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Finger-prick transcriptomic profiling in
northernNigeria reveals amutedmaternal
systemic response in stillbirth

Check for updates

P. R. S. Rodrigues1, R. Milton2 , F. Modibbo3, D. Gillespie2, F. I. Alkali4, A. S. Mukaddas5, A. Kassim6,
F. H. Sa’ad7, F. M. Tukur5, R. Y. Khalid3, M. Y. Muhammad3, M. Bello3, C. P. Edwin8, E. Ogudo3, U. Unsal1,9,
W. J. Watkins1, S. Edkins1, M. Craigon10, E. Parkinson1, C. Smith11, K. C. Iregbu12, K. Hood2, J. Sanders13,
F. J. Belga3, T. R. Walsh14,15 & P. Ghazal1,16

Inflammation is implicated in placental dysfunction leading to stillbirth, yet evidence of a systemic
immune responseduringparturition remains unclear. Here,wepresent the first transcriptomic analysis
of maternal systemic responses associated with stillbirth, using a minimally invasive finger-prick
method for whole blood collection in labouring women in northern Nigeria. This approach facilitated
participant recruitment with minimal disruption to care and provided high-quality RNA for
transcriptomic profiling. Contrary to expectations, no major differences were observed in systemic
immune states between propensity-matched live births and stillbirths. These findings suggest several
possibilities, including the dominance of a parturition response masking an underlying immune state,
physical protective barriers, or placental tolerance mechanisms. This study offers novel insights into
maternal systemic immune health during stillbirth and highlights the need for further research. It also
contributes to the broader “Stillbirths in Kano” initiative, aimed at reducing stillbirth rates through
enhanced prenatal care.

The definition of stillbirth varies across the world. The World Health
Organization defines stillbirth as ‘A baby who dies after 28 weeks of preg-
nancy, but before or during birth, is classified as a stillbirth’1. Based on this
definition, in 2019 an estimated 2 million babies were stillborn2 with the
majority occurring in low- and middle-income countries (LMICs). Within
LMICs, the highest proportion of stillbirths was reported to occur in sub-
Saharan Africa and South Asia3. Nigeria is reported to have one of the
highest stillbirth rates on the African continent and one of six countries that
bear the burden of 50% of global stillbirths4.

Over 40% of fetal deaths leading to stillbirths occur during parturition
(labour and birth) and are likely preventable with high-quality care during
pregnancy and birth5. Antenatal intrauterine fetal deaths are often

associatedwithpreventable conditions such asmaternal infections andnon-
communicable diseases6. Other reported risk factors for stillbirths include
maternal age (young or advancing), maternal education level, socio-
economic deprivation, hypertension, fetal infection, perinatal asphyxia,
previous stillbirth, intrauterine growth restriction, abruptio placenta and
placenta praevia, and substandard antenatal care7–10. Stillbirth rates are
commonly used to assess levels and quality of care within a healthcare
system, yet in many LMICs stillbirths are often not recorded due to a
multitude of barriers in data collection, resulting in inaccurate and unreli-
able data2,11.

Pregnancy involves complex immunological interactions between the
maternal immune system and the developing fetus. These interactions are
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critical for healthy fetal growth and development. Previous research efforts
have tried to better understand the role of immune cell subsets andplacental
pathology in pregnancy complications, emphasizing the need for careful
monitoring of fetal loss and stillbirth in cases of fetal growth restriction,
along with a focus on placental pathology to understand its role in adverse
pregnancy outcome12–14. To date, research into immune cell imbalances in
pregnancy complications aims to improve the understanding and poten-
tially develop interventions to mitigate these risks15. Infections are a highly
suspected cause for fetal or embryo death especially in early stages of
pregnancy16,17. However, investigating the infectious causes and mechan-
isms contributing to stillbirths in humans is challenging. In this regard,
studies in nonhuman primates (NHPs) have provided valuable insights. In
the case of teratogenic infections, such as those caused by the Zika virus,
NHPs have been shown to closely resemble human responses to infection
and pregnancy outcomes.Most notably, the high rates of fetal loss observed
in asymptomatic ZIKV-infected NHPs raise concerns about the frequency
of infection-associated pregnancy loss in humans18. The central question of
whether a circulatory host response change marking either a maternal
immune state of infection or fetal death remains unknown.

