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Introduction
Congenital cytomegalovirus (cCMV) is the most common intra-
uterine infection, occurring in an average of 0.64% live births 
worldwide and leading to infant brain damage, neurodevelop-
mental disabilities, and sensorineural hearing loss (1). Approx-

imately 20% of congenitally infected infants have neurological 
and/or audiological disabilities, which can be apparent at birth or 
develop later during childhood (1, 2). cCMV may follow maternal 
primary and nonprimary infection, and the risk of severe neuro-
logical deficits is greatest when maternal infection is acquired 
during the first trimester (1, 2). Despite the public health bur-
den of cCMV, systematic screening of pregnant women for CMV 
infection is not officially performed, mainly due to the lack of 
established prenatal antiviral treatments and early prenatal bio-
markers of fetal/neonatal disease. However, improvements in 
the diagnosis of primary maternal infection (with utilization of 
IgG avidity assays) and in the prenatal diagnosis of fetal infec-
tion by CMV real-time quantitative PCR (RT-qPCR) in amniot-
ic fluid have triggered extensive de facto screening of pregnant 
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have used global proteome analysis of mid-gestation amniotic 
fluid samples of fetuses with classified cCMV infection severity. 
We identified and further validated highly predictive amniotic 
fluid protein biomarkers for the severity of cCMV.

Results
Identification of amniotic fluid proteins associated with the severity 
of cCMV. With the aim of  an unbiased identification of amni-
otic fluid proteins associated with cCMV severity, we analyzed 
the amniotic fluid proteome of 6 fetuses with severe cCMV and 
8 fetuses with asymptomatic cCMV (the latter were found to be 
asymptomatic neonates at birth and remained asymptomatic for 
at least 24 months after birth) and 10 CMV-negative (uninfected) 
fetuses (Figure 1 and Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI157415DS1). In total, 1174 human-origin proteins were iden-
tified and quantified in the amniotic fluid samples. We obtained 
qualitative and quantitative data for each identified protein, along 
with the relevant relative intensity comparisons between samples. 
The fold change for each comparison (i.e., infected versus unin-
fected; severe versus asymptomatic cCMV) was calculated on 
the basis of protein label-free quantification (LFQ) intensity. We 
identified 59 proteins that were significantly differentially excret-
ed between infected and uninfected fetuses (Supplemental Table 
2) and 29 proteins that were significantly differentially excreted 
between the symptomatic and asymptomatic infected fetuses (see 
Table 1 for the list of proteins differentially excreted by more than 

women for CMV infection in European countries and Israel (3–
5). Recent treatment trials in pregnant women, using high-dose 
oral valacyclovir and high-dose, CMV-specific hyperimmune 
globulins, have indicated the effectiveness of timely antiviral 
treatment in reducing intrauterine transmission and improving 
outcomes for infants (2–7). Together, these diagnostic and ther-
apeutic developments underscore the need for early prognostic 
biomarkers of cCMV severity.

Currently, antenatal assessment of cCMV severity is mostly 
based on fetal imaging (by targeted ultrasound and MRI), which 
is compromised by suboptimal predictive values until late in 
the third trimester (3, 8). Earlier viral and nonviral parameters 
in amniotic fluid and fetal blood have been examined for their 
ability to predict the severity of fetal infection. However, a high 
viral DNA load is a common finding in CMV-infected amniotic 
fluids and is not predictive of fetal disease, and the analysis of 
fetal blood parameters (platelet counts, IgM levels, CMV DNA 
levels, and β-2-microglobulin levels) requires an invasive cor-
docentesis procedure and is not routinely performed (1, 3, 8, 9). 
In 2 studies, an amniotic fluid 34-peptide classifier identified 
by peptidome analysis and HLA-G levels have been shown to 
predict the severity of fetal infection (each in a small number of 
symptomatic/asymptomatic fetuses), yet none has been intro-
duced into clinical use (10, 11).

