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Abstract

Problem: To characterize the amniotic fluid (AF) inflammatestated protein (IRP) network in
patierts with _a sonographic short cervix (SCx) and to determine its relation to early preterm
delivery (ePTD).

Method_of Study: A retrospective cohort study included women with a SGxnfn) (n=223)

who had amniocentesis and were classified according to gesiatige (GA) at diagnosis and at

delivery (ePTD <32 weeks of gestation).

Results: 1) Infwomen with aSCx <22 1/7 weeks, the concentration of most IRPs increased as
the cervix shortens; those with ePTD had a higher rate of increase gfayINMCR1 and IL-6
concentrations [than those delivering lat8); concentration of most IRPs, and correlation

between several IRP pairs, was higher in the ePTD group vs. those delivering later.

Conclusions: Women with a SCx at 16 to 22 1/7 weeks have a unique AF cytokine network
correlating with cervical length at diagnosis and GA at delivery. This network may assist in

predicting-ePTD.

Keywordsi;amniocentesis, cervical insufficiency, cytokine, macrophage inflammatory protein

(MIP), moneeytechemoattractant proteih (MCP), network analysis, preterm birth

Running"Head:AF Cytokine Network in Women with Short Cervix

Introduction

A sonographicshort cervixis a strong predictor ospontaneous preterarelivery (1-15). The
earlierthe diagnosi®of a short cervix the more likelythe patient will deliver pretern{16-33).
Compelling evidence supports the vidhat this condition is syndromic in nature amés

multiple etiologies(34, 35, 13, 36, 37kuch as aleclinein progesterone actio(88-48),prior
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cervical surgery(49-57), intrasamniotic inflammatia and/orinfection (58-63), and genuine
cervical insufficiency(35, 64).Patients with a midrimester sonographic short cervix can be
offeredtreatment withvaginal progesterone (65-73) afak, those with a history of prior preterm

birth, a cervical cerclag€r4-80)may be placed

A subset of=patients with mid-trimester sonographic shoeervix [cervical length (CL)< 25
mm] may have microbial invasion of the amniotic fllIAC) with or without inflammation
(62, 81, 82)A sterile intraamniotic inflammatiorappears to beore common thaMIAC (10%
versus 2.2% respectively and isassociated withan increased risk of spontaneous preterm
delivery 84/weeks of gestatio (82). The presence of intramniotic inflammation (both
microbial and"sterile) is associated with adverse pregnancy outd@®&9, 35, 90, 91) in
patients presaimg with preterm laboandintact membrane2-108) preterm prelabor rupture
of the membranes RPROM) (109-114) a sonographic short cervid15, 60, 62, 82)and
cervical insufficiency(58, 59, 116, 64, 117)hus, we and others have explored the behavior of
cytokinesand otheinflammatoryrelated markerg amniotiq100, 118, 119, 106, 120-123, 107,
82, 108, 124-128) or vaginal (129-140) fluid.

Diseasestates-are generally causbky the interation of a group of correlatesholecules(or
network andnot by the effect ofa singleor individual molecule (141-147)or examplein the
context of,inflammationone cytokine can induce the expression of athehich canmodulate

the immune_response and lead to the developofdeedback regulatory netwask148). Thus,

in order to_understand the pathogenesis ioflammatoryrelated disease cytokines should
ideally be studied as grous interacting moleculéproteins(149-151). Indeedecent evidence
suggests=thabiomarkersderived from network analysiagre ableto achieve bettediagnostic
performanceghan those derivedsing a single-molecule approach (152-155, 61, 156, 157, 148,
158).

Womenwith*microbiatassociated or sterile inteamniotic inflammatiorhada more coodinated
cytokine netwarkthan those without intramniotic inflammation(127) By using a network
approachwe were able to demonstrate that microbial and sterttaamniotic inflammation
differ in their cytokine network§l27) Therefore the objective of this studyas to examine the

amniotic fluid inflammatoryrelaed protein network inasymptomaticpatients witha mid-
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trimester sonographic short cervix according to gestational atjee dime ofdiagnosis and
delivery.