Here we seek to explore this question in humans, and forms part of a
wider feasibility study focussing on stillbirths in Kano. A key output of the
feasibility study was to inform further research using a mixed-methods
approach and pave the way for future intervention implementation to
prevent stillbirth. The primary aims of the immunological component,
covered in this report, were to identify whether it was feasible to collect and
successfully transfer blood samples taken from the mothers to our labora-
tory in theUK and successfully perform a transcriptomic analysis, as well as
assess if a systemic maternal host response was identifiable in mothers who
delivered a stillborn baby. We sought to compare the gene expression
profiles of mothers who delivered a liveborn baby and identify any distinct
patterns or differences thatmay be associated with stillbirth. To accomplish
this, blood samples were collected from both groups of mothers using a
finger-prick method, due to the advantages when compared to a standard
venepuncture procedure. Finger-prick collection is a quick and minimally
invasive procedure that can be performed at the bedside or in the com-
munity, making it suitable for time-sensitive situations such as labour.
Finger-prick approaches for gene expression profiling or whole genome
transcriptomics have several key advantages that help lower barriers for use,
although to date this has not been reportedly used in LMICs19. Accordingly,
we have sought to test the feasibility of deploying a finger-prick metho-
dology in a low-resource setting, with the aim of simplifying the handling
and processing of samples at the point of collection. Notably, it can be
performedbynon-phlebotomists, requires less time and resources, avoiding
the need for centrifugation, separation, and the immediacy of storage
compared to larger blood samples.

By comparing the gene expression profiles between the two groups, we
sought to test the possibility of detecting genes and pathways that may be
significantly altered in the stillbirth group compared to the live birth group.
Such observational transcriptional status could provide insights into the
systemic immune and molecular pathways and processes that may be
implicated in stillbirth. These studies should help provide insight that may
also facilitate the discovery of novel biomarkers or therapeutic targets for the
diagnosis, prevention, and management of stillbirth in the future.

Results
Overview of study design
Four hundred and onemothers were approached to participate in thewhole
blood transcriptomic investigation. All consented to participate, including
59 mothers who were affected by stillbirth. To minimize heterogeneity and
reduce selection bias, we propensity score matched mothers with liveborn
and stillborn babies. We selected mothers with stillborn babies where the
stillbirth was suspected to have been caused by infection or sepsis, or where
fetal death occurred prior to labour onset (e.g. foul smelling/offensive odour,
macerated stillbirth, signs of maternal infection). The propensity scoring
accounted for mothers’ age, monthly household income, area of residence,

type of residence, education status, employment status, and parity. The
following exclusions for mothers of liveborn infants were made to ensure
extreme phenotyping: no previous stillbirths; any chronic or pregnancy-
compromising health condition (e.g. not backache or sore throat). Fur-
thermore, exclusions for both live birth and stillbirth include mothers with
diabetes, human immunodeficiency virus (HIV), hyperemesis, hyperten-
sion, hypotension, malaria, antepartum haemorrhage, pre-eclampsia, sickle
cell, typhoid, vaginal bleeding, and health-related birthing complications
(e.g. postpartumhaemorrhage).Overall, 19mothers of stillborn babies were
matched to 19 mothers of liveborn babies (Fig. 1 and Table 1).

Demographic description of propensity-matched sample
population
Weidentifiedmothers of 19 stillbornbabies and19matched controls.Of the
38 mothers, 7.9% (n = 3) were <20 years old, 5.3% (n = 2) were ≥40 years,
and 10% (n = 4) were primigravida. The mothers living in extremely low-
income households represented 5.3% (n = 2), 42% (n = 16) reported living
in low/very low, with 52.6% (n = 20) living at average or above household
income. Those without access to water (defined as anything other than a
municipal network) represented 84.2% (n = 32), and 65.8% (n = 25)
reported living in shacks. Observing deliveries, 76.3% (n = 29) were full-
term (37–42 weeks), 20.9% (n = 8) were pre-term (<37 weeks)20, and 2.6%
(n = 1) were post-term (>42 weeks)21. There was no significant variation in
gender distribution among babies; amongmale babies, 57.9% (n = 11) were
stillborn and 68.4% (n = 13) were liveborn. Among female babies, 36.8%
(n = 7) were stillborn and 31.6% (n = 6) were liveborn (Table 1). While our
inclusion criteria allowed for stillbirths associated with infection, signs of
maternal infectionwere present in only 31% of cases (Table 1), representing
the heterogeneous aetiology of stillbirth in this population.