The search for biomarkers that would allow prognostic 
assessment of cCMV-infected fetuses (desirably when the diag-
nosis of fetal infection is made) is ongoing. Toward this goal, we 

Figure 1. Schematic presentation of study outline and patient cohorts. SCC, severe cCMV infection; ACC, asymptomatic cCMV infection.
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ry and abnormalities (see Figure 3A for additional enriched path-
ways). These findings reflected pathways enriched by both severe 
and asymptomatic infection. Interestingly, when we specifically 
compared between the severe and asymptomatic cCMV infection 
groups, the top enriched categories included inflammatory response, 
cellular compromise, immunological disease, and organismal injury 
and abnormalities (Figure 3B). Also among the enriched categories 
were neurological disease and nervous system development and 
function. These findings could be linked to the dominant neurologi-
cal abnormalities of cCMV and could further implicate the immune/
inflammatory-mediated pathogenesis of severe cCMV.

Amniotic fluid retinoic acid receptor responder 2 and galectin-3–
binding protein levels distinguish severe from asymptomatic cCMV. Hav-
ing identified a group of proteins differentially excreted in infected 
fetuses with severe cCMV, we selected 2 of the identified proteins 
for validation using ELISA measurement: retinoic acid receptor 

2-fold and their basic characteristics and Supplemental Table 3 
for the complete list of differentially excreted proteins). To better 
delineate the distribution of the differentially excreted proteins 
among the compared groups and individual fetuses, their nor-
malized LFQ intensity signals were visualized in heatmaps. Fig-
ure 2 shows the case-to-case variability, yet clearly demonstrates 
the distinct protein patterns distinguishing between infected and 
uninfected fetuses (Figure 2A) and between fetuses with severe 
and asymptomatic cCMV (Figure 2B).

Ingenuity Pathway Analysis of the differentially excreted proteins. 
To gain insight into the biological pathways and predicted functions 
of the identified differentially excreted amniotic fluid proteins, we 
performed Ingenuity Pathway Analysis (IPA) (QIAGEN). Focusing 
on pathways related to diseases and biofunctions, the top relevant 
categories enriched in infected versus uninfected fetuses included 
inflammatory response, cellular compromise, and organismal inju-

Figure 2. Heatmaps showing differential excretion of amniotic fluid proteins between CMV-infected and uninfected fetuses and between fetuses with severe 
and asymptomatic cCMV. Heatmaps were drawn using normalized LFQ intensity values of the differentially excreted (>2-fold) proteins (indicated by symbols and 
accession numbers) after scaling per protein (rows) over all drawn samples (columns). (A) Differential excretion of amniotic fluid proteins between CMV-infected 
and uninfected fetuses. (B) Differential excretion of amniotic fluid proteins between fetuses with severe cCMV and those with asymptomatic cCMV. In B, the 
relative signals of the proteins that were differentially excreted between fetuses with severe cCMV and those with asymptomatic cCMV are also shown for the 
uninfected fetuses. S_number, sample number; RARRES2, retinoic acid receptor responder 2 (chemerin); LGALS3BP, galectin-3–binding protein (Gal-3BP).
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1 symptomatic fetus, who underwent amniocentesis at week 27; 
case 758 in Supplemental Table 4). The mean gestational age at 
amniocentesis was 21 weeks for fetuses with severe and asymp-
tomatic cCMV and uninfected fetuses. In the case of all fetus-
es with severe cCMV except 1, pregnancies were terminated 
because of findings of severe defects by prenatal imaging (Sup-
plemental Table 1 and Supplemental Table 4). Nine of the fetuses 
underwent an autopsy, which confirmed the severe fetal pathol-
ogy. Gestational age at the appearance of severe cCMV imaging 
findings ranged from 16–31 weeks. In 7 fetuses (cases 30 and 
911 in Supplemental Table 1, and cases 333, 254, 486, IT23, and 
IT29 in Supplemental Table 4), severe cCMV findings on imaging 
appeared for the first time at the gestational age of 25–31 weeks, 
4–9 weeks after the time of the amniocentesis. For fetuses that 
were asymptomatic, the median postnatal follow-up assessment 
was done at 36 months (range 12–68 months).

responder 2 (chemerin), a chemoattractant protein with regulatory 
roles in immune and metabolic processes, and galectin-3–binding 
protein (Gal-3BP), a multifunctional immunomodulating glycopro-
tein (Table 1). These 2 candidate biomarkers stood out and were thus 
chosen for further analysis, given their significant and consistent 
relative abundance in the symptomatic group (Table 1 and Figure 
2B), their involvement in the enriched disease-related pathways (as 
revealed by IPA), and the availability of specific quantitative ELISAs 
(reportedly used in clinical body fluids).

