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Goal

The present study intended to evaluate whether the profile of soluble immune mediators observed in cord blood samples resembles the pattern identified for mother serum samples.





Methods

For this purpose, parallel analysis of chemokines, cytokines, and growth factors was carried out in mother–newborn paired samples from acute and convalescent COVID-19 subgroups (Early, Intermediate, and Late) as well as healthy controls (HC).





Results

Data demonstrated that increased levels of CCL11, IFN-γ, IL1-Ra, and G-CSF were observed in cord blood samples from most COVID-19 subgroups, with fold change magnitude from 1.6× to 8.2× as compared with HC. Comparative analysis of mother–newborn pairs demonstrated that several immune mediators (CCL11, CCL4, IFN-γ, PDFG, and G-CSF) exhibited high increment magnitude in cord blood as compared with mother serum, reaching values up to 15.7×, mainly at convalescent COVID-19 infection. The signatures of soluble immune mediators revealed distinct waveforms for cord blood and mother serum, with a waning of immune mediators in the latter, contrasting with the increasing set of molecules in the former from acute toward convalescent COVID-19. Integrative network analysis of immune mediators in mother–newborn pairs showed an increase of neighborhood connectivity both in microenvironments and in their interplay from acute toward late convalescent COVID-19. Our results support the hypothesis of the interplay between mother serum and cord blood microenvironment that may impact the fetus development.





Conclusion

Together, this evidence regarding the maternal–fetal crosstalk can ultimately subsidize the improvement of clinical practice and public health policies for management of prenatal exposure to SARS-CoV-2 infection.
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Introduction

Since declared a global pandemic in, 2020, the COVID-19 caused by the SARS-CoV-2 virus has significantly disrupted the global public health systems, representing unique challenges to vulnerable populations such as children, elderly, and pregnant women (1, 2).

Although the frequency of vertical transmission of SARS-CoV-2 is still debatable, previous studies have provided evidence that viral infection during pregnancy leads to several intrauterine and fetal effects of transplacental transfer of soluble immune mediators, including virus-specific antibodies and cytokines, in response to maternal infections, including SARS-CoV-2 (3–5).

Infections during pregnancy not only pose a risk to maternal health but also have potential implications for the fetal development (6–8). The maternal immune system transition during pregnancy from a pro-inflammatory state at pregnancy onset to an anti-inflammatory profile toward mid-late pregnancy stages can contribute to higher vulnerability to infections (9, 10). The dynamic interplay between pro-inflammatory and anti-inflammatory immunological responses that occur at distinct gestational phases is crucial to safeguarding maternal health and ensuring a successful gestation (11).

The study of immune mediator profiles in maternal and neonatal contexts has garnered significant attention due to its implications for understanding the prenatal immune environment and fetal outcomes elicited by maternal–fetal immune interaction (12). The immunological changes during pregnancy have significant implications for the soluble mediator networks at the maternal–fetal interface orchestrating the fetal development and newborn health (13). The SARS-CoV-2 infection during pregnancy poses increased risks of adverse maternal and newborn outcomes (14).

Understanding the dynamics between maternal infection and fetal immune responses is crucial for assessing how prenatal exposure to SARS-CoV-2 might affect children health. The comprehensive impact of SARS-CoV-2 infection on the maternal–fetal immune interface is still poorly understood. In this line, the present study aimed to investigate the changes of soluble immune mediators in mothers with acute or convalescent COVID-19 and their impact in the umbilical cord blood immunological microenvironment. Our findings provided evidence regarding the maternal–fetal crosstalk that can ultimately subsidize the improvement of clinical practice and public health policies for management of prenatal exposure to SARS-CoV-2 infection.





Population, materials and methods




Study population

This study is part of a larger prospective observational investigation, named PROUDEST Project (Pregnancy Outcomes and Child Development Effects of SARS-CoV-2 Infection Study) (15), carried out between July, 2020 and December, 2021 in the Federal District of Brazil, during the circulation of the B.1.1.28 and B.1.1.33 SARS-COV-2 variants. The study protocol was submitted and approved by the ethical committee at Faculdade de Medicina, Universidade de Brasília, and by the National Ethical Committee - CONEP (CAAE, 32359620.0.0000.5558) and registered at the Brazilian Clinical Trials Platform – REBEC (https://ensaiosclinicos.gov.br/rg/RBR-65qxs2). The study has followed the ethical principles stated by the Helsinki Declaration for research involving human beings. A total of 149 parturients were invited to participate in this cross-sectional study, as a non-probability convenience sampling from two Public Reference Centers for COVID-19 (Hospital Universitário de Brasília and Hospital Regional da Asa Norte, Brasília, DF, Brazil). All parturients, hereafter referred as “mother,” have provided a written informed consent prior inclusion in the study. The study population comprised paired samples of mother peripheral blood (n=149) and umbilical cord blood from their offsprings (n=149), collected at delivery. The study population was categorized into five groups, based on the mother status for COVID-19, referred to as (i) “Acute”—acute SARS-CoV-2 infection (up to 14 days of symptoms onset at delivery); (ii) “Early”—convalescent SARS-CoV-2 infection acquired at the third pregnancy trimester (28 to 41 weeks); (iii) “Intermediate”—convalescent SARS-CoV-2 infection acquired at the second pregnancy trimester (14 to 27 weeks); (iv) “Late”—convalescent SARS-CoV-2 infection acquired at the first pregnancy trimester (4 to 13 weeks); and (v) “HC”—reference control group comprising non-infected healthy subjects with no clinical history of COVID-19, with negative serology for SARS-CoV-2 infection at delivery and no further diagnosis confirmed up to 30 days after delivery. The exclusion criteria are as follows: mothers vaccinated for COVID-19 before or during pregnancy, and mothers with confirmed diagnosis of toxoplasmosis, syphilis, rubella, herpes, Chagas disease, cytomegalovirus, Zika virus, or human immunodeficiency virus during pregnancy. In addition, smokers and excessive alcohol/illicit drug users were also excluded.

The COVID-19 diagnosis was based on at least one of the following criteria: (a) positive serology for anti-SARS-CoV-2 IgM or IgG by rapid test (Biomanguinhos, Fiocruz, Brazil); (b) positive SARS-CoV-2 quantitative real-time polymerase chain reaction (qRT-PCR) on nasopharyngeal swab specimens; or (c) clinical symptoms suggestive of COVID-19 and a chest computed tomography compatible with COVID 19.

A compendium of the study population and methods is provided in Figure 1.
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Figure 1 | Compendium of study population and methods. This is an exploratory observational investigation enrolling a total of 298 participants to evaluate soluble immune mediators in umbilical cord blood from neonates and paired peripheral blood from mothers with acute or convalescent COVID-19. Acute COVID-19 (, n=18) was defined as SARS-CoV-2 infection up to 14 days upon symptom onset. Convalescent COVID-19 comprising three stages of infection, referred to as (i) Early (, n=34) = previous SARS-CoV-2 infection acquired at the third pregnancy trimester; (ii) Intermediate (, n=50) = previous SARS-CoV-2 infection acquired at the second pregnancy trimester; and (iii) Late (, n=39) = previous SARS-CoV-2 infection acquired at the first pregnancy trimester. Healthy Controls, referred to as HC (, n=8), included non-infected participants. Heparinized plasma samples from umbilical cord and mother peripheral blood were used for experimental procedures to quantify serum immune mediators using 27-plex high-throughput microbead array. Distinct approaches were employed for data mining and statistics, including multiple comparisons of serum immune mediators in cord blood samples from HC and COVID-19 subgroups; fold changes in COVID-19 subgroups according to HC median values; and comparative analysis of serum immune mediator levels and signatures of umbilical cord and mother peripheral blood from HC and COVID-19 subgroups. Systems immunology tools were employed to assemble integrative networks of serum immune mediators in umbilical cord and mother peripheral blood from HC and COVID-19 subgroups as well as in the cord blood/mother cross-correlation throughout the acute and convalescent COVID-19 infection.





Serum and umbilical cord blood processing and storage

Peripheral blood samples from a total of 149 mothers were collected by venipuncture, at delivery, using vacuum tubes without anticoagulant (HC, n=8; Acute, n=18; Early, n=34; Intermediate, n=50; and Late, n=39). A total of 149 newborn venous cord blood paired samples (5 mL) were collected from the placental part, immediately after clamping using vacuum tubes without anticoagulant. Mother peripheral blood and cord blood specimens were submitted to centrifugation at 1,400 × g, 10 min, 4°C within 6 h after collection, aliquoted, and stored at −80°C until processing for quantification of soluble immune mediators.





Quantification of soluble immune mediators

The levels of soluble immune mediators were quantified in cord blood and mother serum samples by high-throughput microbead multiplex assay (Bio-Plex Pro™ Human Cytokine 27-plex Assay, Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer’s instructions. The concentrations of chemokines (CXCL8; CCL11; CCL3; CCL4; CCL2; CCL5; CXCL10), pro-inflammatory (IL-1β; IL-6; TNF-α; IL-12; IFN-γ; IL-15; IL-17), and regulatory cytokines (IL-1Ra; IL-4; IL-5; IL-9; IL-10; IL-13) along with growth factors (FGF-basic; PDGF; VEGF; G-CSF; GM-CSF; IL-2; IL-7) were measured in parallel batches carried out by a trained technician using a Bio-Plex 200 System (Hercules, CA, USA) at the flow cytometry facility at Fiocruz Minas. The final concentrations of cord blood and mother serum soluble immune mediators were expressed in pg/mL, according to a five-parameter logistic curve fit regression of standard curves.





Statistical analysis

Descriptive statistics were carried out using the GraphPad Prism 8.0.2 software (GraphPad Software, San Diego, USA). Data normality was assessed by the Shapiro–Wilk test. Considering the non-parametric distribution of all data sets, multiple comparative analysis among HC and COVID-19 subgroups (Acute, Early, Intermediate, and Late) was carried out by Kruskal–Wallis followed by Dunn’s post-test. The statistical analysis between cord blood and mother serum paired samples was performed by Wilcoxon test. In all cases, statistical significance was considered at p<0.05.