Quality assessment of extracted finger-prick RNA and genome-
wide expression
RNA yield and quality metrics from the 50 µl Minivette protocol are
summarized inTable 1. TheRNAconcentrations ranged from2 to 26 ng/µl,
with integrity values between 5.5 and 8.0. All samples met the established
quality assurance thresholds, confirming their suitability for subsequent
microarray transcriptomic analysis.

Raw, unprocessed microarray expression data were first subjected to
quality assessment of expression values. For these studies, we applied three
different quality control (QC) assurance measures: between-array com-
parison (distances between arrays), array intensity distributions, and indi-
vidual array quality (MA plots) using a cut-off of two or more fails as the
reason for sample removal. Supplementary Figs. 1–4 show the results of
quality assurancemeasurements andwhere only one sample failed as part of
the checks. Bland–Altman ratio (also referred to asMA) plots are one of the
quality measures we apply to quantitatively assess the relationship between
log fold change and mean expression values across all samples. Data points
that deviate significantly along the vertical axis indicate gene expression
values of a given sample with markedly distinct expression levels from the
overall mean, although not necessarily differential expression. Typically,
genes with lower mean expression values exhibit greater variability in log
fold change compared to those with higher expression levels. As a result, we
observe a spreading-out effect of data points aswemove from right to left on
the graph. In Supplementary Fig. 1, we can observe thatmost of the samples
display a very good,well-distributedpatternof datapoints.Outlier detection
was performed by computing Hoeffding’s statistic Da on the joint dis-
tribution of A and M for each array. Shown are the arrays for all samples
(Live and Still). Only 1 array had Da > 0.15 and was marked as an outlier.
Sample S013 (highlighted in red) stands as an outlier and was the only
sample to fail three out of the five QC assurance checks.

An investigation of differentially expressed genes (DEGs)
First, we assessed themagnitude and extent of variability of gene expression
between the live birth and stillbirth groups. In these analyses, 23,707 probes
gave a detectable signal for one or more samples. Of these, 11,354 showed a
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coefficient of variation of >0.1 across all 37 samples. Next, we filtered low-
expression genes to improvepower for detectingDEGs, further reducing the
number of probes from 11,354 to 6845 (Supplementary Fig. 5).

Applying a principal components analysis (PCA) of patient samples
based on these 6845 probes and agglomerative unsupervised clustering of
normalized unfiltered data did not reveal a separation into live birth and
stillbirth groups (Fig. 2a and Supplementary Fig. 4). Unadjusted statistical
testing developed 363 differentially expressed probes (P value ≤ 0.05;
Fig. 2b). Unsupervised clustering of the top altered unadjusted DEGs
showed a separationpattern of live birth and stillbirths (Fig. 2b, c).However,
the magnitude of this response was marginal, with only one downregulated
gene (SNOR3D) showing an approximate twofold change in expression
levels. This gene is a small non-coding nucleolar RNA that has been iden-
tified as part of a signature for predicting immunotherapeutic response in
human cancer22. Since there are far more variables than observations, it is
critical to adjust for multiple hypothesis testing. By adjusting for statistical
false discovery and quantitative fold change cut-offs (adjusted P
value ≤ 0·05, absolute fold change ≥2), this was reduced to 0 (Fig. 2d). We
further applied an independent non-parametric Mann–Whitney test that
identified 469 prior to adjustment and that were found to be non-significant
after false discovery correction. Figure 3 shows the box–whisker plots of the
top ten genes, where nine of these overlap with the top ten DEGs from the
parametric testing. These genes show a low-to-moderate correlation (Sup-
plementary Fig. 2).