We evaluated the ability of chemerin and Gal-3BP levels to 
separate between fetuses with severe and asymptomatic cCMV 
in (a) an initial validation cohort (extended from the discovery 
cohort), aimed to confirm the differential excretion of the pro-
teins by ELISAs, and (b) a blind (outcome-blinded) testing cohort 
from 2 unrelated centers (Figure 1 and Supplemental Table 2). 
Gestational age at amniocentesis was 20–23 weeks (except for 

Figure 3. Plots of the top enriched pathways of differentially excreted proteins between CMV-infected and uninfected fetuses and between fetuses 
with severe and asymptomatic cCMV, based on IPA. (A) Top enriched pathways of differentially excreted proteins between CMV-infected and uninfected 
fetuses. (B) Top enriched pathways of differentially excreted proteins between fetuses with severe cCMV and fetuses with asymptomatic cCMV. The num-
bers adjacent to each category in the plots indicate the number of differentially excreted proteins related to each of the shown pathways.
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cohort, with 90% sensitivity, 100% specificity, 100% posi-
tive predictive value (PPV), and 95% negative predictive value 
(NPV) (Supplemental Table 5). It should be noted that in the 1 
severe cCMV case, which was wrongly predicted (by the bio-
markers) to be asymptomatic (case IT23 in Supplemental Table 
4), severe cCMV imaging findings appeared for the first time 
at gestational week 28, seven weeks after the amniocentesis. 
Additionally, 1 fetus in the blind-testing cohort (case IT29 in 
Supplemental Table 4), who was classified as having severe 
cCMV (based on the biomarkers’ levels), was categorized as 
having severe cCMV based on the presence of severe cerebral 
abnormalities on MRI and on fetal blood parameters (measured 
at the Italian center; ref. 9). The child was subsequently diag-
nosed as symptomatic at birth, received 6 months of oral val-
ganciclovir therapy, and at 12 months of age his developmental 
and hearing examinations were normal.

The results clearly demonstrated the significantly higher 
levels of chemerin and Gal-3BP in fetuses with severe cCMV 
compared with those with asymptomatic cCMV (Figure 4; see 
also Supplemental Figure 1, A and B, and Supplemental Figure 
2, A and B, for analysis of the subcohorts). Of note, chemer-
in levels were also mildly elevated in infected, asymptomatic 
fetuses compared with levels in uninfected fetuses, suggesting 
its initial triggering by infection per se. The high accuracy of 
both chemerin and Gal-3BP in differentiating between fetus-
es with severe cCMV and those with asymptomatic cCMV was 
first shown by receiver operating characteristic (ROC) analysis 
in the initial validation cohort, which also served to define pri-
mary threshold values for the 2 proteins, that would discrimi-
nate between severe and asymptomatic cCMV (Supplemental 
Table 5). Strikingly, the defined cutoff levels of each of the 2 
proteins predicted the severity of cCMV in the blind-testing 

Table 1. Amniotic fluid proteins differentially excreted between fetuses with severe (n = 6) and asymptomatic cCMV (n = 8)

Protein Gene symbol Protein ID  
(accession no.)

P value Fold change Protein general description/functionA

Spectrin repeat containing  
nuclear envelope protein 1

SYNE1 Q8NF91 0.01 8.7 An actin-binding protein involved in differentiation; gene mutations associated with 
hereditary cerebellar ataxia

Carboxypeptidase A2 CPA2 P48052 0.05 5.3 A secreted pancreatic protease

Chemerin RARRES2 Q99969 0.04 3.6 A secreted multifunctional chemoattractant adipokine with roles in inflammatory 
response, metabolism, and differentiation

Glutathione S transferase θ 1 GSTT1 P30711 0.04 3.0 An enzyme catalyzing the conjugation of reduced glutathione

C-reactive protein CRP P02741 0.05 2.5 An acute-phase protein involved in the response to tissue injury, infection, or other 
inflammatory stimuli