The analysis of fold change magnitude in the soluble immune mediator was assessed as the ratio between serum and cord blood concentrations in COVID-19 subgroups divided by the median levels observed in healthy controls. Additionally, the fold change magnitude in soluble immune mediators was calculated as the ratio of cord blood concentrations divided by the median values observed in mother serum. Fold changes ≤0.8× and ≥1.5× were included in the set of parameters considered for Venn diagram analysis (available at https://bioinformatics.psb.ugent.be/webtools/Venn/) to identify common and selective attributes among subgroups.

Soluble immune mediator signatures were further assessed to chemokines, cytokines, and growth factors from cord blood and mother serum. For this purpose, the original data of soluble mediators, from cord blood and mother serum samples, expressed as continuous variables (pg/mL) were converted into categorical data presented as proportion (%) of subjects with levels above the cut-off values defined as the overall global median concentration of each soluble mediator (CXCL8 = 3.1; CCL11 = 6.9; CCL3 = 0.8; CCL4 = 5.4; CCL2 = 10.2; CCL5 = 244.5; CXCL10 = 43.3; IL-1β=0.2; IL-6 = 0.6; TNF-α=4.0; IL-12 = 0.3; IFN-γ=1.5; IL-15 = 31.8; IL-17 = 1.5; IL-1Ra=98.4; IL-4 = 0.2; IL-5 = 8.3; IL-9 = 2.8; IL-10 = 2.2; IL-13 = 0.6; FGF-basic=1.7; PDGF=12.2; VEGF=8.0; G-CSF=4.1; GM-CSF=0.4; IL-2 = 0.8 and IL-7 = 2.5 pg/mL). The signatures of cord blood, and mother serum soluble immune mediators were analyzed considering the 50th percentile as a gray zone to identify the set of immune mediators with increased levels in each study group and further assemble as ascendant signature profiles.

Integrative networks of cord blood and mother serum immune mediators were built based on Spearman rank correlation analysis. Cross-correlation between immune mediators from cord blood and mother serum compartments was assessed using the Spearman rank tests. Significant correlations (p<0.05) were employed to construct cluster networks (chemokines; pro-inflammatory cytokines; regulatory cytokines, and growth factors) using the open-source Cytoscape software (available at https://cytoscape.org). Comparative analysis among subgroups was carried out considering the number of correlations observed for each soluble mediator cluster and the total number of correlations computed for each subgroup.

Additional analysis of soluble immune mediators was further performed to compare and summarize the major changes observed in the cord blood and mother serum compartments. For this purpose, Z-score normalization (Z-scores = (original value − )/SD) was applied to construct colormaps. The number of soluble mediators with Z-score ≥4 on each compartment was identified and subsidized in comparative analysis among groups.






Results




Soluble immune mediators in umbilical cord blood from neonates born to mothers with acute or convalescent COVID-19

The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples from neonates born to mothers with acute or convalescent COVID-19, and the results are presented in Figure 2. Data analysis demonstrated an increase of CCL11, CCL3, CXCL10, IL-1β, IFN-γ, IL-1Ra, and G-CSF and a decrease of IL-10 in cord blood samples from neonates born to mothers with Acute SARS-CoV-2 infection as compared with Healthy Controls (HC). The analysis of cord blood samples at Early and Intermediate convalescent COVID-19 showed increased levels of CCL11, CCL3, CCL4, CCL2, IL-1β, IFN-γ, IL1-Ra, G-CSF, and IL-7 and a decrease of IL-10 and IL-2 as compared with HC. Overall, cord blood samples from the Late convalescent subgroup exhibited few differences as compared with HC, comprising higher levels of CCL11, IL-1β, IFN-γ, IL-4, and IL-7. However, the Late subgroup presented distinct levels of several immune mediators as compared with Early and/or Intermediate subgroups, including increased levels of CXCL8, TNF-α, IL-17, IL-5, IL-10, IL-13, and GM-CSF along with decrease levels of CCL11, CCL3, CCL4, CCL2, CCL5, IL-1β, IL-6, IFN-γ, IL-15, IL-1Ra, PDGF, G-CSF, and IL-2 (Figure 2).
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Figure 2 | Soluble immune mediators in umbilical cord blood from neonates born to mothers with acute or convalescent COVID-19. The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples collected from neonates born to mothers with Acute SARS-CoV-2 infection (, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (, n=34), Intermediate (, n=50), or Late (, n=39) in comparison with Healthy Controls (HC = , n=8). The levels of soluble immune mediators were quantified by 27-plex high-throughput microbead array as described in Population, Materials and Methods. The results are presented as scattering distribution of individual samples over bar charts showing the median values of cord blood concentration (pg/mL). Multiple comparative analysis was performed by Kruskal–Wallis followed by Dunn’s post-test. In all cases, significance was considered at p<0.05. Significant differences were underscored by the letters “a”, “b”, “c”, “d”, and “e” for comparisons with HC, Acute, Early, Intermediate, and Late groups, respectively.





Fold change of soluble immune mediators in umbilical cord blood from neonates born to mothers with acute or convalescent COVID-19 according to healthy controls

Aiming at further characterizing the profile of chemokines, cytokines, and growth factors in umbilical cord blood samples from neonates born to mothers with acute or convalescent COVID-19, the magnitude order of fold changes in soluble immune mediator concentrations was calculated according to HC median values. The results are shown in Figure 3. Data analysis demonstrated that cord blood from the Acute subgroup presented a range of soluble immune mediators with fold change magnitudes over 1.5× reaching values as high as 6.7×, with CCL11 > IL1Ra > CXCL10 > CCL2> IFN-γ ~ G-CSF > CCL3 > IL-7 > IL-1β. Cord blood from Early and Intermediate subgroups exhibited a large set of soluble immune mediators with fold change magnitudes higher than 1.5× toward 7.2× and 8.2×, respectively. Overall, data demonstrated a magnitude order of CCL11 > CCL2 > IFN-γ > PDGF > IL-1Ra > CCL3 > CCL4 > IL-7 > IL-1β > G-CSF > CCL5 ~ IL-12 in the Early subgroup and CCL11 > CCL2 > IL-1Ra > IFN-γ ~ G-CSF > CCL3 > PDGF ~ CCL5 ~ CCL4 > IL-7 > IL-1β > IL-12 ~ IL-9 > CXCL10 in the Intermediate subgroup (Figure 3, bar charts). Cord blood from the Late subgroup showed a small set of soluble mediators with increased fold changes higher than 1.5× up to 3.5× CCL11 > IL-1Ra > IL-7 ~ IFN-γ > PDGF ~ VEGF > G-CSF > IL-12 ~ IL-4. Conversely, decreased fold change magnitudes below 0.8× were observed in Acute (IL-2 ~ IL-17 < IL-10), Early (IL-2 < IL-10 < TNF-α < IL-13 ~ GM-CSF ~ CXCL8 ~ IL-17), and Intermediate (IL-2 < IL-10 < GM-GSF) with no values below 0.8× observed in the Late subgroup (Figure 3, bar charts).
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Figure 3 | Fold change of soluble immune mediators in umbilical cord blood from neonates born to mothers with acute or convalescent COVID-19 according to healthy controls. The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples collected from neonates born to mothers with Acute SARS-CoV-2 infection (, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (, n=34), Intermediate (, n=50), or Late (, n=39). The levels of soluble immune mediators were quantified by 27-plex high-throughput microbead array as described in Population, Materials and Methods. (A) Fold change magnitude is shown in lollipop charts according to the median values observed for Healthy Controls (HC, n=8). Fold change magnitude of soluble immune mediators with significant differences at p<0.05 was underscored by bold underline format. (B) The results are shown as scattering distribution of individual fold change/HC median values. Gray color was used to label soluble immune mediators with fold changes (FC) values 0.8x ≤ FC ≥ 1.5x. Common immune mediators observed in all COVID-19 subgroups (Acute, Early, Intermediate, and Late) were labeled with * and those observed only at convalescent subgroups (Early, Intermediate, and Late) identified by #.

Venn diagram analysis identified a set of common soluble immune mediators with increased levels in all COVID-19 subgroups (from 1.6× up to 8.2×), comprising CCL11, IFN-γ, IL-1Ra, and G-CSF (Figure 3, * below bar charts). Moreover, increased fold changes of PDGF were commonly observed only in convalescent COVID-19 (Early, Intermediate, and Late subgroups) (Figure 3, # below bar charts).





Soluble immune mediator profiles of paired umbilical cord blood samples and serum from mothers with acute or convalescent COVID-19

Although transplacental transfer of most soluble mediators is believed to not occur in humans, the maternal immunological profile may interfere in the fetal immune response and impact the cord blood microenvironment. In order to evaluate whether the profile of mother serum immune mediators resembles the pattern observed in cord blood samples from their offsprings, parallel analysis of chemokines, cytokines, and growth factors was performed in mother–newborn pairs from Acute, Early, Intermediate, and Late COVID-19 subgroups as well as healthy controls. The results are presented in Figure 4. Data from paired umbilical cord blood (circles) and mother serum samples (diamonds) were compared for each COVID-19 subgroups as well as healthy controls. Connecting lines were used to draw soluble immune mediator profiles. Comparative analysis demonstrated that most soluble immune mediators in mother serum and cord blood paired samples from healthy controls presented similar median values, except for 8 out of 27 molecules (30%), comprising higher levels of CCL3, CCL4, CCL5, IFN-γ, IL-5, PDGF, GM-CSF, and IL-2 and lower levels of IL-7 observed in cord blood as compared with mother serum (Figure 4, green symbols). Distinct profiles of soluble immune mediators were identified in the paired analysis of mother–newborn Acute subgroups for 11 out of 27 analytes (41%), comprising increased levels of CCL11, CCL4, IFN-γ, PDGF, G-CSF, GM-CSF, and IL-7 and decreased levels of CXCL10, IL-6, IL-17, and IL-10 in cord blood samples as compared with mother serum (Figure 4, dark-purple symbols). Of note were the increased levels of a larger set of soluble immune mediators observed in cord blood samples from convalescent COVID-19 subgroups (Early = 11/27, 41%; Inter = 20/27, 74%; and Late = 18/27, 67%) as compared with mother serum (Figure 4). IL-10 was the single parameters presenting lower median levels in cord blood as compared with mother serum throughout convalescent COVID-19 (Figure 4).
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Figure 4 | Soluble immune mediator profiles of paired umbilical cord blood samples and serum from mothers with acute or convalescent COVID-19.  The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples collected from neonates (circles = ) and paired serum samples from mothers (diamonds = ) at Acute SARS-CoV-2 infection (;, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred as: Early (;, n=34), Intermediate (;, n=50) or Late (;, n=39) in comparison with Healthy Controls (HC = ;, n=8). The levels of soluble immune mediators were quantified by 27-plex high throughput microbead array as described in Population, Materials and Methods. The results are presented as median values of cord blood and mother serum concentration (pg/mL) using symbol keys as shown in the figure. Connecting lines were used to draw soluble immune mediator profiles of cord blood and mother serum samples. Intragroup comparative analysis between paired samples was performed by Wilcoxon test and significance considered at p<0.05. Significant differences were underscored by the red asterisk “*” for comparisons within HC, Acute, Early, Intermediate, and Late groups.