Additionally, we conducted a focused analysis of 1319 infection and
sepsis-related genes (Supplementary Table 3) to determine whether

immune-specific signals were obscured in our transcriptome-wide
approach. This targeted analysis revealed 76 immune genes with nominal
significance (P < 0.05) between stillbirth and live birth groups, with 18 genes
demonstrating moderate effect sizes (|fold change| > 0.5). However, con-
sistent with our transcriptome-wide findings, no immune genes achieved
statistical significance after multiple testing correction (adj. P > 0.05), and
none met stringent effect size thresholds (|fold change| > 1.0) (Supple-
mentary Fig. 6). The identical statistical pattern across both analytical
approaches suggests that the absence of significant transcriptomic differ-
ences reflects genuine biological and statistical constraints rather than
methodological limitations.

Discussion
The transcriptional analysis ofmaternal blood conducted in this studyoffers
valuable insights into themother’s immune health status around the time of
delivery. We demonstrate the feasibility of using finger-prick tran-
scriptomics in a resource-poor setting to evaluate a mother’s systemic
response during labour, comparing mothers who delivered live births and
stillbirths. This minimally invasive approach offers significant advantages
over traditional venepuncture, including easeof collection, reduced resource
requirements, and suitability for community settings. By eliminating the
need for centrifugation and immediate storage, finger-prick methodologies
enhance scalability and accessibility,making themparticularly impactful for
low-resource settings.

Blood samples collected frombothgroups ofmotherswere successfully
transferred to our UK laboratory, maintaining good RNA quality and yield

Fig. 1 | Blood collection with Minivette. Figure
adapted from “Collection and dispensing of small
blood samples for Point-of-Care-Testing”
SARSTEDT29.

Consented for finger-
prick transcriptome

analysis
n = 401

Propensity matched
and analysed

n = 38

Still births
n = 19

Matched controls
n = 19

Included in analysis
n = 37

QC removal after QA
n = 1

Still births
n = 59

Live births
n = 354
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Table 1 | Univariable results detailing demographic characteristics, the distribution of variableswithin each of the domains, and
the extent to which each variable is associated with stillbirth

Domain Variable Category Live birth (% in
category)

Stillbirth (% in
category)

P value

n 19 19

Maternal n = 38 Age band (years)* <20 1 (5.3) 2 (10.5) 0.327

>40 1 (5.3) 1 (5.3)

20–24 9 (47.4) 3 (15.8)

25–30 4 (21.1) 9 (47.4)

31–35 2 (10.5) 1 (5.3)

36–40 2 (10.5) 3 (15.8)

Household n = 38 Type of residence* Apartment 1 (5.3) 2 (10.5) 0.318

House 7 (36.8) 3 (15.8)

Shack 11 (57.9) 14 (73.7)

Education level* College and above 1 (5.3) 1 (5.3) 0.972

None 9 (47.4) 9 (47.4)

Primary 3 (15.8) 4 (21.1)

Secondary 6 (31.6) 5 (26.3)

Employment status* Employed 6 (31.6) 5 (26.3) 1

Unemployed 13 (68.4) 14 (73.7)

Access to water Communal taps (stream or
community well)

6 (31.6) 5 (26.3) 0.218

Municipal network (tap water) 4 (21.1) 2 (10.5)

Private borehole 1 (5.3) 0 (0.0)

Private well 2 (10.5) 8 (42.1)

Water vendor (meruwa) 6 (31.6) 4 (21.1)

First pregnancy* Yes 2 (10.5%) 2 (10.5%) 0.384

No 17 (89.5%) 17 (89.5%)

Previous stillbirth No 19 (100.0) 13 (68.4) 0.026

Yes 0 (0.0) 6 (31.6)

Health conditions No 17 (89.5) 14 (73.7) 0.403

Yes 2 (10.5) 5 (26.3)

Signs of maternal infection (%) No 18 (94.7) 13 (68.4) 0.094

Yes 1 (5.3) 6 (31.6)

Neonatal/birth n = 38 Antenatal care No 0 (0.0) 1 (5.3) 1

Yes 19 (100.0) 18 (94.7)

Birthing complications No 11 (57.9) 12 (63.2) 1

Yes 8 (42.1) 7 (36.8)

Delivery Emergency caesarean section 5 (26.3) 4 (21.1) 0.534

Instrumental (forceps/ventouse) 1 (5.3) 0 (0.0)

