured wbCD64 in
blood refrigerated then frozen rather than fresh samples analyzed at
the point of care. Some sample degradation may have occurred in
this time, and thus wbCD64 values at point of care may be higher
than we observed. Nonetheless, this would be expected to affect all
samples similarly and thus the likelihood of introducing bias
towards samples from infected versus non-infected episodes due
to sample degradation would be very low. However, should
wbCD64 be investigated further in the future, we recommend
dedicated testing of fresh samples to evaluate wbCD64 values at
point of care to allow for measurement without potential sample
degradation. Finally, the proportions of infection we observed
included a greater proportion of term than preterm infants with
infection, in contrast to a known elevated risk of infection
associated with prematurity (24). Reasons for this may include a
more conservative approach to empiric antimicrobial prescribing
for preterm than term neonates, then amplified by our study’s pre-
specified aim to recruit similar numbers of preterm and term
neonates to ensure both population subgroups were well
represented in the cohort. The infection outcome proportions
identified in our study thus should not be interpreted as neonatal
infection prevalence data.

In conclusion, wbCD64 and NE have a non-linear relationship
in neonates. With or without reference to its relationship with NE,
wbCD64 is not significantly associated with neonatal infections
overall, and does not provide sufficient diagnostic accuracy to aid
antimicrobial commencement decisions for neonatal infections.
Further characterization of wbCD64 levels over the duration of
neonatal infectious illnesses might provide further insights into the
potential diagnostic uses for this biomarker, such as antimicrobial
cessation decisions.

Data availability statement

The datasets presented in this article are not readily available
because data are available on reasonable request, pending approval

Frontiers in Immunology

10.3389/fimmu.2025.1629223

from the participating institutions. Requests to access the datasets
should be directed to naomi.spotswood@burnet.edu.au.

Ethics statement

The studies involving humans were approved by The Royal
Children’s Hospital and The University of Tasmania. The studies were
conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this study
was provided by the participants’ legal guardians/next of kin.

Author contributions

NS: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Writing — original draft, Writing - review &
editing, Methodology, Investigation. PD: Methodology,
Supervision, Writing - review & editing, Investigation. LH:
Writing - review & editing, Investigation. MS: Conceptualization,
Methodology, Writing - review & editing. RP: Investigation, Project
administration, Writing - review & editing. SZ: Investigation,
Writing - review & editing. TS: Writing - review & editing,
Methodology. SC: Writing - review & editing. HK: Writing -
review & editing. JB: Funding acquisition, Methodology,
Supervision, Writing - review & editing. DA: Funding
acquisition, Methodology, Supervision, Writing - review &
editing, Conceptualization, Project administration, Resources.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This project was
supported by grants from the National Health and Medical
Research Council (2018/GNT1157784), the Financial Markets
Foundation for Children (2019-098), the Norman Beischer
Medical Research Foundation, and philanthropic donations to
Burnet Institute. NES is supported by a Research Training
Program PhD Scholarship (Australian Commonwealth
Government). JGB is supported by an Investigator Grant from
the National Health and Medical Research Council (NHMRC) of
Australia. Burnet Institute is supported by a NHMRC Independent
Research Institutes Infrastructure Support Scheme and a Victorian
Government Operational Infrastructure Support grant. The funders
played no role in the design, conduct or reporting of this study.

Acknowledgments

We gratefully acknowledge all babies and their families who were
part of this study. We thank the neonatal units and clinical
laboratories of the two participating hospitals for their support of
this study, and the team at Burnet’s Global Health Diagnostics

frontiersin.org


mailto:naomi.spotswood@burnet.edu.au
https://doi.org/10.3389/fimmu.2025.1629223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spotswood et al.

Laboratory for technical assistance. We thank the following
individuals for their contributions: Liz Perkins for her assistance in
site study procedures and data collection; Ruth Wilson, Sienna
Koeppenkastrop and Nick Schinckel for their assistance with data
collection; Paul Agius for statistical planning advice; Kate Cherry for
peer review of the study protocol; Mary Garcia for guidance of
laboratory processes; Rose Ffrench for advice and support in the
project planning phase. Burnet Institute is located on the traditional
lands of the Boon Wurrung people; we acknowledge their elders past
and present.