Aiming at identifying soluble immune mediators with higher magnitude to differentiate cord blood samples from mother serum, the fold change values were calculated for each soluble immune mediator in cord blood samples from COVID-19 subgroups divided by the median values of matching mother serum. The results are presented in Figure 5. Data analysis demonstrated that a range of soluble immune mediators from cord blood from the Acute subgroup presented fold change magnitudes over 1.5× reaching values as high as 3.9×, with PDGF > CCL11 > IL-7 > G-CSF > CCL-4 ~ IFN-γ. Moreover, a larger set of soluble immune mediators from cord blood from convalescent COVID-19 subgroups (Early, Intermediate, and Late) exhibited fold change magnitudes up to 11.0×, 15.7×, and 6.9×, respectively. Overall, data from the Early subgroup demonstrated high fold change magnitude order for PDGF > G-CSF > IFN-γ ~ CCL-2 > IL-1Ra > CCL-11 > VEGF ~CCL4 > CCL3. Data from the Intermediate subgroup showed high fold change magnitude order for PDGF > IFN-γ > CCL2 > CCL11 ~ G-CSF ~ IL-1Ra > CCL4 > CCL3 > CCL5 > VEGF >TNF-α. The results from the Late subgroup showed high fold change magnitude order for PDGF > IL-1Ra > IFN-γ > G-CSF > CCL3 > CCL11 > CCL4 ~ IL-7 > CCL5 > CCL2 ~ VEGF. Conversely, decreased fold change magnitudes (below 0.8x) were observed in Acute (CXCL10 < IL-17 < IL-10 ~IL-6 ~ CCL5 < VEGF < IL-4), Early (CXCL10 < IL-10 < IL-6 ~ IL-12), and Intermediate (IL-10) with no value below 0.8× observed in the Late subgroup (Figure 5).
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Figure 5 | Fold change of soluble immune mediators in umbilical cord blood divided by the median values observed in matching serum samples from mothers with acute or convalescent COVID-19. The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples collected from neonates born and paired serum samples from mothers at Acute SARS-CoV-2 infection (n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (n=34), Intermediate (n=50), or Late (n=39) as well as from Healthy Controls (HC; n=8). The levels of soluble immune mediators were quantified by 27-plex high throughput microbead array as described in Population, Materials and Methods. Fold change magnitude was calculated for umbilical cord blood samples divided by the median values observed for matching mother serum. The results are shown as scattering distribution of individual fold change (cord blood/mother serum median values). Soluble immune mediators with fold changes ≤0.8x and ≥1.5x were labeled by color format. Gray color was used to label soluble immune mediators with fold change (FC) values 0.8x ≤ FC ≥ 1.5x. Common immune mediators observed in all COVID-19 subgroups (Acute, Early, Intermediate, and Late) were labeled with * and those observed only at convalescent subgroups (Early, Intermediate, and Late) identified by #.

Venn diagram analysis identified a set of common soluble immune mediators with fold change magnitude over 1.5× up to 15.7× in cord blood samples according to mother serum in all COVID-19 subgroups, comprising CCL11, CCL4, IFN-γ, PDFG, and G-CSF (Figure 5, * below bar charts). Moreover, increased fold changes of CCL2, CCL3, IL-1Ra, and VEGF were commonly observed only in convalescent COVID-19 (Early, Intermediate, and Late subgroups) (Figure 5, # below bar charts).





Soluble immune mediator signatures of paired umbilical cord blood samples from neonates and serum from mothers with acute or convalescent COVID-19

In order to take a panoramic snapshot of soluble immune mediators in mother serum and in the cord blood from their offsprings, the signatures of chemokines, cytokines, and growth factors were assembled for mother–newborn pairs from Acute, Early, Intermediate, and Late subgroups as well as healthy controls. The signatures of soluble immune mediators in mother serum and cord blood were built as categorical data, reported as the proportion of samples with levels above the global median cut-off values determined for mother serum and cord blood samples. The results are presented in Figure 6. Signatures from paired mother serum samples (diamonds) and umbilical cord blood (circles) were compared for each COVID-19 subgroups as well as healthy controls. Connecting lines were used to draw the signatures of distinct categories of soluble immune mediator profiles (chemokines, pro-inflammatory and regulatory cytokines, and growth factors). Comparative analysis was carried out to select the set of immune mediators outside the gray zone equivalent to the 50th percentile. In healthy controls, a small set of immune mediators with increased levels were observed for mother serum (7/27, 26%—CXCL8, TNF-α, IL-17, IL-10, IL-13, GM-CSF, IL-2) and cord blood samples (8/27, 30%—TNF-α, IL-17, IL-10, IL-13, FGF-basic, PDGF, GM-CSF, IL-2). In the Acute subgroup, a total of 10 out of 27 immune mediators (37%) were increased in mother serum (CCL3, CCL2, CXCL10, IL-6, TNF-α, IL-17, IL-1Ra, IL-4, IL-10, and IL-2) and cord blood samples (CXCL8, CCL11, CCL2, CXCL10, TNF-α, IFN-γ, IL-1Ra, PDGF, G-CSF, and GM-CSF) (Figure 6).
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Figure 6 | Soluble immune mediator signatures of paired umbilical cord blood samples from neonates and serum from mothers with acute or convalescent COVID-19.  The levels of chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors were measured in umbilical cord blood samples collected from neonates (circles = ) and paired serum samples from mothers (diamonds = ) at Acute SARS-CoV-2 infection (;, n=18) up to 14 days upon symptoms onset  or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred as: Early (;, n=34), Intermediate (;, n=50)  or Late (;, n=39) in comparison with Healthy Controls (HC = ;, n=8). The levels of soluble immune mediators were quantified by 27-plex high throughput microbead array as described in Population, Materials and Methods. The results are presented in line charts showing the proportion (%) of samples with levels of soluble immune mediators above the cut-off values defined as the overall global median concentration of each soluble mediator from mother serum and cord blood samples as described in Population, Materials and Methods. Connecting lines were used to draw the signatures of distinct categories of soluble immune mediator profiles (chemokines, pro-inflammatory, and regulatory cytokines along with growth factors). The soluble immune mediators with proportion of samples above the 50th percentile (gray zone) were included in the set of attributes with increased levels and were underscored by bold underline color format.

Distinct profiles of soluble mediators were identified in mother serum and cord blood from convalescent subgroups. Waning in the set of immune mediators was observed for mother serum from the Early (9/27, 33%), Intermediate (3/27, 11%), and Late subgroups (7/27, 26%). On the other hand, a higher number of immune mediators remained with increased levels in cord blood samples in the convalescent subgroups (Early = 15/27, 56%; Intermediate = 19/27, 70%, and Late = 19/27, 70%) (Figure 6).

Additional analysis of soluble immune mediator signatures was performed to identify common and selective molecules with increased levels in mother serum and cord blood pairs in healthy controls and during acute or convalescent COVID-19. For this purpose, the soluble immune mediators were ranked considering the ascendant proportion of samples with levels above the global median and data presented in Figure 7. Venn diagram analysis allowed the identification of common and selective immune mediators observed in mother–newborn pairs. Descriptive analysis of selective immune mediators pointed out that PDGF was universally increased in cord blood samples from all study groups (HC, Acute, Early, Intermediate, and Late). IFN-γ and G-CSF were increased in cord blood samples of all COVID-19 subgroups (Figure 7, * underscored attributes). IL-1Ra was selectively increased in cord blood from convalescent subgroups (Early; Intermediate; Late) (Figure 7, # underscored attributes).
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Figure 7 | Descriptive analysis of ascendant soluble immune mediator signatures of paired umbilical cord blood samples and serum from mothers with acute or convalescent COVID-19. The levels of chemokines (CXCL8, CCL11, CCL3, CCL4, CCL2, CCL5, CXCL10), pro-inflammatory cytokines (IL-1β, IL-6, TNF-α, IL-12, IFN-γ, IL-15, IL -17), regulatory cytokines (IL-1Ra, IL-4, IL-5, IL-9, IL-10, IL-13), and growth factors (FGF-basic, PDGF, VEGF, G-CSF, GM- CSF, IL-2, IL-7) were measured in umbilical cord blood samples collected from neonates and serum samples from mothers at Acute SARS-CoV-2 infection (;, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (;, n=34), Intermediate (;, n=50), or Late (;, n=39) in comparison with Healthy Controls (HC = ;, n=8). The levels of soluble immune mediators were quantified by 27-plex high-throughput microbead array as described in Population, Materials and Methods. The results as ascendant profile of the proportion (%) of samples with levels of soluble immune mediators above the cut-off values, defined as the overall global median concentration of each soluble mediator as described in Population, Materials and Methods. Colormaps were created to identify the soluble immune mediators displaying a proportion of subjects above 50% and select the set of attributes with increased levels (column rectangles), underscored by bold color format. The color key used for number proportion (%) of samples with levels of soluble immune mediators above the cut-off values (; Min, 50% and Max) is provided in the figure. Venn diagrams were constructed to identify the set of common and selective attributes observed in cord blood and mother serum samples within the HC, Acute, Early, Intermediate, and Late groups. The common immune mediator observed in all groups (HC, Acute, Early, Intermediate, and Late) was tagged by §; those commonly observed in all COVID-19 subgroups (Acute, Early, Intermediate, and Late) were labeled with * and those observed only at convalescent subgroups (Early, Intermediate, and Late) identified by #.