Spontaneous vaginal delivery 13 (68.4) 15 (78.9)

Gender Female 6 (31.6) 7 (36.8) 0.537

Male 13 (68.4) 11 (57.9)

Unable to determine 0 (0.0) 1 (5.3)

Gestational age 26 0 (0.0) 1 (5.3) 0.092

27 0 (0.0) 1 (5.3)

33 0 (0.0) 1 (5.3)

34 0 (0.0) 4 (21.1)

35 0 (0.0) 1 (5.3)

38 6 (31.6) 6 (31.6)

39 3 (15.8) 0 (0.0)

40 5 (26.3) 2 (10.5)

41 2 (10.5) 2 (10.5)

42 3 (15.8) 0 (0.0)
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for transcriptomic analysis. While laboratory procedures were centralized
for this study, future investigations could adapt these methodologies for
local implementation with appropriate resourcing and training. Key chal-
lenges include ensuring consistent sample quality in varying environmental

conditions, establishing robust cold-chain logistics where necessary, and
training personnel in standardized sample collection and handling proce-
dures. Addressing these factors will be crucial for the successful integration
of this approach into local healthcare settings. Finger-prick collection is a

Table 1 (continued) | Univariable results detailing demographic characteristics, the distribution of variables within each of the
domains, and the extent to which each variable is associated with stillbirth

Domain Variable Category Live birth (% in
category)

Stillbirth (% in
category)

P value

44 0 (0.0) 1 (5.3)

Signs of infant infection No 18 (94.7) 10 (52.6) 0.01

Yes 1 (5.3) 9 (47.4)

Signs of trauma No 18 (94.7) 13 (68.4) 0.094

Yes 1 (5.3) 6 (31.6)

Predictedprobability (mean (SD)) 0.23 (0.16) 0.26 (0.17) 0.588

Variables used in the propensity score matching are flagged with an asterisk (*) to denote that samples were matched on these, so we would not expect differences between groups.
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Fig. 2 | Transcriptomic differences between live birth and stillbirth samples.
A Scores plot for PCA analysis of transcriptomic data fromLive and Still birth samples
(Still – teal and Live – red). B Volcano plot of microarray data (unadjusted p-value).
C Hierarchical Clustering Heatmap. D Volcano plot of microarray data (adjusted p-

value). Volcano plots Show the differentially expressed genes plotted along dimensions
of biological and statistical significance. Genes with the lowest corrected P values are
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overexpressed in Live and Still birth samples are red, respectively (fold-change 2).
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quick and minimally invasive procedure that can be performed at the
bedside or in the community,making it suitable for time-sensitive situations
such as labour. However, challenges such as variability in sample volume,
potential contamination, and the requirement for careful handling to
maintain RNA integrity should be considered to ensure optimal results in
diverse settings. Finger-prick approaches for gene expression profiling or
whole-genome transcriptomics have several key advantages that help lower
barriers for use, although to date, this has not been widely reported in
LMICs. Accordingly, we have sought to test the feasibility of deploying a
finger-prick methodology in a low-resource setting, with the aim of sim-
plifying the handling and processing of samples at the point of collection.
Notably, it can be performed by non-phlebotomists, requires less time and
resources, and avoids the need for centrifugation, separation, and
immediate storage compared to larger blood samples.

Propensity score matching was employed to control for confounding
variables, ensuring comparability between stillbirth cases and live birth
controls. Although subgroup sizes for nulliparous women and those with
health conditions were small, the diverse cohort reflects real-world
populations.

Transcriptional profiling of the systemic immune response to stillbirth
has not been reported previously. Against expectations, we found that the
maternal systemic transcriptomic immune state did not significantly differ
between live birth and stillbirth scenarios, challenging the assumption that
intrauterine fetal death would trigger a strong maternal immune response.
This finding contrasts with prior studies suggesting systemic inflammatory
activation in pregnancy complications and highlights the placenta’s
potential role as an immune-regulating organ. It is possible that placental
immune tolerancemechanisms suppressmaternal responses or that labour-
associated immune shifts obscure any stillbirth-specific signatures.