Conflict of interest

DA, RP and SC are listed as inventors on a patent titled
‘Estimating Cellular Populations’ International Publication
Number WO 2018/018095 Al which includes the use of CD64
and a neutrophil number marker for the diagnosis of sepsis or
severe infection.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Lawn JE, Blencowe H, Oza S, You D, Lee AC, Waiswa P, et al. Every Newborn:
progress, priorities, and potential beyond survival. Lancet. (2014) 384:189-205.
doi: 10.1016/S0140-6736(14)60496-7

2. World Health Organization. Global report on the epidemiology and burden of
sepsis: current evidence, identifying gaps and future directions. Geneva: WHO (2020).
Available online at: https://www.who.int/publications/i/item/9789240010789
(Accessed February 27, 2025).

3. Li ], Shen L, Qian K. Global, regional, and national incidence and mortality of
neonatal sepsis and other neonatal infections, 1990-2019. Front Public Health. (2023)
11:1139832. doi: 10.3389/fpubh.2023.1139832

4. Fleischmann C, Reichert F, Cassini A, Horner R, Harder T, Markwart R, et al.
Global incidence and mortality of neonatal sepsis: a systematic review and meta-
analysis. Arch Dis Child. (2021) 106:745-52. doi: 10.1136/archdischild-2020-320217

5. World Health Organization. Newborn mortality. Geneva: WHO (2024). Available
online at: https://www.who.int/news-room/fact-sheets/detail/newborn-mortality
(Accessed August 6, 2025).

6. Strunk T, Molloy EJ, Mishra A, Bhutta ZA. Neonatal bacterial sepsis. Lancet.
(2024) 404:277-93. doi: 10.1016/S0140-6736(24)00495-1

7. Verboon-Maciolek MA, Krediet TG, Gerards L], Fleer A, van Loon TM. Clinical
and epidemiologic characteristics of viral infections in a neonatal intensive care unit
during a 12-year period. Pediatr Infect Dis J. (2005) 24:901-4. doi: 10.1097/
01.inf.0000180471.03702.7f

8. TingJY, Roberts A, Synnes A, Canning R, Bodani J, Monterossa L, et al. Invasive
fungal infections in neonates in Canada: epidemiology and outcomes. Pediatr Infect Dis
J. (2018) 37:1154-9. doi: 10.1097/INF.0000000000001968

9. Danwang C, Bigna JJ, Nzalie RNT, Robert A. Epidemiology of clinical congenital
and neonatal malaria in endemic settings: a systematic review and meta-analysis. Malar
J. (2020) 19:312. doi: 10.1186/s12936-020-03373-8

10. Cuenca AG, Wynn JL, Moldawer LL, Levy O. Role of innate immunity in
neonatal infection. Am J Perinatol. (2013) 30:105-12. doi: 10.1055/s-0032-1333412

11. Wynn JL, Scumpia PO, Winfield RD, Delano M]J, Kelly-Scumpia K, Barker T,
et al. Defective innate immunity predisposes murine neonates to poor sepsis outcome
but is reversed by TLR agonists. Blood. (2008) 112:1750-8. doi: 10.1182/blood-2008-01-
130500

12. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert Rev
Clin Immunol. (2014) 10:1171-84. doi: 10.1586/1744666X.2014.942288

13. LiYP, Yu SL, Huang ZJ, Huang J, Pan J, Feng X, et al. An impaired inflammatory
cytokine response to gram-negative LPS in human neonates is associated with the

Frontiers in Immunology

11

10.3389/fimmu.2025.1629223

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1629223/
full#supplementary-material

defective TLR-mediated signaling pathway. J Clin Immunol. (2015) 35:218-26.
doi: 10.1007/s10875-015-0128-6

14. Weinberger B, Laskin DL, Mariano TM, Sunil VR, DeCoste CJ, Heck DE, et al.
Mechanisms underlying reduced responsiveness of neonatal neutrophils to distinct
chemoattractants. J Leukoc Biol. (2001) 70:969-76. doi: 10.1189/j1b.70.6.969

15. De Biasi S, Neroni A, Nasi M, Lo Tartaro D, Borella R, Gibellini L, et al. Healthy
preterm newborns: Altered innate immunity and impaired monocyte function. Eur |
Immunol. (2023) 53:€2250224. doi: 10.1002/eji.202250224