Integrative networks of soluble immune mediators in paired umbilical cord blood samples from neonates and serum from mothers with acute or convalescent COVID-19

A complementary landscape of interplay between soluble immune mediators from mother serum and cord blood samples was explored by correlation and cross-correlation analysis. The results are presented in Figure 8. Correlation analysis between chemokines, cytokines, and growth factors was performed to assess the neighborhood connectivity in mother serum and cord blood microenvironments. Additionally, cross-correlation analysis between mother serum and cord blood soluble mediators was calculated to characterize the interplay of soluble immune mediators between these compartments. Data analysis demonstrated that overall, the number of correlations in mother serum and cord blood, as well as the cross-correlation between mother/cord blood pairs, increased in Acute COVID-19 as compared with HC (n=102 and 356; n=218 and 286; n=144 and 520, respectively). Increased correlation numbers in cord blood (n=414 and 374) along with higher cross-correlation between mother/cord blood pairs (n=656 and 668) were observed from acute infection toward Intermediate and Late convalescent subgroups (Figure 8).
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Figure 8 | Integrative networks of soluble immune mediators in paired umbilical cord blood samples from neonates and serum from mothers with acute or convalescent COVID-19. Integrative network circuits were assembled for serum chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors measured in cord blood samples collected from neonates (circles = ) and paired serum samples from mothers (diamonds = ) at Acute SARS-CoV-2 infection (A = ;, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (E = ;, n=34), Intermediate (I = ;, n=50), or Late (L = ;, n=39) in comparison with Healthy Controls (HC = ;, n=8). The levels of soluble immune mediators were quantified by 27-plex high-throughput microbead array as described in Population, Materials and Methods. The network circuits were built based on Spearman rank test correlation analysis between pairs of soluble immune mediators. Only moderate/strong (“r” scores ≥ |0.40|) significant correlations (p<0.05) were used to build networks with four cluster circuits (chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors) using the open-source Cytoscape software platform (available at https://cytoscape.org). Cross-correlation clouds were assembled to compile the correlograms of soluble immune mediators from mother serum and cord blood samples. The number of correlations within each cluster and the total correlation of soluble immune mediators for each group are provided in the inserted table. Color maps illustrate the comparative analysis of correlation numbers within each cluster among subgroups from mother serum, cord blood samples, and their cross-correlation. The color key used for number of correlations (; Min, 50th, and Max) is provided in the figure.





Summary of changes in soluble immune mediators in paired umbilical cord blood samples and serum from mothers with acute or convalescent COVID-19

A panoramic snapshot of changes in the overall concentrations, signatures, and integrative networks of soluble immune mediators was taken for comparative analysis between cord blood samples and serum from mothers with acute or convalescent COVID-19. The results are presented in Figure 9. Colormap constructs were assembled for comparative analysis of soluble immune mediator concentrations between the two compartments. Data demonstrated an inverted profile for mother serum and cord blood samples. While a decline in soluble mediator was observed in the mother serum compartment from acute toward convalescent COVID-19 subgroups, an increase of soluble mediators was observed in cord blood samples from acute to convalescent COVID-19. The analysis of soluble mediator signatures further confirmed these findings. An increase in correlation numbers was observed in mother serum and cord blood samples and in the cross-correlation interplay from HC toward Late convalescent COVID-19. However, the waveforms revealed that during acute infection, a more pronounced upregulation was observed in the correlation numbers in mother serum and in the cross-correlation interplay as compared with cord blood samples (Figure 9).
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Figure 9 | Summary of changes in soluble immune mediators in paired umbilical cord blood samples and serum from mothers with acute or convalescent COVID-19. A snapshot of (A) the overall concentrations, (B) soluble immune mediator signatures, and (C) integrative networks of soluble immune mediators (chemokines, pro-inflammatory cytokines, regulatory cytokines, and growth factors) was composed umbilical cord blood samples collected from neonates and serum samples from mothers at Acute SARS-CoV-2 infection (, n=18) up to 14 days upon symptom onset or convalescent COVID-19 due to previous SARS-CoV-2 infection, referred to as Early (, n=34), Intermediate (, n=50), or Late (, n=39) in comparison with Healthy Controls (HC = , n=8). To summarize the major changes observed in the overall concentration of soluble mediators in cord blood and mother serum compartments, Z-score normalization was applied and colormaps constructed to calculate the number of soluble mediators with Z-score ≥4 on each compartment. The results are presented in line charts to illustrate the comparative analysis among subgroups. The soluble immune mediator signatures were compiled to allow comparisons between the sets of soluble mediators with increased levels in cord blood and mother serum samples from each subgroup. Line charts illustrate the rhythm of immune mediators. Integrative networks were compared considering the number of correlations observed for cord blood, mother serum, and the cross-correlation between them in each subgroup. Line charts illustrate the profile of correlation between immune mediators in each subgroup.






Discussion

The emergence of newly identified pathogens or previously known pathogens that are spreading to new geographic areas or populations presents significant challenges to global health. The understanding of the pathogenesis of these emerging infectious diseases, particularly in a vulnerable population such as pregnant women, besides the identification of potential biomarkers in the maternal–fetal interface are extremely important for proposing clinical interventions. The present study attempts to characterize the profile of soluble immune mediators in serum samples from mother with acute and convalescent COVID-19 and in the umbilical cord blood microenvironment of their offsprings, in comparison to healthy controls, employing distinct statistical approaches for data analysis. The unique aspect of this study lies in the measurement of immune mediator signatures in mother/newborn dyads and the observation that these signatures differ significantly, highlighting the importance of evaluating distinct microenvironments independently while monitoring COVID-19-affected pregnancies.

The understanding of the immune response to SARS-CoV-2 infection has rapidly expanded from extensive basic research toward clinical applications (16–18). The scientific literature on COVID-19 immunity during pregnancy remains limited (4, 19, 20). The physiological changes in the immune system observed during pregnancy make the pregnant women and theirs offsprings a risk group for adverse outcomes of SARS-CoV-2 infection (1, 6–8). Although the maternal–fetal transmission of the SARS-CoV-2 infection is rare, the immunological changes during pregnancy can increase the risk for complications in COVID-19-affected pregnancies (21, 22).

The interplay between the maternal–fetal interface comprises complex physiological changes and undergoes modifications along the pregnancy trimesters (11). Therefore, the analysis of the maternal–fetal interface during acute and convalescent COVID-19 is relevant for assessing the dynamics of changes in the immune responses of mothers and the impact in the umbilical cord blood microenvironment. Regardless of the relevance of this topic, the effect of SARS-CoV-2 during pregnancy, as well as the long-term impact on infant development, remains to be elucidated.

In this line, the present study aimed to investigate whether the profile of soluble immune mediators in cord blood mirrors that observed in serum from mothers with acute (at delivery) and Early/Intermediate/Late convalescent SARS-CoV-2 infection (3rd, 2nd, and 1st Trimesters, respectively). For this purpose, paired samples of mother serum and umbilical cord blood from their neonates were obtained at delivery and categorized according to the time SARS-CoV-2 infection during pregnancy. It has been shown that perinatal acquired viral infections may lead to relevant neonatal complications, and the pregnancy trimester of SARS-CoV-2 infection is crucial to determining the risk of adverse outcomes (23–26).

Our results demonstrated that during Acute infection, cord blood samples presented an increase of several soluble immune mediators, including CCL11, CCL3, CXCL10, IL-1β, IFN-γ, IL-1Ra, and G-CSF and a decrease of IL-10, resembling the classically reported cytokine storm elicited by SARS-CoV-2 infection. The upregulation in CXCL10 has been previously reported during SARS-CoV-2 infection acquired at the 3rd pregnancy trimester, aligning with our observation (27, 28).

Our findings showed that as maternal infection progresses from acute toward the convalescent phase, the changes in cord blood immune mediators did not mirror the mother serum profile. These findings suggested that the impact of SARS-CoV-2 infection during pregnancy triggers compartmentalized changes in the immunological profile of mother serum and cord blood, with a long-term effect in the latter contrasting with the typical waning observed for mother serum. Some studies have reported the endothelial dysfunction and placental vascular flow changes due to COVID-19 infection favoring the passage of soluble mediators and other components of the immune system into the cord blood (29, 30). The precise mechanism underlying the crosstalk between systemic and compartmentalized microenvironments, such as mother serum and cord blood dyad, as well as mother serum and cerebrospinal fluid, still remains to be elucidated. In this context, the existence of a divergent landscape of soluble immune mediators in serum and cerebrospinal fluid has been demonstrated, emphasizing the relevance of understanding the systemic and compartmentalized immune response elicited by SARS-CoV-2 infection during pregnancy (31). Therefore, the immunological response during pregnancy is the result of the combination and specificities from the maternal immune system and the fetal–placental microenvironment, leading to a unique immunological response (32).

The COVID-19 infection during pregnancy elicits a maternal systemic inflammatory response leading to changes in the placenta microenvironment. These changes can incite an immune dysregulation in the fetus that ultimately portrays short- and long-term effects in offspring (33). Our findings support the hypothesis of active fetal–placental participation in immune responses. As demonstrated by Taglauer and colleagues (27), whereas some cytokines and chemokines were elevated in the neonate compartment, their presence was not simply a result of passive transfer from maternal circulation. These findings align with previous observations that changes in the cord blood immune mediators do not represent a passive transfer from mother serum but rather indicate independent mechanisms that occur within the placental–fetal dyad (11, 27).