Materials and methods

Study population

A retrospective cohort study was conducted to incl@@@ patients withan asymptomatic
sonographic short cervix. Amniotic fluid samplasparticipants were selected from the clinical
database ‘and /Bank of BiologicMaterias of Wayne State University, the Detroit Medical
Center, and the Perinatology Resedscanch of theEunice Kennedy Shriver National Institute
of Child Health and Human Development (NICHD}hE patientsmet the following criteria: 1)
singleton gestation; 2dsymptomaticsonographic cervical lengt25 mm; 3) transabdominal
amniocentesis-@formed for molecular microbiological studiesnd 4)available pregnancy
outcomes,Exelusion criteria were: Tupture of membranes or preterm labor symstdrafore
amniotic fluid collection; 2) chromosomal or structural fetal anomaly; or 3) placente.phe
subset of patients in the current study wwaduded ina prior study (82), which provids
description*ethe molecular microbiologidindings ofthe amnidic cavity andamniotic fluid IL -

6 concentrations. All patients provided written informed consamtl the use of biological
specimens as well as clinical and ultrasound data for research purpasapprnoved bythe
Institutional.Review Boards of Waynea® UniversityandNICHD.

Clinical definitiors, methods okonographic assessmenttlo¢ cervix, sample collectiorgnd the
detection if=microorganismas well as amniotic fluid H6 concentrations were previously
reported(82)=Briefly, spontaneous preterm labwasdefined by the presence of regular uterine
contractiols occurring at least twice evefy0 minute, associated with cervical charsgbefore

37 compleéd weeks of gestation. Early spontanequeterm delivery was defined as
spontaneoupretermdelivery before 32 completed weeks of gestation. Patients classified as
having 'spontaneous preterm delivery included those with spontaneous preterm labor, preterm
prelabor rupture othe membranesRPROM), and those whose labor was induced or augmented
due to clinical chorioamnionitig159). Patients who were lost to follewp or who had
unavailable delivery dataere censored.
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Intra-amniotic inflammationwas characterized byan amniotic fluid IL-6 concentratior>2.6

ng/mL (100, 118, 106, 120, 122, 123, 107, 82, 108, 124, 114). Microbial invasion of the amniotic
cavity was defined according to the results of amniotic fluid culturebaoddrange polymerase

chain reaction (PCR) coupled with electrospray ionization mass speclyofR&R/ESIMS)
analysis(105, 113).Acute histologic chorioamnionitis was diagnosed based on the presence of
inflammatory.cells in the chorionic plate and/or chorioamniotic membranes, atelfanisitis

was diagnesed by the presence of neutrophils in the wall of the umbilical vessels and/or

Wharton’s'jelly, using previously describedteria (86, 160-169).
Multiplex detérmination of inflammatory -related proteins

Amniotic fluid=concentrations of 33 inflammaterglated proteins were determined using a
multiplex bead array assay developed by the investigatoeviously desdyed in detail gee
Supplementary Methods) (127).

Statistical/@analysis

The goalvofsthe statistical analysis was to a) assess the relation between the riskrof pret
delivery and.gestational age at amniocentesis, b) assess the relation befleeematory
related proteirconcentration and cervical lengtt) evaluate differences inflammatoryrelated
proteinconcentration between groupte(ivery <32 or >32 weeks of gestation) and d) evaluate
differences in_correlatioof pairs of proteindetween groupand build correlation network¥o
accomplish thesgoals, women were dividedtmmthree groups based on the gestational age at
amniocentesisvith the two cuoff points representingertiles of the distributionl6 5/7to 22

1/7, 22 2ffte26:1/7, and 26 2/% 31 5/7 weeks of gestatioln addition to creatingqualsized
subgroups of patients, this salassification of samples based o) previous observations that
the populations of patients diagnosed with short cervix are different depending whether or not
the diagnosis.is made earlier as opposed to later in gestatipand alsaon i) the observation
that prodnflammatory protein concentrations may vary with gestational age at

amniocentes{427).

The association between the interval of gestational agenaiocentesisnd risk of preterm

delivery was tested using Ghi-squared test for trend in proportiono test for differential
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analyte concentration between grouwpthin eachgestationahgeinterval, a linear model wafst

to the log (base 2) of analyte concentration as a function of the group indicator (patiesredel

<32 or 332 weeks of gestation) while adjusting g@stational age at amniocenteSsnilarly, to

test the association betweanalyte concentratioand cervical length, a linear model was fit to

log (base 2) ofinalyte concentration as a functionaarvical length andhe group indicator
(patient. delivered32 or >32 weeks of gestation) while adjusting for the gestational agé
amniocentesis..An interaction term was allowed between the group indicator aedldength

to accommodate possible differences in the rate of change of analyte concentration with cervical

length between groups.