Glycoprotein nmb GPNMB Q14956 0.03 2.5 A type I transmembrane glycoprotein

Gal-3BP LGALS3BP Q08380 0.02 2.4 A β-galactoside–binding protein implicated in the host response to viral infections 
and cancer

Myosin heavy chain 14 MYH14 Q7Z406 0.03 2.1 An actin-binding nonmuscle myosin; regulates cell shape and motility; gene mutations 
associated with hereditary hearing impairment

Secretoglobin family 3A member 2 SCGB3A2 Q96PL1 0.05 2.1 A secreted cytokine-like lung surfactant protein implicated in fetal lung development

Glycoprotein Ib platelet subunit α GP1BA P07359 0.02 –2.1 A platelet surface membrane glycoprotein; facilitates blood coagulation

Actin-α 1, skeletal muscle ACTA1 P68133; P68032;  
P63267; P62736

0.05 –2.1 A highly conserved protein that plays a role in cell motility, structure, and integrity

Aldo-keto reductase family 1 
member A1

AKR1A1 P14550 0.01 –2.5 An oxidoreductase enzyme with a detoxifying function

Neurofascin NFASC O94856 0.04 –2.6 A cell adhesion protein involved in neurite extension and axonal organization during 
early development; gene mutations linked to hereditary neurodevelopmental disorder 
with central and peripheral motor dysfunction; enhanced expression in brain

Chromogranin B CHGB P05060 0.03 –3.0 A neuroendocrine secretory granule protein; enhanced expression in adrenal gland, 
neuroendocrine cells, and subsets of neuronal cells

Proplatelet basic protein PPBP P02775 0.01 –3.1 A secreted platelet-derived growth factor belonging to the CXC chemokine family

Lysosome-associated membrane 
glycoprotein 2

LAMP2 P13473 0.05 –3.3 A membrane glycoprotein that plays an important role in chaperone-mediated autophagy 
and is required for efficient MHC II–mediated presentation of exogenous antigens

Maltase-glucoamylase MGAM O43451 0.02 –3.6 A brush border membrane enzyme mainly expressed in the small intestine and kidneys

Heat shock protein β 1 HSPB1 P04792 0.04 –3.7 A small heat shock protein that functions as a molecular chaperone and plays a role in the 
stress response and cell differentiation; gene mutations linked to hereditary neuropathies

Angiopoietin-like 6 ANGPTL6 Q8NI99 <0.001 –4.0 A secreted developmental protein implicated in differentiation and angiogenesis

Included in the table are proteins differentially excreted by >2-fold. The negative symbol before the fold change value indicates decreased expression. 
ADerived from open resource databases, including The Human Protein Atlas (https://www.proteinatlas.org), NCBI Gene (https://www.ncbi.nlm.nih.gov/
gene), the Gene Ontology Resource (http://geneontology.org), and GeneCards (https://www.genecards.org).
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In an overall analysis of an independent validation cohort 
(including cases unrelated to the discovery cohort; Figure 1), chem-
erin and Gal-3BP levels showed 88.2% sensitivity (each), 100%–
96.2% specificity, 100%–93.8% PPV, and 92.9%–92.6% NPV, with 
a 0.98–0.97 AUC (for chemerin and Gal-3BP, respectively), in differ-
entiating 17 fetuses with severe cCMV from 26 fetuses with asymp-
tomatic cCMV (Table 2). By comparison, amniotic fluid viral DNA 
levels, although significantly higher in symptomatic compared with 
asymptomatic fetuses (6.50 ± 0.60 vs. 5.17 ± 1.10 log DNA copies/
mL; P < 0.001), demonstrated an inferior prognostic performance 
with much lower specificity and PPV (Table 2). Moreover, in 6 fetus-
es, high levels of chemerin and Gal-3BP preceded the appearance of 
severe brain lesions by 4–9 weeks (cases 30 and 911 in Supplemental 
Table 1, and cases 333, 254, 486, and IT29 in Supplemental Table 4).