The analysis of the mother–cord blood dyad allowed the characterization of the immune response dialog in the maternal–fetal interface across acute and convalescent COVID-19 acquired during pregnancy. Regardless of the COVID-19 stage, cord blood samples from neonates born to mothers with COVID-19 exhibited higher levels of CCL11, IFN-γ, IL-1Ra, and G-CSF as compared with healthy controls. Of note, it is important to mention that CCL4 displayed an increase in convalescent subgroups, and PDGF was also increased in cord blood among all the subgroups, including HC. These data are consistent with the known effects of SARS-CoV-2, which can trigger a polyfunctional systemic immune activation even in neonatal compartments. Moreover, these findings are in agreement with the hypothesis that changes in the cord blood immune mediators represent an independent mechanism within the placental–fetal interface (11, 27, 34). In this context, this phenomenon, referred to as utero priming, even in the absence of congenital bacterial and virus infection, is characterized by changes in fetal cytokines, chemokines, and other cellular and humoral factors that do not resemble the maternal response (35, 36). The knowledge of this distinct fetal microenvironment as compared with the maternal immune response brings about novel insights regarding the compartmentalized immune response induced by gestational COVID-19.

Previous studies have demonstrated that SARS-CoV-2 infection during pregnancy induces a proinflammatory state within the amniotic cavity, causing an increase of immune mediators in fetal circulation (37). Our data highlighted the presence of elevated CCL11 and IFN-γ levels in cord blood samples that may indicate a heightened state of inflammation at the maternal–fetal interface. Moreover, the higher levels of IL-1Ra, an anti-inflammatory molecule, may play a role as a compensatory mechanism to counteract the pro-inflammatory environment induced by maternal COVID-19, protecting the neonate compartments from excessive inflammation that could disrupt development (38). Previous studies have reported that increased levels of IL-1Ra during SARS-CoV-2 infection may predict patient severe COVID-19 outcomes and might be useful as a prognostic biomarker to guide treatment strategies (39).

The persistence of G-CSF in cord blood samples, due to the acute to convalescent phases, further underscore the complexity of the immune response at the maternal–fetal interface. G-CSF is known to play a role in both immune defense and tissue repair, suggesting that its elevation may reflect an attempt to balance immune activation with tissue homeostasis (38, 40). It is well known that G-CSF increases during pregnancy, encompassing the maps of cytokine landscapes of distinct phases of gestational immune response (11). It has been suggested that G-CSF plays a role as an anti-inflammatory mediator during pregnancy (11).

Our data demonstrated higher levels of CCL4, particularly in the convalescent subgroups, suggesting persistent immune activation even after the resolution of acute infection. CCL4, a chemokine involved in the recruitment of monocytes and lymphocytes, may contribute to the long-term immunological response and some reports that identify this chemokine as a redundant molecule in correlations between other immune system components in the maternal–fetal interface (41). In addition, all cord blood subgroups displayed higher levels of PDGF, regardless of the SARS-CoV-2 maternal infection. In this context, the role of this molecule can reflect a baseline physiological process that is essential for fetal development. However, its specific role in the context of maternal COVID-19 and the maternal–fetal interface along with their crossing to the fetus compartments warrants further investigation. These observations can reflect a complex and persistent maternal–fetal interface even during the convalescent phase of COVID-19, suggesting that the effects of maternal infection may extend beyond the acute phase, potentially influencing neonatal and childhood health outcomes. Some reports have shown that maternal viral infections, such as influenza and cytomegalovirus, can lead to persistent changes in fetal cytokine profiles, with potential long-term consequences for immune function and disease susceptibility (24). In addition, this type of immunity transfer, called protective immunity, refers to the gradual priming of the fetal immune system for adaptive memory development in utero, and there is evidence that fetal inflammation may also be beneficial for immune priming (36).

The comparative analysis of immune mediators in the mother–newborn dyad demonstrated that certain mediators, such as PDGF and G-CSF, were markedly elevated in cord blood relative to maternal serum, especially during convalescence, with fold changes up to 15.7×. This differential pattern between maternal serum and cord blood suggests a distinct immune response in the fetal environment compared with the maternal circulation. Integrative network analysis further revealed increased neighborhood connectivity among immune mediators in both microenvironments, particularly in the context of late convalescent COVID-19. It has been postulated that immune response networks can integrate pathways by the engagement of three types of interactions, including cooperation, complementation, and compensation (42). These interactions are relevant to guarantee the redundancy of immune mediator pathways that ensure the robustness of the immune system. In this line, in the present study, we have explored the concept of redundancy and robustness of the immune system using the concept of integrative networks, assembled according to the number of correlations between immune mediators from mother serum and cord blood that can be transposed to the principles of cooperation, complementation, and compensation among functional properties of immune mediators. The analysis of immune mediator interactions is relevant for better understanding the immunological changes associated with SARS-CoV-2 infection during distinct gestational phases. Our data demonstrated that soluble immune mediators in mother–newborn pairs showed an increase of neighborhood connectivity both in microenvironments and in their interplay from acute toward late convalescent COVID-19. We believe that a reasonable biological interpretation for these findings is that SARS-CoV-2 infection acquired in the first pregnancy trimester led to an increased redundancy and robustness of immune interactions in the mother/newborn dyad. As the immune system gains redundancy, the establishment of additional compensatory mechanisms is observed. In this sense, the analysis of correlations between immune mediators and their variation represents a rational approach to characterize the compartmentalized immune response in the cord blood and mother serum microenvironments. Our findings pave the way for future investigations into the role of specific immunological mediators in modulating neonatal immunity and their impact on child development.

The present study has some limitations. In spite of the large number of mother–newborn paired samples analyzed in this exploratory investigation, the described observational design with multiple comparisons without corrections for comorbidities, clinical manifestations, disease severity, or other confounding variables constituted a study limitation. As the present study was carried out during the circulation of B.1.1.28 and B.1.1.33 SARS-CoV-2 strains, the generalization of our findings to epidemiological scenarios of other SARS-CoV-2 variants is limited since distinct variants of concern may interfere in the immune response. Another limitation is that the present investigation is a single-center study. Moreover, we have not performed a prospective follow-up analysis of the children to monitor their immune response profile.

In summary, this pioneering study investigated the complex immunological interaction between mothers with acute and convalescent COVID-19 and their newborns, revealing distinct immunological signatures in maternal serum and umbilical cord blood. Our findings demonstrated distinct profiles in cord blood as compared with mother serum, bringing about novel insights regarding the potential impact of maternal SARS-CoV-2 infection at distinct gestational phases on neonatal health and development. While acute SARS-CoV-2 infection in the mother induces a systemic inflammatory response in both compartments, the convalescent phase presents a more differentiated immunological pattern in umbilical cord blood, suggesting a long-term effect on the fetal environment. The persistent elevation of mediators such as CCL11, IFN-γ, IL-1Ra, and G-CSF in umbilical cord blood, regardless of the stage of maternal COVID-19, underscores the importance of “in utero priming” and its potential to modulate neonatal immunity in the long term. The striking differences in the levels of mediators such as PDGF and G-CSF between maternal serum and umbilical cord blood, especially during convalescence, reinforce the need to evaluate the maternal–fetal environment as distinct immunological compartments. Although this study provides valuable insights into the maternal–fetal immune response to SARS-CoV-2 infection, we acknowledge the limitations inherent in its observational design and the specificity of the SARS-CoV-2 variants circulating during data collection. Future studies should focus on longitudinal analyses, with greater sample diversity, to monitor the long-term effects of maternal SARS-CoV-2 exposure on child health. Ultimately, a detailed understanding of the maternal–fetal immunological interface in response to COVID-19 is crucial for developing effective prevention and intervention strategies, aiming to protect the health of mothers and newborns during and after the pandemic. Together, this evidence regarding the maternal–fetal crosstalk can subsidize the improvement of clinical practice and public health policies for management of prenatal exposure to SARS-CoV-2 infection.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by National Ethical Committee - CONEP. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

MC-d-C: Validation, Writing – review & editing, Formal analysis, Writing – original draft, Software, Investigation, Visualization, Methodology, Conceptualization. LS: Software, Writing – review & editing, Investigation, Visualization, Methodology, Writing – original draft, Conceptualization, Validation, Formal analysis. GF: Conceptualization, Investigation, Validation, Software, Writing – review & editing, Formal analysis, Writing – original draft, Methodology, Visualization. FM: Writing – review & editing, Software, Formal analysis, Visualization, Conceptualization, Validation, Methodology, Investigation. DA: Conceptualization, Investigation, Methodology, Visualization, Formal analysis, Writing – review & editing, Software, Validation. HS: Methodology, Investigation, Visualization, Validation, Formal analysis, Writing – review & editing. ÂPS: Formal analysis, Visualization, Methodology, Validation, Investigation, Writing – review & editing. COA: Supervision, Investigation, Software, Writing – review & editing, Validation, Data curation, Conceptualization, Formal analysis, Visualization, Methodology. RT: Writing – review & editing, Data curation, Supervision, Methodology, Formal analysis, Validation, Visualization, Investigation, Software. JJ: Writing – review & editing, Data curation, Supervision. KC: Supervision, Data curation, Writing – review & editing. LC: Data curation, Writing – review & editing, Supervision. ON: Supervision, Writing – review & editing, Data curation. LE: Project administration, Funding acquisition, Resources, Data curation, Supervision, Writing – review & editing. JC-d-R: Software, Conceptualization, Writing – review & editing, Investigation, Validation, Formal analysis, Visualization, Methodology. JB-d-S: Validation, Writing – review & editing, Formal analysis, Methodology, Software, Investigation, Visualization. IC-R: Software, Writing – original draft, Writing – review & editing, Investigation, Visualization, Methodology, Formal analysis, Validation. VM: Formal analysis, Visualization, Methodology, Validation, Investigation, Writing – review & editing. AC-A: Methodology, Validation, Formal analysis, Investigation, Visualization, Writing – review & editing. VP-M: Visualization, Formal analysis, Validation, Methodology, Investigation, Writing – review & editing. AT-C: Investigation, Visualization, Validation, Formal analysis, Methodology, Writing – review & editing. CG: Supervision, Data curation, Writing – review & editing. AZ: Data curation, Writing – review & editing, Supervision, Conceptualization. CPA: Supervision, Methodology, Conceptualization, Investigation, Formal analysis, Visualization, Data curation, Validation, Writing – review & editing. LM: Supervision, Writing – review & editing, Methodology, Conceptualization, Investigation, Project administration, Visualization, Funding acquisition, Resources, Data curation, Validation, Formal analysis. OM-F: Formal analysis, Data curation, Visualization, Project administration, Resources, Validation, Software, Writing – review & editing, Methodology, Funding acquisition, Supervision, Conceptualization, Writing – original draft, Investigation. AS: Methodology, Visualization, Conceptualization, Project administration, Software, Funding acquisition, Validation, Writing – original draft, Formal analysis, Supervision, Investigation, Resources, Writing – review & editing, Data curation.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Coordenação de Aperfeiçoamento de Nível Superior (CAPES – MECC, LMPS, GMF, FM, DAAJ, HLS), Fundação Oswaldo Cruz (FIOCRUZ – ACCA, VPM, ATC, OAMF), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq – OTN, IACR, JGACR, ATC, OAMF), and Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG-APQ-03113-24 – ATC).