Significance test p values for tlgeoup (delivery <32 or >32 weeks of gestation)coefficientas
well asfor the cervical length coefficientvere adjusted with the BenjamiHiochberg method
over all 33=analytes to computevglues. Significance of differences in concentration was
determinedsbased on a g-value <0.1 afmld change >1.5. For changes with cervical length, the

minimum fold change cut-off of 1.5 was defined over 1cm change in cervical length.

The differencerirconcentratiorcorrelation of each possible pair of analyteg.(éL-1a and IL-

6, IL-1a and 1133, etc.)betweengroups was assessed as follows. A linear model was fit to the
log-transformed data of eaghoteinas a function of gestational age using samples of each group
separately, in each gestatiofa@e interval. The residuals (actual vaiudted value) were then
used to computthe Pearson correlation for each pair of analytedled partial correlationsTo

test for differences in partial correlations between groups within each interval, the partial
correlations*were first converted into an intermediary statising Fisher’'s z transformation.
Under thenull= hypothesis (partial correlations are equal between groups), nberdized
differences in Z values among groups were assumed to follow a standard normal distributi
Significant differences in partial correlations wenéerred based on p<0.01 and the magnitude
of correlation differences was at least 0.2.

A network ofudifferential correlation betweegroups of womerwas constructed foeach
gestationabge interval bylinking/connecting theroteinswith significant differeges in partial

correlatiors (also referred to as perturbed correlatiéiyr. each nodepfotein) in the network,
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we calculated the degréeumber of perturbed correlation of a given protein), andcatlegage
absolute difference in correlatioas previously describgd27).

To identify. confeunding variablethat could impacthe analyses described above, have used
Chi-squarestesito determine the association of covariates (administration of steroids, antjbiotics
and progesterone: before amniocenteais] preterm deliveryithin each intervalCovariates

with significant association with the outcomwere adjustedfor in the differentialconcentration

and differential correlatioanalyses

Results
Characteristics of the study population

Two hundreditwentyhree patientsvho had a sonographic short cervis¢ mm) were included
in this study.Demographic ath clinical characteristics of the study populatame displayed in
Table 1. The median gestationalge at amniocentesis was 347 weeks. Fortyfour percent
(99/223) of_patientswith a short cervix delivered at terrivlost patients @ not have intra
amnidicrinflammation [75.3% (168/223)]. Among patients with intraniotic inflammation, the
frequency of.sterilantraamniotic inflammationwas higher than micobial-associatedntra-
amnioticinflammation [L0.3% (23/223) and 2.2% (5/223gspectively (Table 1). Patients with
a sonographishort cervixwere classified acording to gestational age at deliveand 28.7%
(64/223) delivered32 weeks of gestatiowhile the remaining 71.3% (159/228glivered>32
weeks of gestation.

The samples included in thigudy were collected before the publication of randomized trials
reporting that vaginal progesterone reduces the rate of preterm delivery and neonitdity;
therefore,snene- of our patients received vaginal progestefigig. percen{18/221)of patents
underwent=cerclage. There were no significant differences in the frequevitnes/hich 17-
alphahydrexyprogesterone caproate, antibioind antenatal corticosteroidere administered
within 7 dayswbefore amniocentesis between women with a short cervix who dekasted

weeks of gestation and those who delivered >32 weeks of gestation (Y.able 1

The prevalence of intramniotic inflammation(defined as amniotic fluid IL-6 concentration

>2.6 ng/mL) including both microbiahssociated and sterile iatamniotic inflammation was
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significantly higher in patients with a sonographic short cervix who delive82dweeks of
gestation than in thoseho delivered >32weeks of gestation (p<0.05 fall; Table 1).
Additionally, the medianamniotic fluid IL-6 cancentrations (ng/mL) and the frequency of acute
inflammatory lesions of the placenta were significahtigherand more frequenn patients with

a short cervix who delivered32 weeks of gestation than in those who delivered w82ks of
gestation _[l-6:. median (IQR); 1.11 (0.34.15) vs. 0.59 (0.28.99); p=0.002 acute
inflammatory.lesion of the placenta: 73.3% (44/60) vs. 33.3% (48/144); p<0.001; Table 1].