16. Jansen SJ, van der Hoeven A, van den Akker T, Veenhof M, von Asmuth EG]J,
Veldkamp KE, et al. A longitudinal analysis of nosocomial bloodstream infections
among preterm neonates. Eur J Clin Microbiol Infect Dis. (2022) 41:1327-36.
doi: 10.1007/s10096-022-04502-8

17. Civardi E, Tzialla C, Baldanti F, Strocchio L, Manzoni P, Stronati M. Viral
outbreaks in neonatal intensive care units: what we do not know. Am J Infect Control.
(2013) 41:854-6. doi: 10.1016/j.ajic.2013.01.026

18. Wynn JL, Kelly MS, Benjamin DK, Clark RH, Greenberg R, Benjamin DK]Jr.,
et al. Timing of multiorgan dysfunction among hospitalized infants with fatal
fulminant sepsis. Am J Perinatol. (2017) 34:633-9. doi: 10.1055/5-0036-1597130

19. Segura-Cervantes E, Mancilla-Ramirez J, Gonzalez-Canudas J, Alba E, Santillan-
Ballesteros R, Morales-Barquet D, et al. Inflammatory response in preterm and very
preterm newborns with sepsis. Mediators Inflamm. (2016) 2016:6740827. doi: 10.1155/
2016/6740827

20. Wynn JL, Guthrie SO, Wong HR, Lahni P, Ungaro R, Lopez MC, et al. Postnatal
age is a critical determinant of the neonatal host response to sepsis. Mol Med. (2015)
21:496-504. doi: 10.2119/molmed.2015.00064

21. Wynn JL, Wong HR. Pathophysiology and treatment of septic shock in neonates.
Clin Perinatol. (2010) 37:439-79. doi: 10.1016/j.clp.2010.04.002

22. Sack U. CD64 expression by neutrophil granulocytes. Cytometry B Clin Cytom.
(2017) 92:189-91. doi: 10.1002/cyto.b.21216

23. Schmatz M, Srinivasan L, Grundmeier RW, Elci OU, Weiss SL, Masino A]J, et al.
Surviving sepsis in a referral neonatal intensive care unit: association between time to
antibiotic administration and in-hospital outcomes. J Pediatr. (2020) 217:59-65 el.
doi: 10.1016/}.jpeds.2019.08.023

24. Shane AL, Sanchez PJ, Stoll BJ. Neonatal sepsis. Lancet. (2017) 390:1770-80.
doi: 10.1016/S0140-6736(17)31002-4

25. Celik IH, Hanna M, Canpolat FE, Mohan P. Diagnosis of neonatal sepsis: the

past, present and future. Pediatr Res. (2022) 91:337-50. doi: 10.1038/s41390-021-
01696-z

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1629223/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1629223/full#supplementary-material
https://doi.org/10.1016/S0140-6736(14)60496-7
https://www.who.int/publications/i/item/9789240010789
https://doi.org/10.3389/fpubh.2023.1139832
https://doi.org/10.1136/archdischild-2020-320217
https://www.who.int/news-room/fact-sheets/detail/newborn-mortality
https://doi.org/10.1016/S0140-6736(24)00495-1
https://doi.org/10.1097/01.inf.0000180471.03702.7f
https://doi.org/10.1097/01.inf.0000180471.03702.7f
https://doi.org/10.1097/INF.0000000000001968
https://doi.org/10.1186/s12936-020-03373-8
https://doi.org/10.1055/s-0032-1333412
https://doi.org/10.1182/blood-2008-01-130500
https://doi.org/10.1182/blood-2008-01-130500
https://doi.org/10.1586/1744666X.2014.942288
https://doi.org/10.1007/s10875-015-0128-6
https://doi.org/10.1189/jlb.70.6.969
https://doi.org/10.1002/eji.202250224
https://doi.org/10.1007/s10096-022-04502-8
https://doi.org/10.1016/j.ajic.2013.01.026
https://doi.org/10.1055/s-0036-1597130
https://doi.org/10.1155/2016/6740827
https://doi.org/10.1155/2016/6740827
https://doi.org/10.2119/molmed.2015.00064
https://doi.org/10.1016/j.clp.2010.04.002
https://doi.org/10.1002/cyto.b.21216
https://doi.org/10.1016/j.jpeds.2019.08.023
https://doi.org/10.1016/S0140-6736(17)31002-4
https://doi.org/10.1038/s41390-021-01696-z
https://doi.org/10.1038/s41390-021-01696-z
https://doi.org/10.3389/fimmu.2025.1629223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spotswood et al.