Acknowledgments

We express our gratitude to all the pregnant women and their families as well as all the students, residents, and healthcare professionals whose support was essential to conducting this study. We are also grateful to the Nucleus of Support on Research from the Sabin Institute for performing laboratory tests. This research was performed by students and professors enrolled in the Programa de Pós-graduação em Ciências Médicas da Universidade de Brasília (UnB), supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES). The authors thank the Program for Technological Development in Tools for Health-RPT-FIOCRUZ for using the flow cytometry facilities. OTN, JGACR, and OAMF received PQ fellowships from CNPq. OAMF participated in the fellow program supported by the Universidade do Estado do Amazonas (PROVISIT N° 005/2023-PROPESP/UEA).





Conflict of interest

The 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.





Generative AI statement

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





References

	 Cucinotta D, Vanelli M. WHO declares COVID-19 a pandemic. Acta BioMed. (2020) 91:157–60. doi: 10.23750/abm.v91i1.9397, PMID: 32191675


	 World Health Organization. WHO Coronavirus (COVID-19) dashboard (2024). Available online at: https://data.who.int/dashboards/covid19/cases (Accessed January 16, 2025).


	 Abu Raya B, Giles ML, Sadarangani M. Vertical transmission of severe acute respiratory syndrome coronavirus 2 from the mother to the infant. JAMA Pediatr. (2020) 174:1007–8. doi: 10.1001/jamapediatrics.2020.2150, PMID: 32687555


	 Edlow AG, Li JZ, Collier AY, Atyeo C, James KE, Boatin AA, et al. Assessment of maternal and neonatal SARS-coV-2 viral load, transplacental antibody transfer, and placental pathology in pregnancies during the COVID-19 pandemic. JAMA Netw Open. (2020) 3:e2030455. doi: 10.1001/jamanetworkopen.2020.30455, PMID: 33351086


	 Al-Kuraishy HM, Al-Gareeb AI, Albezrah NKA, Bahaa HA, El-Bouseary MM, Alexiou A, et al. Pregnancy and COVID-19: high or low risk of vertical transmission. Clin Exp Med. (2023) 23:957–67. doi: 10.1007/s10238-022-00907-z, PMID: 36251144


	 Khalil A, von Dadelszen P, Draycott T, Ugwumadu A, O'Brien P, Magee L. Change in the incidence of stillbirth and preterm delivery during the COVID-19 pandemic. JAMA. (2020) 324:705–6. doi: 10.1001/jama.2020.12746, PMID: 32648892


	 Galang RR, Newton SM, Woodworth KR, Griffin I, Oduyebo T, Sancken CL, et al. Risk factors for illness severity among pregnant women with confirmed severe acute respiratory syndrome coronavirus 2 infection-surveillance for emerging threats to mothers and babies network, 22 state, local, and territorial health departments, 29 march 2020–5 march 2021. Clin Infect Dis. (2021) 73:S17–23. doi: 10.1093/cid/ciab432, PMID: 34021332


	 Wei SQ, Bilodeau-Bertrand M, Liu S, Auger N. The impact of COVID-19 on pregnancy outcomes: a systematic review and meta-analysis. CMAJ. (2021) 193:E540–8. doi: 10.1503/cmaj.202604, PMID: 33741725


	 Mor G, Cardenas I. The immune system in pregnancy: a unique complexity. Am J Reprod Immunol. (2010) 63:425–33. doi: 10.1111/j.1600-0897.2010.00836.x, PMID: 20367629


	 Song D, Prahl M, Gaw SL, Narasimhan SR, Rai DS, Huang A, et al. Passive and active immunity in infants born to mothers with SARS-CoV-2 infection during pregnancy: prospective cohort study. BMJ Open. (2021) 11:e053036. doi: 10.1136/bmjopen-2021-053036, PMID: 34234001


	 Dutta S, Sengupta P, Liew FF. Cytokine landscapes of pregnancy: mapping gestational immune phases. Gynecol Obstet Clin Med. (2024) 4:e000011. doi: 10.1136/gocm-2024-000011


	 Bernier E, Brien ME, Girard S. Pregnant individuals with uncomplicated pregnancies display pro-inflammatory immune changes when exposed to the COVID-19 pandemic. Am J Reprod Immunol. (2024) 91:e13828. doi: 10.1111/aji.13828, PMID: 38374807


	 Saito S. Cytokine network at the feto-maternal interface. J Reprod Immunol. (2000) 47:87–103. doi: 10.1016/s0165-0378(00)00060-7, PMID: 10924744


	 McClymont E, Albert AY, Alton GD, Boucoiran I, Castillo E, Fell DB, et al. Association of SARS-coV-2 infection during pregnancy with maternal and perinatal outcomes. JAMA. (2022) 327:1983–91. doi: 10.1001/jama.2022.5906, PMID: 35499852


	 Fernandes GM, Motta F, Sasaki LMP, Silva ÂPD, Miranda AM, Carvalho AO, et al. Pregnancy outcomes and child development effects of SARS-coV-2 infection (PROUDEST trial): protocol for a multicenter, prospective cohort study. JMIR Res Protoc. (2021) 10:e26477. doi: 10.2196/26477, PMID: 33793409


	 Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Møller R, et al. Imbalanced host response to SARS-coV-2 drives development of COVID-19. Cell. (2020) 181:1036–1045.e9. doi: 10.1016/j.cell.2020.04.026, PMID: 32416070


	 Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al. Longitudinal analyses reveal immunological misfiring in severe COVID-19. Nature. (2020) 584:463–9. doi: 10.1038/s41586-020-2588-y, PMID: 32717743


	 Stephens DS, McElrath MJ. COVID-19 and the path to immunity. JAMA. (2020) 324:1279–81. doi: 10.1001/jama.2020.16656, PMID: 32915201


	 Flannery DD, Gouma S, Dhudasia MB, Mukhopadhyay S, Pfeifer MR, Woodford EC, et al. SARS-CoV-2 seroprevalence among parturient women in Philadelphia. Sci Immunol. (2020) 5:eabd5709. doi: 10.1126/sciimmunol.abd5709, PMID: 32727884


	 Atyeo C, Pullen KM, Bordt EA, Fischinger S, Burke J, Michell A, et al. Compromised SARS-CoV-2-specific placental antibody transfer. Cell. (2021) 184:628–642.e10. doi: 10.1016/j.cell.2020.12.027, PMID: 33476549


	 Lu-Culligan A, Chavan AR, Vijayakumar P, Irshaid L, Courchaine EM, Milano KM, et al. Maternal respiratory SARS-CoV-2 infection in pregnancy is associated with a robust inflammatory response at the maternal-fetal interface. Med. (2021) 2:591–610.e10. doi: 10.1016/j.medj.2021.04.016, PMID: 33969332


	 Caparros-Gonzalez RA, Pérez-Morente MA, Hueso-Montoro C, Álvarez-Serrano MA, de la Torre-Luque A. Congenital, intrapartum and postnatal maternal-fetal-neonatal SARS-coV-2 infections: A narrative review. Nutrients. (2020) 12:3570. doi: 10.3390/nu12113570, PMID: 33233867


	 de Vries LS. Viral infections and the neonatal brain. Semin Pediatr Neurol. (2019) 32:100769. doi: 10.1016/j.spen.2019.08.005, PMID: 31813517


	 Auriti C, De Rose DU, Santisi A, Martini L, Piersigilli F, Bersani I, et al. Pregnancy and viral infections: Mechanisms of fetal damage, diagnosis and prevention of neonatal adverse outcomes from cytomegalovirus to SARS-CoV-2 and Zika virus. Biochim Biophys Acta Mol Basis Dis. (2021) 1867:166198. doi: 10.1016/j.bbadis.2021.166198, PMID: 34118406


	 Yates EF, Mulkey SB. Viral infections in pregnancy and impact on offspring neurodevelopment: mechanisms and lessons learned. Pediatr Res. (2024) 96:64–72. doi: 10.1038/s41390-024-03145-z, PMID: 38509227


	 Al Beloushi M, Saleh H, Ahmed B, Konje JC. Congenital and perinatal viral infections: consequences for the mother and fetus. Viruses. (2024) 16:1698. doi: 10.3390/v16111698, PMID: 39599813


	 Taglauer ES, Dhole Y, Boateng J, Snyder-Cappione J, Parker SE, Clarke K, et al. Evaluation of maternal-infant dyad inflammatory cytokines in pregnancies affected by maternal SARS-CoV-2 infection in early and late gestation. J Perinatol. (2022) 42:1319–27. doi: 10.1038/s41372-022-01391-9, PMID: 35449446


	 Jain S, Allen IE, Song D, Piao X. Cytokine responses to SARS-COV2 infection in mother-infant dyads: a systematic review and meta-analysis. Front Pediatr. (2023) 11:1277697. doi: 10.3389/fped.2023.1277697, PMID: 37915987