The risk of preterm delivery according to the presege of a sonographicshort cervix and
gestational'age at diagnosis

Patients withatshort cervix who delivered32 weeks of gestation haasignificantly lower
gestational™age at amniocentésa diagnosis with a short cerviand they hada shorter
sonographiaervical lengththan those who deliveree32veeks of gestatiofp <0.0A for all;
Table ). When patientswere stratified according to the tertiles of gestational age at
amniocentesis, the rate of delivery<82 was 50% in those with asymptomatic short cervix
identified at?6°5/7- 22 1/7, 21%in those identified a22 2/7- 26 1/7, and 15%in those at26
2/7-31 5/7 weeks of gestatio@lfi-squared test for trenuk0.0001).

Potential effects of onfounding variables

We examired.whetherthe administration of steroids, antibioticand progesterone before
amniocentesis could haveda confoundingeffect onthe differential concentration analysis of
proteins The“association of these covariates wite “group indicatcdr (whether apatient
delivered<32 or >32 weeks of gestation) in eagéstational ageterval at amniocentesig/as
assessedsand was found to be significant (p=0.014) only for steroids gestedional age
window between 26 2/7 and 31 5/7 we@ksrvalof gestational age at amniocesis Therefore,
we adjustedor-exposure tasteroidsin the third intervabf gestational age at amniocentesnsl
found littleeffect on the differentiaconcentratiorand correlatioranalysis results, as described

below.

The inflammatory protein concertrations and sonographiccervical length
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We have tested the association between inflammag&dayed protein concentrations and cervical
length within the group of patients in which the diagnosis with short cervix/ gestatgmait a
amniocentesis was maaarly in pregnancy (16 5/722 1/7 weeks) while controlling for the
gestational age at amniocentesis. This set of patients include an equal ofiléereries at
<32 and >32 weeks of gestatiohhe concentration of all inflammatorglated proteinsvere
inversely related t@ervical length (i.e. the shorter the cervix, the higher the concentration the
proteins)(g<0:Lfor all). Only IR10 and I-18 did not reach the required minimum of 1.5 fold
change in‘abundance per cm change in cervical length ¢cortsédered statistically significant.
Fold changedor significant proteinsrangedfrom 1.5 to 8.5 fold per cnfIL-33 and IL-8,
respectively)(seeFigure 1and Table 3. For three proteingMIP-1a, MCP-1, IL-6) the rate of
change in abundance with cervidahgth was highem patientswho delivered at<32 weeks

compared to those who delivered at >32 weeks of gestation (Figure 2).

Differences‘imramniotic fluid inflammatory-related protein concentrationsbetweenpatients

with a sonographic short cervixwho delivered before and after32 weeks of gestation

The amnietic fluid concentrations of 33 inflammaterglated proteinsvere compared between
patients witha’sonographic short cerviwho delivered<32 and >32veeks of gestation. Since
the amniotic fluid concentration tfiese analytes ba nondinear relationship with gestational
ageand their discriminatory powenayvary as a function of duration of pregnaneye assessed
differential_cencentrathn within three separate intervalnd adjusting forgestational age at

amniocentesis

Amniotic fluid concentration of inflammatory proteins in patients with a short cervix diagnosed
between 16 5/Zand 22 1/7 weeks of gestation

All inflammatory proteindut five (IL-18, IL-33, IR10, MIG, and MIR3a) had asignificantly
highermeancencentrationgn patients who delivered32 weeks of gestatiothan inthose who
delivered=82 weeks of gestatiorfold change >1.5g-value <0.1). Thehighestchanges of
amniotic fluid proteinconcentration werebsewed for IL-8, MIP-1p, IL-6, and IL-10 (5.6, 5.1,
4.5, and 4.4fold, respectively)(Table 3). Of the 28 inflammatoryrelated proteins whose

concentrations wersignificartly different between groups in this interval, 18 would remain
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significant wherthe andysis was restricted tpatients witlout intra-amniotic inflammatior(see
highlighted proteins in Table 3).

Amniotic fluid concentration of inflammatory proteins in patients with a short cervix diagnosed
between 22 2/7 and 26 1/7 weeks of gestation

In this gestational age windowhe differences in amniotic fluid concentratigof inflammatory
related proteindetween groupwasof aleser magnitude than those the firstgestational age
interval (16"5/7to 22 1/7 weeksjor nine analytes, the na@ amrmiotic fluid concentration was
significantly higherin patients who delivered32 weeks of gestation comparéa those who
delivered >32 weeks of gestation (fold change >G-Balue <0.1).The three analytes with the
highest coneentration wehe-8, IL-6, and MIP-B (5.4, 4.2, and 2.6ld, respectivelyTable3).