Having shown that chemerin and Gal-3BP accurately distin-
guish severe from asymptomatic cCMV, we further examined 
their levels in amniotic fluid specimens from 6 infants with isolat-
ed cCMV-related sensorineural hearing loss (SNHL). SNHL (mod-
erate to profound) was diagnosed at birth in 2 of the infants and 
developed later (at 6–24 months of age) in 4 infants. Interestingly, 
the levels of chemerin and Gal-3BP in this group were significant-
ly lower than those detected in infants with severe cCMV (Figure 
4). While the median levels of chemerin and Gal-3BP in infants 
with SNHL were somewhat higher than those in the asymptomatic 
infants (chemerin 32.3 vs. 13.5 ng/mL; Gal-3BP 1846 vs. 1341 ng/
mL), the differences were not statistically significant (Figure 4). 
Given the small number of infants in the SNHL group, it would be 
important to investigate the predictive values of the biomarkers in 
a larger cohort of infants with isolated hearing deficits. Together, 
these data reveal distinct amniotic fluid protein patterns in amni-
otic fluid of fetuses with severe cCMV compared with that of fetus-
es with asymptomatic cCMV and identify chemerin and Gal-3BP 
as highly predictive biomarkers of cCMV severity.

Discussion
The identification of effective antenatal biomarkers of cCMV 
infection severity has been hampered by the limited biological 
understanding of the pathogenesis of cCMV disease and by the 
small numbers of affected pregnancies with known clinical out-
comes. Addressing this gap, we report here on the identification 
and clinical validation of the immune-modulating proteins chem-
erin and Gal-3BP as what we believe to be new biomarkers that can 
be quantified in mid-gestation amniotic fluid samples to assess the 
prognosis of CMV-infected fetuses.

By performing unbiased proteome analysis of the amniotic 
fluid of fetuses with severe or asymptomatic cCMV and of unin-
fected fetuses (the discovery cohort), we identified proteins that 
were differentially excreted between CMV-infected and uninfect-
ed fetuses and further identified 29 proteins that showed a signifi-
cant (P ≤ 0.05) differential abundance between fetuses with severe 
cCMV and those with asymptomatic cCMV. Interestingly, pathway 
analysis of the proteins showing distinct abundance in fetuses with 
severe cCMV revealed that the top enriched pathways were for the 
inflammatory response, cellular compromise, and immunological 
disease, along with pathways for organismal injury and abnormal-
ities and neurological disease, suggesting a connection between 

Figure 4. Amniotic fluid chemerin and Gal-3BP levels in fetuses with 
severe cCMV, SNHL, or asymptomatic cCMV, and in uninfected fetuses. 
The levels shown were analyzed in an independent validation cohort of 
17 fetuses with severe cCMV, 26 fetuses with asymptomatic cCMV, and 
19 control uninfected fetuses, as well as in 6 neonates with isolated 
SNHL. Chemerin (A) and Gal-3BP (B) levels in amniotic fluid according to 
infection/disease status. In the plots, the dotted horizontal lines represent 
optimal predictive cutoff values between severe cCMV and asymptomatic 
cCMV, derived by ROC analysis. The figures were generated using the R 
ggplot2 package (version 3.1.0). Box plots were generated using geom_box-
plot default parameters, such that the box represents the 25th–75th 
percentiles and the whiskers from the box to the largest or smallest value 
are no more than 1.5 times the IQR from the box (the IQR is the distance 
between the first and third quartiles). P values were calculated by Bonfer-
roni’s correction for multiple comparisons.
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aberrant inflammation at the maternal-fetal interface and the 
development of cCMV-related fetal brain damage. These findings, 
linked to cCMV severity, add new aspects to previous studies that 
showed proinflammatory cytokine patterns in CMV-infected amni-
otic fluid and placental tissues (with no fetal disease data included 
in the report), and that demonstrated a correlation between the 
extent of placental and fetal brain immune cell infiltration and the 
severity of cCMV (12–16). Together, the combined findings argue 
for the immunopathogenesis of cCMV-associated fetal damage.