26. Meem M, Modak JK, Mortuza R, Morshed M, Islam MS, Saha SK. Biomarkers
for diagnosis of neonatal infections: A systematic analysis of their potential as a point-
of-care diagnostics. J Glob Health. (2011) 1:201-9.

27. Eichberger J, Resch E, Resch B. Diagnosis of neonatal sepsis: the role of
inflammatory markers. Front Pediatr. (2022) 10:840288. doi: 10.3389/fped.2022.840288

28. Osowicki J, Gwee A, Noronha J, Britton PN, Isaacs D, Lai TB, et al. Australia-
wide point prevalence survey of antimicrobial prescribing in neonatal units: how much
and how good? Pediatr Infect Dis J. (2015) 34:e185-90. doi: 10.1097/
INF.0000000000000719

29. McMullan B, Cooper C, Spotswood N, James R, Jones C, Konecny P, et al.
Antibiotic prescribing in neonatal sepsis: an Australian nationwide survey. BMJ
Paediatr Open. (2020) 4:¢000643. doi: 10.1136/bmjpo-2020-000643

30. Ting JY, Synnes A, Roberts A, Deshpandey A, Dow K, Yoon EW, et al.
Association between antibiotic use and neonatal mortality and morbidities in very
low-birth-weight infants without culture-proven sepsis or necrotizing enterocolitis.
JAMA Pediatr. (2016) 170:1181-7. doi: 10.1001/jamapediatrics.2016.2132

31. Alghamdi AA, Keers RN, Sutherland A, Ashcroft DM. Prevalence and nature of
medication errors and preventable adverse drug events in paediatric and neonatal
intensive care settings: A systematic review. Drug Saf. (2019) 42:1423-36. doi: 10.1007/
540264-019-00856-9

32. Hooven TA, Randis TM, Polin RA. What’s the harm? Risks and benefits of
evolving rule-out sepsis practices. J Perinatol. (2018) 38:614-22. doi: 10.1038/s41372-
018-0081-3

33. Taneja R, Batra P. Biomarkers as point of care tests (POCT) in neonatal sepsis: A
state of science review. | Neonatal Perinatal Med. (2021) 14:331-8. doi: 10.3233/NPM-
200581

34. Molyneux E. Severe neonatal bacterial infections: when numbers matter. Lancet
Infect Dis. (2014) 14:665-7. doi: 10.1016/S1473-3099(14)70810-2

35. Hulett MD, Hogarth PM. The second and third extracellular domains of
FcgammaRI (CD64) confer the unique high affinity binding of IgG2a. Mol Immunol.
(1998) 35:989-96. doi: 10.1016/S0161-5890(98)00069-8

36. Soni S, Wadhwa N, Kumar R, Faridi MM, Sharma S, Chopra A, et al. Evaluation
of CD64 expression on neutrophils as an early indicator of neonatal sepsis. Pediatr
Infect Dis J. (2013) 32:e33-7. doi: 10.1097/INF.0b013e31826faede

37. Streimish I, Bizzarro M, Northrup V, Wang C, Renna S, Koval N, et al.
Neutrophil CD64 as a diagnostic marker in neonatal sepsis. Pediatr Infect Dis ].
(2012) 31:777-81. doi: 10.1097/INF.0b013e318256fb07

38. Dai J, Jiang W, Min Z, Yang J, Tan Y, Ma T, et al. Neutrophil CD64 as a
diagnostic marker for neonatal sepsis: Meta-analysis. Adv Clin Exp Med. (2017)
26:327-32. doi: 10.17219/acem/58782

39. Berrington JE, Hearn RI, Hall C, Stewart CJ, Cummings SP, Embleton ND.
Proportionate reduction in uncertainty of late onset infection in pre-term infants by
neutrophil CD64 measurement. Fetal Pediatr Pathol. (2014) 33:16-22. doi: 10.3109/
15513815.2013.842270