Amniotic fluid concentration of inflammatory proteins in patients with a short cervix diagnosed
between 26.2/7 and 31 5/7 weeks of gestation

The differenee_inamniotic fluid concentratiorof inflammatoryrelated proteindetween groups
was lesser thathatin the other twagestational aggroups.The aly protein with a significant
difference inmedian concentratiobetween patients who deliveret82 weeks of gestation
comparedto,.those who deliveed >32 weeks of gestatiomas IL-8 (fold change of 2.3 and
nominal pfvalue<0.05 Table 3). However,this significancewas lostwhen adjusting for the
administration”of steroids, which was a confounder variable in the analypatiefts in this

interval of\gestational age (as descrilszbve).

Amniotic fluid ¢ ytokine network analysis according to gestational age aliagnosisof a

short cervix

Since thesconcentration of prinflammatory proteins changes with gestational age at
amniocentesisy(see Figudetoppanelfor IL-10 and MIR1p) differences in correlation patterns
of pairs of proteindbetween groupsere assessed withthreeintervals of gestational age, after
removing the linear trend with gestational age from log (base 2) protein concer(ffajioe 3,

bottom panel)The examplgresentedn Figure 3 shows that in the interval 16 5/7 and 22 1/7
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weeks, the partial correlation between MiPand IL-10 is 0.65 in patients who delivered<a?
weeks and only 0.05 in patients who delivered >32 wediference in correlation coefficient of
0.65-0.05=0.60, p=0.0055, see Table S1).

Patients with aisonographic short cervix diagnosed between 16 5/7 and 22 1/7 weeks of gestation
who delivered3=2 weeks of gestation had a higher concentration of inflammagtated
proteins than those who delivered >32 weeks of gestation (22 perturbed proted)sMIP-1p,

and MIR1lg had the highest number of perturbed correlations (degrees of 6, 5, and 5,
regectively), while 1l-8, MIP-1pB, and IL-6 showed the largest magnitude of change between
groups(Figure4A).

Patients with"a'sonographic short cervix diagnosed between 22 2/7 and 26 1/7 weeks of gestation
who delivered32 weeks of gestation had highercorrelation among 16 amniotic fluid
inflammatoryrelated proteins than those who delivered >32 weeks of gestation (35 perturbed
correlations). RANTES, 18, IL-6, MCR1, and MIR1f had the highest number of perturbed
correlations (degree of 11, 8, 8, 8, andd&spectively), whereas 16 and 1.-8 demonstrated the

highestimagnittide of change in concentrafleigure4B).

Amonggpatients with a sonographic short cervix diagnosed between 26 2/7 and 31 5/7 weeks of
gestation who deliveredB2 weeks of gestation hadthe less degree gkerturbation in correlation
and expression in amniotic fluid cytokinesmpared to those who delivered >32 weeks of

gestation (only'S perturbed correlations).

Discussion

Principal findings of the study: 1) The earlierthe short cerw was diagnosedhe higher the

rate ofpreterm deliverg32 weeks of gestation , reaching 50% in the 16 5/7 to 22 1/7 weeks
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interval; 2) In patients with short cervix diagnosed at 16 5/7 to 22 1/7 weeks, the concentration of
most inflammatoryrelated proteins increasas the cervix shortens both delivery groups, yet

the rate of increase of MiPa, MCR1 and IL-6 is higher in women who delivered<a® weeks
compared to those who delivered at >32 weeks of gestaBpihe concentration of most
inflammatoryrelated proteis studiechereinwashigher in patients who delivered<d® weeks
compared.to.those who delivered at >32 weeks of gestatiotheyaetagnitude of the difference
decreasewith.increasing gstational age at amniocentesis and diagnosis of a short sonographic
cervix. 4) (The conentration correlation of several pairs inflammatoryrelated proteia was
overall higher in patients who delivered<3? weeks compared to those who delivered at >32

weeks of gestation

Inflammatory -related protein network connectivity of patients whohad preterm delivery
<32 weekssof=gestationand had been diagnosed with a short cervix between Hhd 22

weeks

Patientswith'a 'sonographic short cervix and a subsequent early preterm delivery had more
coordinated-amniotic fluid cytokineoncentrations thathhose who had late preterm delivelty-

8 andMIP-1B.arethe key mediators derived from both differential correlation and concentration
analysis. Interestingly, MIP-1a is the top+anked protein obtained fronthe differential
correlation approactespite is small magnitude of change éoncentratior(fold change2.56;
p=0.00016).