While unsupervised clustering of top-ranked unadjusted DEGs sug-
gested a separation pattern between live birth and stillbirth groups, no
individual gene was significant after correction for multiple comparisons.
This suggests that the observed separation may be driven by subtle, dis-
tributed effects across many genes rather than large effects in individual
genes. Given the small sample size and the high dimensionality of tran-
scriptomic data, this pattern could also reflect chance variation or technical
artefacts. However, ourQCanalysis did not reveal systematic technical bias,

supporting the interpretation that small, coordinated biological effects may
underlie the observed clustering. Further research is needed to dissect these
possibilities and determine whether alternative immune markers or func-
tional assays might reveal subtler differences.

Our targeted analysis of infection and sepsis-related genes reinforces
the primary finding that maternal systemic immune responses to stillbirth
are more subtle than anticipated. The consistent absence of significant
transcriptomic differences across both comprehensive and immune-
focused approaches supports our interpretation that placental immune
tolerance mechanisms may effectively suppress maternal inflammatory
responses even in adverse pregnancy outcomes. These findings challenge
conventional assumptions about maternal immune activation following
fetal death and suggest that the placenta’s role as an immune-regulating
organ remains functionally active during labour. The moderate effect sizes
observed (0.3–0.7 fold change) are consistent with the tightly regulated
nature of pregnancy-related immune adaptations, where dramatic tran-
scriptomic changesmight be detrimental tomaternal–fetal tolerance. These
results highlight the need for larger, adequately powered studies to detect
subtle but potentially clinicallymeaningful immune differences and suggest
that alternative approaches such as functional immune assays or single-cell
analyses may be required to fully characterize maternal immune responses
in stillbirth.

These findings are consistent with the proposed role of the placenta as
an immune-regulating organ, acting as a protective barrier betweenmother
and fetus. One explanation could be that the maternal immune system is
equipped with protective mechanisms during pregnancy. Alternatively, the
immune response to labour may mask subtle transcriptomic changes
associated with intrauterine infection or fetal death. Additionally, samples
may have been collected before a maternal immune response to fetal death
became apparent. While we cannot entirely exclude the inclusion of still-
births due to non-infectious causes (e.g. hypoxia), efforts were made to
enrich the stillbirth cohortwith casesmore likely associatedwith infectionor
sepsis. Signs ofmaternal and neonatal infection were determined by clinical
assessment performed by trained healthcare providers using standardized
criteria, including maternal fever, tachycardia, foul-smelling vaginal dis-
charge, and uterine tenderness for maternal infection, and skin discolora-
tion, foul odour, and maceration for neonatal infection.
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Fig. 3 | Box and Whisker plots for top 10 genes which are statistically significant for livebirth or stillbirth status according to Mann Whitney test.
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This study’s limitations include its single-site design and restricted
sample size, which may influence the generalizability of the findings and
their applicability to broader populations. The single-site focus might limit
the variability in environmental or genetic factors captured, while the small
sample size reduces statistical power todetect subtle effects.Our comparison
included both preterm and term stillbirths compared against term live
births, aswe did not have sufficient preterm live birth samples for amatched
preterm-only analysis. This may potentially mask differences specifically
related to gestational age. Reliable data on the precise timing between fetal
demise and birth were not available for all cases due to challenges in
determining exact time of demise in this setting, which represents another
limitation of our study. These limitations emphasize the need for caution
when extrapolating results and highlight the importance of multi-site and
larger-scale studies in future research.

While our QC measures indicate good RNA preservation across all
samples, with consistent RNA Integrity Number (RIN) values between
study groups, we acknowledge that subtle RNA degradation could poten-
tially influence our findings. However, the consistent quality metrics across
both study groups suggest that the observed lack of major transcriptional
differences is unlikely to be solely attributed to technical limitations. After
appropriate statistical adjustment for multiple comparisons, no genes were
found to be significantly differentially expressed between groups, which
precluded performing pathway enrichment analyses such as Kyoto Ency-
clopedia ofGenes andGenomes (KEGG)andGeneOntology (GO)analysis.