40. Fjaertoft G, Hakansson L, Ewald U, Foucard T, Venge P. Neutrophils from term
and preterm newborn infants express the high affinity Fcgamma-receptor I (CD64)
during bacterial infections. Pediatr Res. (1999) 45:871-6. doi: 10.1203/00006450-
199906000-00016

41. Lam HS, Wong SP, Cheung HM, Chu WC, Wong RP, Chui KM, et al. Early
diagnosis of intra-abdominal inflammation and sepsis by neutrophil CD64 expression
in newborns. Neonatology. (2011) 99:118-24. doi: 10.1159/000311289

42. Li C, Xiao M, Geng S, Wang Y, Zeng L, Lai P, et al. Comprehensive analysis of
human monocyte subsets using full-spectrum flow cytometry and hierarchical marker
clustering. Front Immunol. (2024) 15:1405249. doi: 10.3389/fimmu.2024.1405249

43. Groselj-Grenc M, Than A, Pavcnik-Arnol M, Kopitar AN, Gmeiner-Stopar T,
Derganc M. Neutrophil and monocyte CD64 indexes, lipopolysaccharide-binding
protein, procalcitonin and C-reactive protein in sepsis of critically ill neonates and
children. Intensive Care Med. (2009) 35:1950-8. doi: 10.1007/s00134-009-1637-7

44. Lawrence SM, Corriden R, Nizet V. Age-appropriate functions and dysfunctions
of the neonatal neutrophil. Front Pediatr. (2017) 5:23. doi: 10.3389/fped.2017.00023

45. Anderson D, Palchaudhuri R, Crowe S, Palmer C. Estimating Cellular
Populations. Australia: Australian PCT patent application, the application number:
PCT/AU2017/050788 (2018).

46. Palchaudhuri R. Towards a point-of-care test for sepsis - Biomarkers of
inflammation. Melbourne, Australia: Monash University (2019).

47. Giannoni E, Agyeman PKA, Stocker M, Posfay-Barbe KM, Heininger U, Spycher
BD, et al. Neonatal sepsis of early onset, and hospital-acquired and community-
acquired late onset: A prospective population-based cohort study. J Pediatr. (2018)
201:106-14 e4. doi: 10.1016/j.jpeds.2018.05.048

48. Palchaudhuri R, Crowe S, McGloughlin S, Garcia M, Palmer C, Anderson D.
Sepsis 2018: P25 Diagnosis of sepsis at the point of care. Intensive Care Med
Experimental. (2018) 6:1-33.

49. Fitchett EJA, Seale AC, Vergnano S, Sharland M, Heath PT, Saha SK, et al.
Strengthening the Reporting of Observational Studies in Epidemiology for Newborn
Infection (STROBE-NI): an extension of the STROBE statement for neonatal infection
research. Lancet Infect Dis. (2016) 16:€202-e13. doi: 10.1016/S1473-3099(16)30082-2

Frontiers in Immunology

12

10.3389/fimmu.2025.1629223

50. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O’Neal L, et al. The
REDCap consortium: Building an international community of software platform
partners. ] BioMed Inform. (2019) 95:103208. doi: 10.1016/j.jbi.2019.103208

51. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research
electronic data capture (REDCap)-a metadata-driven methodology and workflow
process for providing translational research informatics support. J BioMed Inform.
(2009) 42:377-81. doi: 10.1016/j.jb1.2008.08.010

52. Australian and New Zealand Neonatal Network. ANZNN 2016 Data Dictionary.
Sydney, Australia: ANZNN (2015).

53. Fenton TR, Kim JH. A systematic review and meta-analysis to revise the Fenton
growth chart for preterm infants. BMC Pediatrics. (2013) 13. doi: 10.1186/1471-2431-
13-59

54. Vergnano S, Buttery ], Cailes B, Chandrasekaran R, Chiappini E, Clark E, et al.
Neonatal infections: Case definition and guidelines for data collection, analysis, and
presentation of immunisation safety data. Vaccine. (2016) 34:6038-46. doi: 10.1016/
j.-vaccine.2016.03.046

55. Clayton P. CUTPT: Stata module for empirical estimate of cutpoint for a
diagnostic test. Boston: Boston College Department of Economics (2013).