The 2 topranked proteinsiL-8 and MIR1p, obtainedfrom the analysis of both correlation
network anddifferential concentratiorhave beenimplicated in the pathogenesis of ik
amniotic_inflammation/infection in preterm lab¢t70-172) preterm prelabor rupture dhe
membrane$t72),and clinical chorioamnioniti€l73).Both IL-8 (neutrophil attractant/activating
peptidel) -and“MIR1B (CCL4) are chemotactic cytokines that activate neutrophilsand other
human granulocytes in response to inflammation or infe¢i@d, 175) These chemokines are
mainly produeced by macrophages, mononuclear ,cefid lymphocyteq176, 175). Previous
studiesdemonstrated thainaniotic fluid concentratiosiof IL-8 and MIR1f increase in patients
with preterm labowho hadintra-amnioticinflammation/infection and clinical chorioamnionitis

at term with proven intramniotic infection andthey canpredictthe likelihoodof spontaneous
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preterm delivery(177, 170, 171, 178, 172, 179-183)In addition, both chemokines are
significantly higher in patients with mid-trimester short cervixho delivered <34 week$dn
in those who delivered34 weeks of gestatio(il55, 148),and their concentrations correlated

with cerviecal length(61).

In contrastMiP=1a: (or CCL-3) is the topranked proteindentified from correlation analysibut
not differential concentration analysigiterestingly, his cytokinehas beerimplicatedin the
pathogenesis of intramniotic inflammationinfection in patients with preterm delivery and
clinical cherioamnionitig183).MIP-1a is produced bynacrophages (184) ardtivates human
granulocytes’in response to inflammation amiggtion (185-193)These bservations suggest
that proteins ranked hbyetwork correlation analysareof value and have blioegical plausibility

in the pathogenesis of inteanniotic inflammation/infectiom patients with a sonographic short
cervix, despiteshaving a small magnitud of change froma simple comparison of mean

concentrations

Inflammatory.-related protein network connectivity between patients who delivere&32
and >32weeks of gestatiorwith a short cervix diagnosed between 22/7 and 26 1/7weeks

of gestation

The tg-ranked proteisobtained frondifferential concentration analysji-8, IL-6, and MIR
1B) are similar tothose derivedrom correlationanalysis Moreover, Il-8 and MIR1f are also
the toprankedproteirs in the network of perturbeghflammatoryrelatedprotein concentratien
between=165/7=and 22 1/&veeks of gestatiorRANTES and MCPL are the two additional
proteinsthatare key mediatorduring this interval derived from correlation analy$CP-1 is
significantly lower in patients who delivere®2 weeks than in those who delivered2 weeks
when a sonographic short cerwsas diagnoseetween 22/7 and 26 1/%veeks of gestation
(fold change#.97, p=0.022) The amniotic fluid concentrations dRANTES were not
significantly different (p=0.156). InterestinglyRANTES had no perturbedcorrelatiors of
inflammatoryrelated protein concentration women with a short cervix diagnosed betwéén
5/7 and 22 1/%veeks butit had the highest number of perturbedrrelatiors in womenwith a
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short cervix diagosed betweer22.2 and26.1 weeks of gestatio(n=11) suggesting that
gestational age is a factor that may modulate the nature of the cytokine response.

It is well establishedhatamniotic fluidIL-8, IL-6, andMIP-1f are involved in the pathogenesis
of intra-ammniotic inflammation/infectiom preterm delivery(194, 170, 195, 171, 196, 178, 172,
101, 181,:2824 197, 108preterm prelabor rupture tie membrane¢179, 180, 111, 198-201),
clinical chorioamnionitis(183) and cervical insufficiency202-204).In patients with a mid
trimester short cervixhe concentrations fothesecytokines/chemokines ithe amniotic cavity
are correlated.wittsonographiccervical length(61) and gestational age at delive{¥48). In
addition,all'three cyt&ines arancluded in the amniotic fluid inflammatory scamdel, which

can predicgestational age at delive(§48).

In the current*studyhe information obtainefrom network analysis is of valusincethere is
evidencethat suggestghat amniotic fluidMCP-1 (also known a£CL-2) andRANTES play a
role inintra-amniotic inflammation/infection in patients with preterm lafiB2, 205, 155, 206),
preerm prelabor rupture othe membranes(132) a sonographic short cervikl55, 61),

spontaneous-labor at term (207, 208), kistblogicalchorioamnionitis (205).