	 Rad HS, Röhl J, Stylianou N, Allenby MC, Bazaz SR, Warkiani ME, et al. The effects of COVID-19 on the placenta during pregnancy. Front Immunol. (2021) 12:743022. doi: 10.3389/fimmu.2021.743022, PMID: 34603330


	 González-Mesa E, García-Fuentes E, Carvia-Pontiasec R, Lavado-Fernández AI, Cuenca-Marín C, Suárez-Arana M, et al. Transmitted fetal immune response in cases of SARS-coV-2 infections during pregnancy. Diagnostics (Basel). (2022) 12:245. doi: 10.3390/diagnostics12020245, PMID: 35204335


	 Sasaki LMP, Canellas-de-Castro ME, Fernandes GM, Motta F, Araújo Júnior DA, Schulte HL, et al. Systemic and cerebrospinal fluid immune mediators coordinate a dichotomic microenvironment in parturients with acute or convalescent phases of COVID-19. Immunol Lett. (2025) 274:106979. doi: 10.1016/j.imlet.2025.106979, PMID: 39933603


	 Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects of pregnancy. Nat Rev Immunol. (2017) 17:469–82. doi: 10.1038/nri.2017.64, PMID: 28627518


	 Gayen Nee' BEtal S, Urday P, Al-Kouatly HB, Solarin K, Chan JSY, Addya S, et al. COVID-19 infection during pregnancy induces differential gene expression in human cord blood cells from term neonates. Front Pediatr. (2022) 10:834771. doi: 10.3389/fped.2022.834771, PMID: 35547542


	 Foo SS, Cambou MC, Mok T, Fajardo VM, Jung KL, Fuller T, et al. The systemic inflammatory landscape of COVID-19 in pregnancy: Extensive serum proteomic profiling of mother-infant dyads with in utero SARS-CoV-2. Cell Rep Med. (2021) 2:100453. doi: 10.1016/j.xcrm.2021.100453, PMID: 34723226


	 Cardenas I, Means RE, Aldo P, Koga K, Lang SM, Booth CJ, et al. Viral infection of the placenta leads to fetal inflammation and sensitization to bacterial products predisposing to preterm labor. J Immunol. (2010) 185:1248–57. doi: 10.4049/jimmunol.1000289, PMID: 20554966


	 Vidal MS Jr, Menon R. In utero priming of fetal immune activation: Myths and mechanisms. J Reprod Immunol. (2023) 157:103922. doi: 10.1016/j.jri.2023.103922, PMID: 36913842


	 Kosińska-Kaczyńska K, Rebizant B, Czeszko-Paprocka H, Bojdo A, Przybylski M, Chaberek K, et al. Maternal SARS-coV-2 infection at delivery increases IL-6 concentration in umbilical cord blood. J Clin Med. (2023) 12:5672. doi: 10.3390/jcm12175672, PMID: 37685739


	 Rosen DB, Murphy EA, Gejman RS, Capili A, Friedlander RL, Rand S, et al. Cytokine response over the course of COVID-19 infection in pregnant women. Cytokine. (2022) 154:155894. doi: 10.1016/j.cyto.2022.155894, PMID: 35490452


	 Zhao Y, Qin L, Zhang P, Li K, Liang L, Sun J, et al. Longitudinal COVID-19 profiling associates IL-1RA and IL-10 with disease severity and RANTES with mild disease. JCI Insight. (2020) 5:e139834. doi: 10.1172/jci.insight.139834, PMID: 32501293


	 Bailie KE, Irvine AE, Bridges JM, McClure BG. Granulocyte and granulocyte-macrophage colony-stimulating factors in cord and maternal serum at delivery. Pediatr Res. (1994) 35:164–8. doi: 10.1203/00006450-199402000-00007, PMID: 7513077


	 Hamilton SA, Tower CL, Jones RL. Identification of chemokines associated with the recruitment of decidual leukocytes in human labour: potential novel targets for preterm labour. PloS One. (2013) 8:e56946. doi: 10.1371/journal.pone.0056946, PMID: 23451115


	 Nish S, Medzhitov R. Host defense pathways: role of redundancy and compensation in infectious disease phenotypes. Immunity. (2011) 34:629–36. doi: 10.1016/j.immuni.2011.05.009, PMID: 21616433







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.

Copyright © 2025 Canellas-de-Castro, Sasaki, Fernandes, Motta, Alves de Araújo Júnior, Schulte, Silva, Alves, Tristão, Jesus, Costa, Castro, Nóbrega, Espindola, Coelho-dos-Reis, Brito-de-Sousa, Costa-Rocha, Miranda, Campi-Azevedo, Peruhype-Magalhães, Teixeira-Carvalho, Gomes, Zaconeta, Albuquerque, Mota, Martins-Filho and Soares.. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1606582-i011.jpg





OEBPS/Images/fimmu-16-1606582-g003.jpg
TE10D« . TT10D+«
BHT- I, og 38 o0 o AFE , 2120
- 0T10XD . YTl
2120 A-N4l«
= YET 4S3-D.
4S3-D o €120
€100 0o Y 490ad:
L1 q122

#1200

dr-

o~ CT-11 & o O@o h-.__*
vall o wo &R dr-
50 100 ZT-1l
6-1 6-11
ST-1I ‘ oo o 0T12XD
- 495dd el 000 O oo oo F9-1I
9-11 _.mj_ o vall
810XD -0T10XD STl

Sl
4SO-IND o
J1seq-454 o Sl
€Tl o L=
9120 D-810XD
0-INL .0 4SO-IND
493N €=l
oT-1l o D-10-4N L
LTI oo oT-1l

9-1I go
Jl1seq-494 o 0

493N
Jiseq-454
ST
0-4NL
€Tl
o-LT-11
o O « 0O 810XD
-1S0-IND
oT-1l

Ascendant Fold-change/HC Magnitude

x4l 4l O-7-11
o~ L o .I_. o~ i o .I__ (o] i o 1.. o
S = 3 o = = = S = = 3 S =
o DH JO sanjeA uelpaw 0} Buipioooe apnyubew abueyds p|o) [enpiAIpu|

X9'1T X0'C X0'¢ L
X9°0 X0 Xg0 ¢l
X80 X80 4S0-IND
X8'T Xg'T XT'€ 450-9
493A
X{¢ Xq'C 19dd
Jiseq-454
X80 €111
X80 XS0 XS0 oT-1I
XoT 6-1l
Sl
-1
X9'q L X6'€ BYT-1I
X9'0 X80 LT
ST-1
‘ Xg'1T XT'€ XT'€ A-N4I
Xq'T X9'T 4l
XL°0 0-INL
9-1l
XG'T X6'T XL'T dr-
X8'C XQ'T 0T12XD
X§'T Xg'¢ S120
X7'Z XE'€ X9y 120
X2'C XG'¢ 7120
X/'T XE'C X9'¢ €100
X/'9 XL X¢'8 TT12D
X80 810X0
= 0 © < o~ o = 0 © < o~ o = 0 © < o~ o S 00 © <t ~ o

DH 10 sanjeA ueipaw 0} Buiplodoe spnjiubew abueyo-p|o) uelps|n

JU33S9|BAUO)

st
@)
S
)
(=
(@)
()
>
=
=
(q0)
)
I
@)
)
00
=
©
—
@)
(®)
(@)
<
(@)
iy
()
>
O
()
o+
C
0}
O
(%]
)
(L)
>
(=
o
()
—
(@)
(]
o+
-}
(@)
<
d=
=
S
(%)
S
)}
=
s}
O
=
@)
+—
(=
—
@)
om
(%]
0}
+—
(q0)
=
@)
]
=
=
(@)
| -
(T
©
(@)
O
m
©
(S
@)
@)
“©
=
.Im
=
oD
=
(%]
S
(@)
)
©
©
)
=
]
=
-}
=
£
9
0
=
@)
wm
(T
(@)
]
oo
(=
©
=
(©)
S
(@)
L

< " 6T-4INO0D





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Immunology

The dialog between mother and newborn:
insights from immune mediator crosstalk
elicited by antenatal SARS-COV-2 exposure





OEBPS/Images/fimmu-16-1606582-i007.jpg





OEBPS/Images/fimmu-16-1606582-g008.jpg
Integrative Networks of Soluble Immune Mediators in Paired Umbilical Cord Blood Samples from Neonates and

Serum from Mothers with Acute or Convalescent COVID-19

Descriptive Analysis of Integrative Networks

¢ o Mother Serum

n=102 Soluble Immune Mother Serum Cord Blood Cross-correlation
Mediators e | L HC A E | L
________ CXCLB Chemokines 18 75 112 81 49 155 96 180
(%) ‘
e 2| Pro-Inflammatory 33 79 116 102 32 158 90 197
CCLY CCL3 % - -
. R 7§ . 5 Regulatory 32 | 62 89 95 22 87 84 132
L7 .15 47 IL-6 Growth Factors 19 ‘ 66 97 % m 41 120 88 147
L2 VEGF IL-15 TNFe S
o g | o i1 Total 102 286|282 414 . 374 D 144 D 520 . 358 . 656
IL-13 IL-4 [— L
IL-10 IL-5
.. Cross-correlation Colarikey
n =144 Number of Correlations
“
Cord Blood - T
£ S
n=218 = R s
Acute (A) Early (E) Intermediate (1) Late (L)
Mother Serum Mother Serum

n =254 n =410

CXCLE

CXCL8 ) :
EXCL10GCL11 €XCL10/CCL11 cxcL10 \GCL11
CCIEEL . CCL3 CoUs 7 eois CCLE=C Q3
For-basic~ 202 CCL4. || 18 FGF-basie—F 2T o T ot IL-1 FGF-basicCCL2 CGL4 - 1 1p
IL-7-— - PDGF IL-17 iL-6 e PDGF Ll =8 IL-7 PDGF =T/ IL-6
2eoh IL-15- ™o g VEGE IL-15 TNF-oc & VEGE =15 <FNF-o
L2 GesF ra PNy L2 g ST\ AL A SIL-12 - G-CSE | -1Ra IFN-y }E-12
GM-CSF<, 45/l CM-CSF5iita o6l GM-CSF-qi93= 114
IL-10 L5 ILA0 Y -5 IL-40 H-5
IL-9 IL-9 IL-9
Cross-correlation Cross-correlation Cross-correlation
n =520 n =358 n =656
Cord Blood Cord Blood Cord Blood Cord Blood
n =286 n =282 n=414 n=2374