Ethical considerations limited our analysis to microarray expression
data,which,whilebeneficial forminimizing technical variationand requiring
less input RNA, excludes deeper genomic insights afforded by RNA
sequencing or multimodal approaches. Future studies should incorporate
larger, multi-cohort designs, RNA sequencing, and single-cell analyses to
refine understanding. Our power calculations indicate robust detection
capabilities for this setting, but longitudinal studies across pregnancy could
capture immune changes beyond labour, providing additional clarity.

In conclusion, this proof-of-concept study provides novel insights into
maternal systemic immune responses during labour in live birth and still-
birth contexts. While no significant transcriptional differences were
observed, this does not rule out functional differences in specific clinical
situations.Ourfindingshighlight theneed for further research into systemic,
molecular, and cellular mechanisms underlying maternal–fetal immune
interactions. We hope this work stimulates further investigation and chal-
lenges existing paradigms, ultimately advancing personalized approaches to
maternal–fetal health, improved diagnostics, and targeted interventions.

Methods
Setting
This study was conducted in the Murtala Muhammed Specialist Hospital
(MMSH), Kano, a tertiary hospital located in northern Nigeria, serving a
populationof approximately 11million, andwhere stillbirthswerenotbeing
documented at the time of the study. Within the MMSH, there are 17
neonatal intensive care unit beds, 133 maternity beds, and 22 delivery
cubicles. Each month, there are around 550 deliveries with 4 midwives on
shift at any one time, 2 for complicated deliveries and 2 for uncomplicated
deliveries. Preliminary observational work carried out at the MMSH found
the incidence of stillbirth to be 180/1000 births.

Study design, ethical approval, informed consent, and procedures.
This study is nested as part of awider feasibility studywhere the incidence
of stillbirth identified was 105/1000 births16. Briefly, we recruited 1998
women, of whom 1789 experienced a live birth and 209 a stillbirth
between October 2018 and January 201916. Sample collection was
achieved throughout October 2018 from a subset of mothers presenting
to MMSH in labour. The mothers were enrolled during labour after
informed consent was obtained. An initial pre-tested paper-based
questionnaire was completed during labour, and another after delivery,
depending on the delivery outcome. This research was performed in
accordance with the Declaration of Helsinki, and ethical approval was

sought and given by theHealthResearchEthics Committee, Kano State of
Nigeria Ministry of Health REF: MOH/ Of/797/T.1/950 on 04/09/2018.
Mothers were provided with study information in their local dialect, and
written informed consent was obtained by trained research nurses.

Exclusion criteria. Participants were excluded from the study if they
declined participation, had known HIV infection, or if their samples
failed our QC steps. For stillbirth cases, no specific clinical presentation
was required for inclusion; cases with and without signs of maternal
infection were accepted to represent the diversity of stillbirth aetiologies.
Signs of maternal and neonatal infection were determined by clinical
assessment performed by trained healthcare providers at MMSH. Stan-
dardized criteria for maternal infection included fever (>38 °C), tachy-
cardia, foul-smelling vaginal discharge, and uterine tenderness. Neonatal
infection assessment in stillbirths included examination for skin dis-
coloration, foul odour, and the degree of maceration.

Finger-prick collection protocol
In the context of our study, training videos on sample collection were
provided to clinical staff at MMSH, and procedures were followed for the
collection and processing of blood samples intended for RNA analysis.
Briefly, prior to usage, Blood RNA Microfuge Tubes were allowed to
equilibrate to room temperature (18–25 °C) and systematically labelledwith
essential participant information, including unique identifiers and birth-
dates. The skin surface was disinfected with ethanol prior to procedures
involving afingerprick. Thereafter, approximately 50 µl of bloodwas drawn
by capillary action into a Minivette from the site of the finger prick for
dispensing to the Blood RNA Tube, vertically positioned within an
appropriate rack or tube holder. TheMinivette tipwas introduced through a
hermetic membrane of the tube, and the depressing plunger allowed the
collected blood to be judiciously transferred into the Blood RNA tube, after
which the Minivette was disengaged from the membrane. Immediately
following blood transfer, a gentle manual inversion of the Blood RNATube
ten times ensued, guaranteeing a comprehensive mixture of the sample. All
Blood RNA Tubes were promptly allocated to storage at a temperature of
–20 °C within 1–2 h of collection, with an emphasis on maintaining an
upright orientation and the use of plastic storage containers to avert
potential cracking linked to freezing. Upon the filling of the specified
number of tubes, logistical arrangements were initiated for the shipping of
these samples on dry ice. Through the execution of these comprehensive
protocols, our study ensured the consistent acquisition, treatment, and
preservation of blood samples intended for subsequent RNA analysis,
thereby safeguarding against contamination and preserving the integrity of
these samples throughout the processing and transit phases (Fig. 4).