Keeler et"alrepored thatpatients witha mid-trimestersonographicshort cervix demonstrated
that an elevation ofamniotic fluid MCP-1 concentration (>1500 pgioh had 60% sensitivity,
100% speeificity and apositive predictive valudor delivery <34 weeks of gestatiqii55).
Moreover,MCP=1 was the most predictiveytokineof spontaneous preterm delivery in patients
with a mid-trimester short cervilamong theother 25 cytokineg155). MCP-1 is capable of
recruiting 'macrophages and other leukocytes into sites of inflammg@ogi212).Similarly,
RANTES is_a proinflammatory chemokineseceted from T ce#, which recruit monocytes,
lymphocytesy=basophiland eosinophils irthe host response to inflammation/infecti¢al3-
217).

Collectively, patiats witha sonographic short cervix who subsequently delivered earlyahad
more coordinated cytokine network than those who hdateapretermdelivery. The manked
proteins derived from corielation analysis aréenformative, have knownbiological properties

relevant to parturitionand can be potentially useful in the future for the developmerat of
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biomarker pipelingo identify patients with a sonographic short cervix who subsequently deliver

early.

Inflammatory -related protein network connectivity betwea patients who delivered<32
and >32 weeks ofgestationwith a short cervix diagnosed between 2@/7 and 31 5/7weeks

of gestation

In this interval, the number of perturbed correlations is small (naByl none ofthe
inflammatoryrelated protein concentrations digeibetween pagents who delivered earlyr late
preterm.However, wefound a connectioetween the antimicrobial peptide lactoferrin dnd
cell-associated’ cytokines 116 and IL:13. Elevated IE16 and lactoferrin amniotic fluid
concentrations=in women with preterm daband intraamniotic infection/inflammation were

previously-reperted by our group and others (218-220).

Gestational age at the diagnosis of a sonographic short cervix and the behavior of the
cytokinemnetwork

It is knownthat the earliethediagnosis ofa short cervixis made, the greaténe degree of intra
amniotic inflammatiorand the earliethedelivery (17-21, 23-27, 30, 61, 62n addition, Moroz

et al reportedthat in women with a sonographstiort cervix £25 mm) diagnosed before 25
weeksof gestationthere was a significant association between cervical shortening and maternal
systemic inflammationdetermined byC-reactiveprotein) (f =0.34, p=0.014). However, this
association was not observed in patients witlaghort cervix or a short cervix diagnosed after

25 weeks;of gestatiof221). We present here for the first time that the eatheroccurrence of a
short cervixs=the more orchestrated is the inflammatory response associated with it in women
who subsequently deliver prior to 32 weeks of gestafibese findingsuggesthat the risk of

early spontaneous preterm delivery in asymptomatic women with a sonographic shoal cer
lengthchanges,as a function of gestational age at diagnosis and is assoitfatté magnitude

and character of the int@mniotic inflammabry processes characterized by network analysis

The importance of study of protein networks in the “great obstetrical syndromes”
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The improved understanding of the immune response and its soluble mediators (cytokines)
coupled with the application of molecular biology has led to substantial gains in the d@script

of the behavior of multiple inflammatonglated proteins in health and disease. The initial
emphasis'in the study of inflammatory molecules was on the individual changes in the
conentration and expression of thes®leculs. This is understandable as discoveries of
virtually.every. cytokine occur one at a timdow, decades later, a more comprehensive and
detailed map.of the protein inflammatory network is available, as well asnproved
understanding ‘of the nature of the protpiotein interaction and biological function of these
molecules A 'major advance in the understanding of the biology of the inflammatory response is
that cytokines_are organized in complex and redundatmianksand the realization that global
analysis is*required to improve insights into the biology and that this approach is superior to a
simple catalogue in thehanges ofoncentration of individual cytokinetndeed, the cellular
response during inflamation represents the interaction between the idptved from several
cytokines that activate different receptors on the cell surface, leading to generation of several
intracellular processes. In addition, each cytokine can attach to different reaaptibrs cell
surfacey andhis'has implicatios a the type of cellular response, cellular activation, number
and profileofseytokine receptors expressed on the cell membf222-224).Thus, in order to
understand the effect of different cytoksren integrative model of cytokine activity is needed.
There are severaleports documenting that information derived from correlation network
analysis can. 1) improve dsificationof diseas€155, 61, 148); 2¢hart the cydkine interaction

in terms of their/effect on specific inflammatory céjlpes (B and cells, macrophage$) single

and multiple*eell interaction@23, 224) 3) identify newinterfacesetween signaling molecules

in uni- ormulticscale modelghat incorporates several cell populati¢®25, 226) 4) be the basis

of hypothesis generating studi€z27); and 5) identifypotential therapeutitargets(228, 229).