OEBPS/Images/fimmu-16-1606582-i003.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1606582-i010.jpg





OEBPS/Images/fimmu-16-1606582-i016.jpg





OEBPS/Images/fimmu-16-1606582-i023.jpg





OEBPS/Images/fimmu-16-1606582-i006.jpg





OEBPS/Images/fimmu-16-1606582-g007.jpg
Descriptive Analysis of Ascendant Soluble Immune Mediator Signatures of Paired Umbilical Cord Blood Samples

and Serum from Mothers with Acute or Convalescent COVID-19

COVID-19
Convalescent
Acute Early Intermediate Late
__MOTHER __CORDBLOOD __MOTHER __CORD BLOOD __ MOTHER _CORD BLOOD __ MOTHER __CORD BLOOD __MOTHER __CORDBLOOD
CCL3 CCL11 IL-7 FGF-basic [L-10
CCL4 IL-13 PDGF |-17 L-2
CCL2 L-7 CCL5 L-12 [L-13
CCL5 CXCL10 IL-12 5 TNF-o
IL-18 L-4 L4 GM-CSF
IFN-y -9 L-5
IL-15 CCL3 IL-17
L-1Ra -6 CXCLS8
CXCL10
[L-6
[L-12

IL-9
IL-15
CCL5

FGF-basic
VEGF

IL-7

IL-1Ra

GM-CSF

Ascendant proportion of samples
above the global median cut-off

TNF-. IL-9 ccL2
G-CSF ccL3 ccL11
ccL11 IL-6 IL-1B
ccL2 ccLa G-CSF

CXCL10 IFN-y IL-12 IFN-y

IL-10 IL-1Ra IL-1B ccLa

TNF-at CXCL10 ccLi1 ccL3

IL-1Ra PDGF CXCL10 PDGF

SPDGF SPDGF SPDGF SPDGF
IFN-y *G-CSF *IFN-y *G-CSF *IFN-y *G-CSF *IFN-y *G-CSF
#]L-1Ra #IL.-1Ra #]L.-1Ra
cCL11
| FGF-basic CXCL8 CCL2 IL-15 CCL11 CCL4 CXCL8 CCL11
GM-CSF FGF-basic VEGF CCL3 CCL2 CCL4 CCLS
IL-7 CCLS IL-1P IL-17 IL-9
TNF-o0 IL-15 IL-5 IL-4
CCL3 IL-6 IL-17 CXCL10 IL-10 IL-4 IL-9 IL-7
IL-4 IL-10 IL-2 IL-6 IL-12 FGF-basic
TNF-o0 IL-17 CELZ CXCL10 CCL11 CCL3 CCL4 IL-6 IL-2 VEGF IL=7 TNF-o IL-10 IL-13
IL-10 IL-13 TNF-at IL-1Ra CCL5 IL-1B IL-9 VEGF GM-CSF IL-2

GM-CSF IL-2

Proportion of samples above the global median cut-off (%)

-- -
Min 50% Max

Color Key





OEBPS/Images/fimmu-16-1606582-i020.jpg





OEBPS/Images/fimmu-16-1606582-g006.jpg
61-dIANOD

(o)}
T
= L1 -1 -1
= 2 4 :
@) rag| rag|
o 4S2-ND 45D-ND 4SJ-IND
= 4529 4509 4509 153-9
Q 4937 4937 493A
& i9ad i9ad i9ad 49ad 49ad
o JIseq-4194 JIseq-494 JIseq-494
()
>
m €Tl €Tl
O oT-1I oT-1I
< 6-1l 6-1l 6-1l
o) S-1I
= a -1l -1l
= = eyT-1l eyT-1l eyT-1l eyT-1l
< o
S =) LT-1 LT-11
= o
S 5 ST-1I ST-1I
- O A-NdI A-NdI A-N4I A-N4I
= zT-1
- 0-4N1 0-4NL 0-4NL 0-4NL
)
o 9-1|
S g dr-u dr-u
m ; 0T1IXD
= <100 S120 S100
= 2120 2120 2120
= 122 120 120
3 €120 €120
n TT120 1120 11120 1100
= 810X2 810XD
©
(7p]

o o o o
4 g g S ® © 8 8 ° 8 g ° 8 g =°
T i — — — i
m sa|dwes poo|q pJod 1o} J0-1ND uelipaw |eqolb ay} anoge sajdwes Jo uolodoid
Q
=
&
o)
—
G
n rag| raa | rag|
= 4S2-IND 1SJ-IND
Q.
m 4937
n
g o)
o)
o
<o otT-1l oT-1I oT-1I oT-1I
S
o 6-11
o
© vl
(@) =
= m eyT-1|
= =
= O LTI LTI
D >
©
2 ; Z1-l Z1-l ZT-1l
© 0-4N1 0-4NL 0-4NL
a- 9-1l 9-1l 9-1I
[
o dr-u
(7p]
Q
= 0T1JXD 0T1JXD
= S120
A 2120
.20 122
pm €120 €120
o IT120
= 810XD
i
= 3 A © 3 R e 3 R e 3 R e 3 R ©

— — i i —
&
=5 sa|dwes wnias Jayjow Joj} JJo-}nd ueipaw [eqo|b ay} anoge ssjdwes jo uoiuodold
=
Q
o)
= JUIS3|BAUO)
o)
n

Growth Factors

Regulatory

inflammatory

Pro

Cytokines

Chemokines

Growth Factors

Regulatory

inflammatory

Pro

Cytokines

Chemokines






OEBPS/Images/fimmu-16-1606582-i002.jpg





OEBPS/Images/fimmu-16-1606582-i019.jpg





OEBPS/Images/fimmu-16-1606582-g002.jpg
Soluble Immune Mediators in Umbilical Cord Blood from Neonates Born to Mothers with Acute or Convalescent COVID-19

CXCL10

Chemokines
Concentration (pg/mL)

>
S
(@)
+—
©
S
£
M
O
=
O
| -
o

Concentration (pg/mL)

Cytokines

Regulatory

Concentration (pg/mL)
o

-—
o
o

PDGF VEGF G-CSF GM-CSF

Growth Factor
Concentration (pg/mL)
s 3

—
2

&)
I

Acute
Early
Inter

Late

Convalescent Convalescent Convalescent Convalescent Convalescent Convalescent Convalescent
COVID-19 COVID-19 COVID-19 COVID-19 COVID-19 COVID-19 COVID-19





OEBPS/Images/fimmu-16-1606582-i015.jpg





OEBPS/Images/fimmu-16-1606582-i005.jpg





OEBPS/Images/fimmu-16-1606582-i018.jpg





OEBPS/Images/fimmu-16-1606582-g005.jpg
o]0
=
-C

&)
)

(¢
g
O

()

>

| -

()]

(¥))
@)
@)

(0]

Q
=

(O
>

C
i
©

()]
=

()
=
)

>
@)
®)

()
O
2
()
e

@
O
(aA)]
o)

S

@)
@)
(©
2
.Im

&
>
g

(9]

.

O
)
e
O

()
=

()

c

=)

=
£
@
@)
=

o
V)
Y

o

()

o]0

c

(¢
_
@)
O

@
L

Serum Samples from Mothers with Acute or Convalescent COVID-19

~
(@)
i

x0'1T |49Ad %
x0's |4S)-Dx
x9'z |%-Ndl«
x9'z |21
x6'T |BUT- g
xg'T | TT1DDx%
x9'T |493Ns
x9'T (P10
xs'T | €104

Ye] ©°

o' (o] or0] ¢°

o

(o)

o
8

og &3 &
v &P

xg'0 [CT-1
xg'0 (91
x9'0 (OT-1
xg'0 |0T12XD

x6'¢ |49Ad«
XT'€ | TT1DDx%
Xgz LT

xz'7 |4S0-D«

XS'T [P1II«
XG'T | ANl

X80 |7-1I
X80 [4D3A
X£0 [ST12D
X£0 |9-T1
X£'0 |OT-TI
X9'0 |LT-I
Xy'0 [OT1OXD

— o
o o
i i

101

Late

Intermediate

avoey O3~
( 00,90 >
) s 2100 @g?,
OAIBO0

()
030, .MQMAO YOO

~

-0
OO RIC O 1)
o r.»caouk.oo

~N — o
o o o
i i i

(wnJas Jayjow Jo sanjeA uelpaw Ag papIAIp SenjeA poojq pJod)
san|eA spnjiubew abueyos p|o} [enpIAIpU|

X6'9 w@a*
X6'€ | edT-1lx
x£'Z | Z-Ndlx
XT'C | 4SO«
X0'C | €104
X6'T |TTT1DD
X8'T | 712D«
X8'T | LTI

X9'T 19120

XS'T [ 212D
XS'T | 493N

<
o
—

X/'ST|4D9Ad «
€€ [A-N3lx
XT'€ | 21004
X0'€ |TT1DD+%
X0'€ |4S0-D«
X0'€ | @UT-Tly
XL'T | 912D«
XS'C [ €104
o X' G100

XZ'Z | 493Ny
XT'C [0-4NL

xy'0 | 0T-1I

-
o
—

Ascendant fold-change magnitude





OEBPS/Images/fimmu-16-1606582-g001.jpg
Compendium of Study Population & Methods

1) Study Population - Paired Cord Blood (n=149) and Mother Peripheral Blood (n=149)
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2) Paired Sampling at Delivery 3) Experimental Procedures
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4) Data Mining and Statistics
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Summary of Changes in Soluble Immune Mediators in Paired Umbilical Cord Blood Samples

and Serum from Mothers with Acute or Convalescent COVID-19
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Soluble Immune Mediators Profile of Paired Umbilical Cord Blood Samples and Serum from Mothers with Acute or Convalescent COVID-19
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