1. Collect blood drops with the capillary.

3. Dispense sample into tube.

2. Blood collection is complete when 
blood has reached the filterat the end 
of the capillary tip.

Fig. 4 | Finger-prick whole blood transcriptomic study sample flow diagram.
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Sample preparation
The samples collected inAfrica are frozen to−80 °Cand then shipped to the
UK on dry ice. On arrival in the UK, the RNA is extracted from the blood
and undergoes a sample extraction QC step where the RIN is assessed for
quality. Another QC step is performed on the data generated from the
microarrays and fails if 2/3 QA steps fail.

Shipped samples were processed for RNA extraction at Cardiff Uni-
versity. Total RNA quality and quantity were assessed using Agilent 4200
TapeStation and a High Sensitivity RNA kit (Agilent Technologies). In all,
2–10 ng of Total RNAwith a RIN value >5 was arrayed into a 96-well plate
format and sent to Eurofins for processing with the ThermoFisher Clariom
D array using the Pico GeneChip labelling kit.

Sampleprocessing: labellingwithGeneChipWTPicoReagent kit
TheAffymetrixGeneChipWTPicokitwas used toprep the sample onto the
clariomD arrays. First-strand cDNA is synthesized with a combination of a
Poly-dT and random primers containing a 5′-adaptor sequence. A 3’-
adaptor is added to the single-stranded cDNA followed by low-cycle PCR
amplification. The cDNA is used as a template for in vitro transcription that
produces amplified amounts of antisense mRNA, (cRNA). The cRNA is
then used as input for a second round of first-strand cDNA synthesis,
producing single-stranded sense cDNA. After fragmentation and end-
labelling, the targets are hybridized to plate arrays, which are stained and
imaged on the GeneTitan Multi-Channel Instrument.

Statistics and data analysis methodology
Propensity score matching was used to avoid selection bias and identify
likelihood for the best comparable groups without involving the birth
outcome. A logistic regression model was fitted to the following demo-
graphic characteristics: mothers age, monthly household income, area of
residence, education and employment status, and parity.

Quality assurance, normalization, and differential expression
analysis
We performed a differential expression analysis using 37 quality-assured
finger-prick whole-blood samples from women who had either live birth
(n = 19) or stillbirth (n = 18). Expression values were normalized using the
robust multi-array average (RMA) method23 implemented in R, and
annotated with a NCBI gene name using annotateEset() function from the
affycoretoolspackage24with theAffymetrix clariomdhumanannotationdata
package clariomdhumantranscriptcluster.db version 8.8.025. Only probesets
mapped to a NCBI gene name are retained, and the maximum average
intensities are taken over replicate gene names.Mean expression levels were
obtained by calculating the geometric means of the RMA-normalized data
for live birth and stillbirth groups, respectively. Data was visualized for
quality assurance using the R package arrayQualityMetrics. In addition to
RMA normalisation, we evaluated potential batch and positional effects,
including array row and chip effects, through PCA and visual inspection of
QCmetrics (Supplementary Figs. 1–3).We observed no systematic batch or
positional effects requiring correction. The LIMMA26 package was used, to
determine which genes were significantly differentially expressed between
the live birth and stillbirth groups. Themethod implemented in theLIMMA
package extends the Empirical Bayes modelling to combine an estimate of
variability based on the entire matrix with individual estimates based on
each individual value and provides improved error estimates27. The analysis
provides the fold change, t-moderated or adjusted P values using the
Benjamini–Hochberg procedure28 that are used to order the genes from
more to less differentially expressed. As no significantly DEGs were iden-
tified after adjustment for multiple comparisons, we did not perform
pathway enrichment analyses, including KEGG and GO analysis, as these
would not yield meaningful results with the current dataset.

Data availability
Data are provided within the manuscript or Supplementary Informa-
tion files.
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