Toward the goal of identifying prognostic biomarkers of cCMV 
severity, we selected chemerin and Gal-3BP as primary candidates 
for validation on the basis of their consistently increased abun-
dance in symptomatic fetuses (Table 1 and Figure 2B) and their 
involvement in the enriched immune damage–related pathways (as 
revealed by IPA). Using quantitative ELISAs, we confirmed the sig-
nificantly (P < 0.001) elevated levels of chemerin and Gal-3BP in 
amniotic fluid of fetuses with severe cCMV compared with that of 
fetuses with asymptomatic cCMV (Figure 4, Supplemental Figure 
1, and Supplemental Figure 2) and further defined outcome-differ-
entiating cutoff values for both proteins. Importantly, we demon-
strated the high predictive accuracy of these 2 identified biomarkers 
in distinguishing 17 fetuses with severe cCMV from 26 fetuses with 
asymptomatic cCMV (included in an independent validation cohort 
from 3 unrelated centers), showing 88.2% sensitivity (for each), 
100%–96.2% specificity, 100%–93.8% PPV, and 92.9%–92.6% 
NPV, with 0.98–0.97 AUC (for chemerin and Gal-3BP, respective-
ly). By comparison, and in accordance with previous reports, amni-
otic fluid viral load levels had considerably lower predictive values 
(Table 2 and refs. 1–3). Notably, the presence of high levels of chem-
erin and Gal-3BP in the amniotic fluid preceded the appearance of 
severe cCMV imaging findings by 4–9 weeks in 6 fetuses, further 
highlighting the potential prognostic value of these proteins. Fur-
ther analysis of a small group of infants with isolated SNHL showed 
significantly (P < 0.01) lower chemerin and Gal-3BP levels com-
pared with infants with severe cCMV (Figure 4), yet studies of this 
potentially heterogenous group should be expanded.

To the best of our knowledge, chemerin and Gal-3BP have 
not been previously explored in the context of CMV infection. 
Chemerin is a chemoattractant adipokine (belonging to a group of 
adipose-secreted proteins) implicated in the regulation of inflam-
matory conditions (including inflammatory nervous system condi-
tions) and metabolic processes (Table 1 and refs. 17–21). Increased 
maternal serum chemerin levels have been associated with preg-
nancy complications, such as gestational diabetes mellitus and 
preeclampsia (22, 23). It is tempting to speculate that elevated 
chemerin levels at the maternal-fetal interface in severe cCMV 
cases could be mechanistically linked to the excessive placental 
leukocyte infiltration that is characteristic of severe cCMV pathol-

ogy. Gal-3BP is an immunomodulatory glycoprotein studied in the 
context of neoplastic transformation and cancer progression (24). 
Gal-3BP has been shown to be induced by various viral infections, 
including HIV, HBV, hepatitis C virus (HCV), hantavirus, and den-
gue virus infections, and has been studied as a serologic biomark-
er of HBV-related hepatocellular carcinoma and HIV progression 
(25, 26). Our findings warrant mechanistic studies of the role of 
these multifunctional innate immune effectors in cCMV-related 
brain damage. They could further trigger studies of the poten-
tial role of the identified biomarkers in the neurodevelopmental 
abnormalities associated with other major congenital infections 
(such as Zika virus infections).

Analysis of chemerin and Gal-3BP in mid-gestation amniotic 
fluids of infected fetuses (by accessible ELISAs) could be used in 
the clinical setting to substantially improve the prognostic assess-
ment of infected fetuses and to identify a window of opportunity 
for potential therapeutic interventions.

There are several limitations in this study. First, the inclusion 
of amniotic fluid samples linked to strictly defined cCMV severi-
ty limited the sample size. However, the discovery cohort proved 
to be sufficient for the identification of a group of differentially 
excreted proteins in fetuses with severe cCMV. We were further 
able to validate the selected biomarkers in a clinical cohort of a 
relatively considerable size (given the inherent size limitation in 
all cCMV biomarker studies, dictated by the fact that many of the 
cases of infected fetuses lack clear outcome data) from unrelat-
ed centers, which yielded substantial findings and supported the 
generalizability of our results. Second, both the discovery and val-
idation cohorts in this study were confined to severe and asymp-
tomatic cCMV cases and did not reflect the spectrum of fetuses 
with mild-to-moderate symptomatic cCMV, presuming a mixed 
and less-defined phenotype in these cases. Thus, the proportion 
of fetuses with severe cCMV in this study cohort was much higher 
than their real prevalence among cCMV cases, a difference that 
may affect the eventual cutoff levels and predictive value of the 
identified biomarkers. Nevertheless, we believe that the marked 
dichotomy of the groups, avoiding the heterogeneity of interme-
diate disease phenotypes, facilitated the discovery and valida-
tion of differentiating biomarkers. Future prospective studies are 
needed to assess the predictive values of these biomarkers in larg-
er cohorts, including infants with cCMV-related hearing deficits. 
While we focused our attention on chemerin and Gal-3BP, addi-
tional candidate proteins (shown in Table 1 and Figure 2A) may be 
of interest for future studies, as we believe that more biomarkers 
would be needed to address the complexity of cCMV outcomes.