56. Mandrekar JN. Receiver operating characteristic curve in diagnostic test
assessment. J Thorac Oncol. (2010) 5:1315-6. doi: 10.1097/JTO.0b013e3181ec173d

57. DuJ,LiL, DouY, Li P, Chen R, Liu H. Diagnostic utility of neutrophil CD64 as a
marker for early-onset sepsis in preterm neonates. PloS One. (2014) 9:¢102647.
doi: 10.1371/journal.pone.0102647

58. Choo YK, Cho HS, Seo IB, Lee HS. Comparison of the accuracy of neutrophil
CD64 and C-reactive protein as a single test for the early detection of neonatal sepsis.
Korean J Pediatr. (2012) 55:11-7. doi: 10.3345/kjp.2012.55.1.11

59. El Shimi MS, Abou Shady NM, Hamed GM, Shedeed NS. Significance of
neutrophilic CD64 as an early marker for detection of neonatal sepsis and prediction
of disease outcome. ] Matern Fetal Neonatal Med. (2017) 30:1709-14. doi: 10.1080/
14767058.2016.1223030

60. Fang DH, Fan CH, LiJ, An Q, Yao H, Ji Q, et al. Ratios of CD64 expressed on
neutrophils, monocytes, and lymphocytes may be a novel method for diagnosis of
neonatal sepsis. ] Infect Dev Ctries. (2015) 9:175-81. doi: 10.3855/jidc.4992

61. Hashem HE, El Masry SA, Mokhtar AM, Ismail EA, Abdelaal NM. Valuable role
of neutrophil CD64 and highly sensitive CRP biomarkers for diagnostic, monitoring,
and prognostic evaluations of sepsis patients in neonatal ICUs. BioMed Res Int. (2020)
2020:6214363. doi: 10.1155/2020/6214363

62. Kipfmueller F, Schneider J, Prusseit J, Dimitriou I, Zur B, Franz AR, et al. Role of
neutrophil CD64 index as a screening marker for late-onset sepsis in very low birth
weight infants. PloS One. (2015) 10:¢0124634. doi: 10.1371/journal.pone.0124634

63. Wynn JL. Defining neonatal sepsis. Curr Opin Pediatr. (2016) 28:135-40.
doi: 10.1097/MOP.0000000000000315

64. Vergnano S, Seale AC, Fitchett EJA, Sharland M, Heath PT. Serious bacterial
infections in neonates: improving reporting and case definitions. Int Health. (2017)
9:148-55. doi: 10.1093/inthealth/ihx011

65. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
et al. The third international consensus definitions for sepsis and septic shock (Sepsis-
3). JAMA. (2016) 315:801-10. doi: 10.1001/jama.2016.0287

66. Wynn JL, Mayampurath A, Carey K, Slattery S, Andrews B, Sanchez-Pinto LN.
Multicenter validation of the neonatal sequential organ failure assessment score for
prognosis in the neonatal intensive care unit. J Pediatr. (2021) 236:297-300 el.
doi: 10.1016/j.jpeds.2021.05.037

67. Fleiss N, Coggins SA, Lewis AN, Zeigler A, Cooksey KE, Walker LA, et al.
Evaluation of the neonatal sequential organ failure assessment and mortality risk in
preterm infants with late-onset infection. JAMA Netw Open. (2021) 4:¢2036518.
doi: 10.1001/jamanetworkopen.2020.36518

68. Li FY, Shabanova V, Wang C, Rinder HM, Bhandari V. Monocyte CD64 does
not enhance neutrophil CD64 as a diagnostic marker in neonatal sepsis. Pediatr Infect
Dis . (2014) 33:1100-1. doi: 10.1097/INF.0000000000000411

69. The Royal College of Pathologists of Australia. Table 4 - reference intervals for
leucocyte differential counts (Guide only). Australia: RCPA (2024). Available online at:
https://www.rcpa.edu.au/Manuals/RCPA-Manual/General-Information/IG/Table-4-
Reference-intervals-for-leucocyte-differ (Accessed August 29, 2024).