In summary, the data presented here identify the immuno-
modulatory proteins chemerin and Gal-3BP as highly predictive 
amniotic fluid biomarkers of cCMV infection severity, which 

Table 2. Predictive values of amniotic fluid levels of chemerin and Gal-3BP and CMV DNA loads for distinguishing between fetuses 
with severe cCMV (n = 17) and fetuses with asymptomatic cCMV (n = 26)

AUC (95% CI) Cutoff values Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Chemerin 0.984 (0.956–1.0) 79.3 (ng/mL) 88.2 100 100 92.9
Gal-3BP 0.966 (0.918–1.0) 2476 (ng/mL) 88.2 96.2 93.8 92.6
CMV DNA load 0.871 (0.768–0.974) 5.4 (log10 copies/mL) 100 57.7 56.7 100
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Sample preparation, liquid chromatography–mass spectrometry, 
and data processing. Amniotic fluid (150 μL) was loaded onto a serum 
depletion column, followed by an in-solution tryptic digestion and a 
desalting step. The resulting peptides were analyzed using nanoflow 
liquid chromatography (nanoAcquity, Waters) coupled to high-res-
olution, high mass-accuracy mass spectrometry (Q Exactive HFX, 
Thermo Fisher Scientific). See Supplemental Methods for a detailed 
description. The LFQ intensities were extracted and used for further 
calculations with Perseus, version 1.6.0.7. Decoy hits were filtered out, 
as well as proteins that were identified on the basis of a modified pep-
tide only, and gene ontology (GO) annotations were added. The LFQ 
intensities were log transformed, and only proteins that had at least 3 
valid values in at least 1 experimental group were kept. The remain-
ing missing values were imputed. A t test was performed to identify 
significant differential protein expression between the groups, and a P 
value of 0.05 or less was considered statistically significant. The defi-
nition of differential protein expression also required a minimum fold 
change of greater than 1.5 between the groups. The mass spectrome-
try proteomics data have been deposited with the ProteomeXchange 
Consortium via the PRIDE (Proteomics Identifications Database) 
partner repository with the data set identifier PXD029105 (http://
www.ebi.ac.uk/pride/archive/projects/PXD029105).

IPA of differentially excreted proteins. Pathway and molecular func-
tion and disease enrichment analysis of the significantly differentially 
excreted proteins was carried out using IPA (QIAGEN, https://www.
qiagenbioinformatics.com/products/ingenuity-pathway-analysis). 
Plots of selected IPA categories (based on IPA for B-H P values) were 
generated using the ggplot2 R graphical package (https://ggplot2.
tidyverse.org).

Chemerin and Gal-3BP immunoassays. Amniotic fluid chemerin 
and Gal-3BP protein levels were determined using commercially 
available quantitative sandwich enzyme immunoassays (Quanti-
kine ELISA, R&D Systems, catalogs DCHM00 and DGBP30B for 
chemerin and Gal-3BP, respectively), according to the manufactur-
er’s instructions. Serial dilutions of amniotic fluid samples were ini-
tially tested to determine the dilution required to maintain the lin-
earity of the assay within the expected dynamic range. All amniotic 
fluid samples were tested in duplicate. Four samples (2 CMV-nega-
tive and 2 CMV-positive) were included in each run, along with the 
appropriate calibrators and controls provided by the manufacturer, 
to monitor potential variability among assays. Protein concentra-
tions were interpolated from the calibration curve using a 4-param-
eter logistic curve fit.

Statistics. Statistical analysis was performed using SPSS, version 
26.0 (IBM). Comparisons of chemerin and Gal-3BP expression lev-
els and CMV DNA loads between amniotic fluid samples of fetuses 
with severe cCMV, fetuses with asymptomatic CMV infection, and 
CMV-negative fetuses were analyzed using a 2-tailed t test or the 
nonparametric Mann-Whitney U test (the latter was used for non-nor-
mally distributed variables) for quantitative continuous variables. The 
identification of an intersection point with high specificity and sen-
sitivity in order to distinguish between fetuses with severe and those 
with asymptomatic infection based on chemerin, Gal-3BP, or viral 
DNA levels (cutoff values) was performed using ROC analysis. All 
tests applied were 2 tailed, and a P value of 0.05 or less was considered 
statistically significant. To account for multiple comparisons, Bonfer-
roni’s post hoc test was applied for correction of the significance level. 

could guide early prognostic stratification and potentially person-
alized treatment of cCMV-infected fetuses. Our findings provide 
insights for further mechanistic studies of inflammatory pathways 
and treatable targets involved in the progression of CMV-related 
fetal brain damage.

Methods
Study design and patient population. Amniotic fluid samples, obtained 
at 20–23 weeks of gestation (and at least 6 weeks after the assumed 
infection) from women diagnosed with primary CMV infection (as 
part of the routine diagnosis of fetal infection) were retrieved for ret-
rospective analysis. Samples were stored at –80°C until the analysis. 
Included in the study were amniotic fluid samples of CMV-infected 
fetuses with characterized cCMV severity, classified as either severe 
or asymptomatic cCMV infection (see Definition of severe and asymp-
tomatic infection below). The classification was based on review of the 
antenatal data, including fetal imaging, and pathological examina-
tion following termination of pregnancy (TOP), and of the neonatal/
postnatal follow-up data. Contemporaneous CMV-negative (uninfect-
ed) amniotic fluid samples, obtained under the same indications and 
conditions were analyzed in parallel. The study involved a proteom-
ics discovery phase, carried out in a discovery cohort (composed of 
samples retrieved from the Hadassah Medical Center Clinical Virol-
ogy Laboratory), and a biomarker validation phase. The biomarker 
validation phase was performed in (a) an initial validation cohort, 
which included samples from the discovery cohort (subjected to the 
proteome analysis) and additional independent samples (retrieved 
from the Hadassah Medical Center Clinical Virology Laboratory), and 
(b) an outcome-blinded (blind-testing) cohort from the Fondazione 
IRCCS Policlinico San Matteo Virology Laboratory in Pavia, Italy, and 
the Maccabi Healthcare Services Central Laboratory, in Rehovot, Isra-
el (Figure 1; see also the Supplemental Methods for a detailed cohort 
description). Together, the 62 independent cases (which were not 
included in the discovery cohort: n = 17 fetuses with severe cCMV; n = 
26 fetuses with asymptomatic cCMV; n = 19 uninfected fetuses) con-
stituted an independent validation cohort (Figure 1).

Definition of severe and asymptomatic cCMV infection. Fetuses were 
classified as severely affected when severe cerebral anomalies were 
identified by prenatal ultrasound and/or MRI as previously defined 
(e.g., head circumference <2 SDs of normal, ventriculomegaly, white 
matter abnormalities and cavitations, intracerebral hemorrhage, 
delayed cortical development; ref. 27). After the diagnosis of fetal infec-
tion by amniocentesis, fetal scans were repeated monthly until delivery 
or TOP. Fetal brain MRI was performed at 30–32 weeks’ gestation. All 
scan reports were reviewed again by 2 independent experts for the 
purpose of inclusion in the present study. After delivery, all newborns 
were evaluated for cCMV disease status by blood tests, audiological 
and ophthalmologic tests, and cerebral ultrasound imaging. Follow-up 
included periodic cognitive, developmental, and auditory evaluation. 
The cases were classified in the study as asymptomatic cCMV infection 
when all clinical and laboratory parameters were normal at birth and 
upon postnatal follow-up of at least 12 months. Fetuses from terminat-
ed pregnancies that had normal or mildly abnormal imaging findings 
were excluded from the study because of insufficient outcome data.

CMV DNA load analysis. The viral DNA load in amniotic fluid was 
determined by RT-qPCR as previously described (see Supplemental 
Methods; ref. 28).
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