70. Tang F, Dai P, Wei Q, Gan K, Wang Z, Chen H, et al. The neutrophil-to-
monocyte ratio and platelet-to-white blood cell ratio represent novel prognostic
markers in patients with pancreatic cancer. Gastroenterol Res Pract. (2021)
2021:6693028. doi: 10.1155/2021/6693028

71. Albayrak H. Neutrophil-to-lymphocyte ratio, neutrophil-to-monocyte ratio,
platelet-to-lymphocyte ratio, and systemic immune-inflammation index in psoriasis
patients: response to treatment with biological drugs. J Clin Med. (2023) 12.
doi: 10.3390/jcm12175452

72. Obaid J, Almjydy MMA, Garban MAQ, Al-Hebari FSQ, Al-Washah NAH.
Neutrophil-to-monocyte ratio is the better new inflammatory marker associated with
rheumatoid arthritis activity. Health Sci Rep. (2023) 6:¢1478. doi: 10.1002/hsr2.1478

73. Rizo-Tellez SA, Mendez-Garcia LA, Flores-Rebollo C, Alba-Flores F, Alcantara-
Suarez R, Manjarrez-Reyna AN, et al. The neutrophil-to-monocyte ratio and

frontiersin.org


https://doi.org/10.3389/fped.2022.840288
https://doi.org/10.1097/INF.0000000000000719
https://doi.org/10.1097/INF.0000000000000719
https://doi.org/10.1136/bmjpo-2020-000643
https://doi.org/10.1001/jamapediatrics.2016.2132
https://doi.org/10.1007/s40264-019-00856-9
https://doi.org/10.1007/s40264-019-00856-9
https://doi.org/10.1038/s41372-018-0081-3
https://doi.org/10.1038/s41372-018-0081-3
https://doi.org/10.3233/NPM-200581
https://doi.org/10.3233/NPM-200581
https://doi.org/10.1016/S1473-3099(14)70810-2
https://doi.org/10.1016/S0161-5890(98)00069-8
https://doi.org/10.1097/INF.0b013e31826faede
https://doi.org/10.1097/INF.0b013e318256fb07
https://doi.org/10.17219/acem/58782
https://doi.org/10.3109/15513815.2013.842270
https://doi.org/10.3109/15513815.2013.842270
https://doi.org/10.1203/00006450-199906000-00016
https://doi.org/10.1203/00006450-199906000-00016
https://doi.org/10.1159/000311289
https://doi.org/10.3389/fimmu.2024.1405249
https://doi.org/10.1007/s00134-009-1637-7
https://doi.org/10.3389/fped.2017.00023
https://doi.org/10.1016/j.jpeds.2018.05.048
https://doi.org/10.1016/S1473-3099(16)30082-2
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1186/1471-2431-13-59
https://doi.org/10.1186/1471-2431-13-59
https://doi.org/10.1016/j.vaccine.2016.03.046
https://doi.org/10.1016/j.vaccine.2016.03.046
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://doi.org/10.1371/journal.pone.0102647
https://doi.org/10.3345/kjp.2012.55.1.11
https://doi.org/10.1080/14767058.2016.1223030
https://doi.org/10.1080/14767058.2016.1223030
https://doi.org/10.3855/jidc.4992
https://doi.org/10.1155/2020/6214363
https://doi.org/10.1371/journal.pone.0124634
https://doi.org/10.1097/MOP.0000000000000315
https://doi.org/10.1093/inthealth/ihx011
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.jpeds.2021.05.037
https://doi.org/10.1001/jamanetworkopen.2020.36518
https://doi.org/10.1097/INF.0000000000000411
https://www.rcpa.edu.au/Manuals/RCPA-Manual/General-Information/IG/Table-4-Reference-intervals-for-leucocyte-differ
https://www.rcpa.edu.au/Manuals/RCPA-Manual/General-Information/IG/Table-4-Reference-intervals-for-leucocyte-differ
https://doi.org/10.1155/2021/6693028
https://doi.org/10.3390/jcm12175452
https://doi.org/10.1002/hsr2.1478
https://doi.org/10.3389/fimmu.2025.1629223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spotswood et al.

lymphocyte-to-neutrophil ratio at admission predict in-hospital mortality in mexican
patients with severe SARS-coV-2 infection (Covid-19). Microorganisms. (2020) 8.
doi: 10.3390/microorganisms8101560

74. Xia X, Wang Y, Xie M, Qiu S, Zhou J. Elevated neutrophil - to - monocyte ratio
as a prognostic marker for poor outcomes in neonatal sepsis. Heliyon. (2022) 8:e11181.
doi: 10.1016/j.heliyon.2022.e11181

75. Cioboata DM, Boia M, Manea AM, Costescu OC, Costescu S, Doandes FM, et al.
Predictive value of neutrophil-to-monocyte ratio, lymphocyte-to-monocyte ratio, C-
reactive protein, procalcitonin, and tumor necrosis factor alpha for neurological
complications in mechanically ventilated neonates born after 35 weeks of gestation.
Pediatr Rep. (2024) 16:313-26. doi: 10.3390/pediatric16020027

76. Luchters S, Technau Y, Mohamac M. The field performance and diagnostic
accuracy of a low-cost instrument-free point-of-care CD4 test (VISITECT CD4)
performed by different health worker cadres among pregnant women. J Clin
Microbiol. (2019) 30. doi: 10.1128/JCM.01277-18

77. Pham MD, Stoove M, Crowe S, Luchters S, Anderson D. A profile of the
Visitect(R) CD4 and Visitect(R) CD4 advanced disease for management of people

Frontiers in Immunology

13

10.3389/fimmu.2025.1629223

living with HIV. Expert Rev Mol Diagn. (2022) 22:247-52. doi: 10.1080/
14737159.2022.2048372

78. Christensen RD, Henry E, Jopling J, Wiedmeier SE. The CBC: reference ranges
for neonates. Semin Perinatol. (2009) 33:3-11. doi: 10.1053/j.semperi.2008.10.010

79. Henry E, Christensen RD. Reference intervals in neonatal hematology. Clin
Perinatol. (2015) 42:483-97. doi: 10.1016/.clp.2015.04.005

80. Schmutz N, Henry E, Jopling J, Christensen RD. Expected ranges for blood
neutrophil concentrations of neonates: the Manroe and Mouzinho charts revisited. J
Perinatol. (2008) 28:275-81. doi: 10.1038/sj.jp.7211916

81. Fjaertoft G, Hakansson L, Foucard T, Ewald U, Venge P. CD64 (Fcgamma
receptor I) cell surface expression on maturing neutrophils from preterm and term
newborn infants. Acta Paediatr. (2005) 94:295-302. doi: 10.1111/j.1651-
2227.2005.tb03072.x

82. World Health Organization. Managing possible serious bacterial infection in
young infants when referral is not feasible. Switzerland: WHO (2015). Available online
at: https://iris.who.int/bitstream/handle/10665/181426/9789241509268_eng.pdf?
sequence=1 (Accessed November 1, 2024).

frontiersin.org


https://doi.org/10.3390/microorganisms8101560
https://doi.org/10.1016/j.heliyon.2022.e11181
https://doi.org/10.3390/pediatric16020027
https://doi.org/10.1128/JCM.01277-18
https://doi.org/10.1080/14737159.2022.2048372
https://doi.org/10.1080/14737159.2022.2048372
https://doi.org/10.1053/j.semperi.2008.10.010
https://doi.org/10.1016/j.clp.2015.04.005
https://doi.org/10.1038/sj.jp.7211916
https://doi.org/10.1111/j.1651-2227.2005.tb03072.x
https://doi.org/10.1111/j.1651-2227.2005.tb03072.x
https://iris.who.int/bitstream/handle/10665/181426/9789241509268_eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/181426/9789241509268_eng.pdf?sequence=1
https://doi.org/10.3389/fimmu.2025.1629223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Evaluation of whole blood CD64 for identifying infection in neonates receiving hospital care
	1 Introduction
	2 Materials and methods
	2.1 Study setting and approvals
	2.2 Eligibility criteria and recruitment
	2.3 Specimen processing and analysis
	2.4 Data collection, definitions, subgroups and outcome groups
	2.5 Statistical analysis

	3 Results
	3.1 Study population and infection outcomes
	3.2 Whole blood CD64 and neutrophil elastase
	3.3 Hematologic indices and CRP
	3.4 Whole blood CD64: relationships with neutrophil elastase, neutrophil and monocyte counts
	3.5 Associations between whole blood CD64 and infections
	3.6 Diagnostic performance of whole blood CD64 for infections

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