This has been the case with breast carftb#) and chronic fatigue syndrom@30). The
descriptionof_the cytokine network presented herein is novel mag assist in identifying the

key cytokines involved in the amniotiltid inflammatory responsat differentgestational age

windows which in turmmayhave diagnostic, prognostic, and therapeutic implications.
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Strengths and Imitations of the study

A major strength of the study is that it is the first one to stbdynflammatory protein network
in asymptematiec women at risk for preterm birth because of a sonographic short $ecard,
the study docusesn amniotic fluid, the biological fluid in which major changes in cytokine
changes are-observed in the contexa ehort cervix. Third, lie characteriation of theprotein
inflammatory networkwas not restricted toytokines, but also included amicrobial proteins,
such as lactoferrirwhich have been implicated in premature labb@urth, he results of the
cytokine network were unknown at the time of patient managementtlaeetfore could not
have biased the clinicians and investigatdsswith any other studies, replication of the findings

is desirable.
Conclusions

We have characterized for the first time #mniotic fluid preinflammatory protein network in
women with  asymptomatic short cervix who are at risk for early preterm birth (<32 weeks of
gestation). Importantly, the shorter the cervical lentth greatelare the perturbatiosin the
amniotic fluid,_inflammatory networkand the higher the risk of early preterm delivery.
Characterization ofhe amniotic fluid inflammatory network has implicat®for the taxonomy

of diseasdor patients with a short cerviand identification of those at risk for eapgyemature

birth.

Figure Legends

Figure 1:TAssociation between pirdlammatory protein concentration and cervical length for
patients diagnosed with a short cervix at 16-572 1/7 weeks gestational agéhe figure shows
the concentration (Iog theeof) as a function of cervical length for 4 of the 33 proteins that
increasewith=ecervicalshortening(see Table 2pverall both women who delivered €82 weeks

of gestation’(red) and thos82 weekf gestation (black).

Figure 2: Three proteins that increase in abundance with cervical shortemiriggaer rate in
women whodelivered a&32 weeks of gestation (red) compared to those who delivered at >32

weeks of gestation (black). As in Figure 1 only patients diagnosed with a short ¢eii%/a-
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22 1/7 weeks gestational a¢®A) are included in this analysiSolid lines represent the best
linear fit of the log protein concentratioas a fundgbn of GA atamniocentesis

Figure 3:Differential correlation analyse3he figure shows lggconcentration (pg/mL) of IL

10 (upperslefty pnel) and MIP1B (upper right panel) as a function of gestational age at
amniocentesis‘in-patientgho hada sonographic short cerviandwho delivered32 weeks of
gestation (red) and those >32 weeks (blue). Dashed lines denote the two tdrtiles
distribution_of_gestational age at amniocentesis splitting patients into 3 intervals, and the
scatterplot,of the logconcentration of IL10 and MIP1p in the first interval is shown (bottom

left panel)s” A'linear model was fit to the bgoncentration of eachnalyte as a function of
gestational age in each group within each gestatagelinterval, and residuals were used to
compute partial correlations between analytes (bottom right panel). The partial correlation
between thestwo analytes was significantly increased in patients who deBevwedks of

gestation than:those >32 weeks.

Figure 4:Network of perturbed cytokine concentration correlations between patients wlao had
sonographic short cervendwho delivered<32 weeks of gestation and those who delivered>32
weeks in the first (left panef) and second (right panel) Bestationahge intervad. Each node
(sphere) represents one of the 33 analytes, with a link (line) between two nodssntapyea
significantly perturbed correlation. The node color represents the direction of catioentr
changebetween delivery32 compared to delivery >32 weeks (red=increaseclue=decreased

and whitezno change), while the color intensity is proportional to the magnitude of conoentrati
change. The color of links gives the direction of correlation change (red=irtreasehation

and blue=decreased correlation), while the color intensity is proportional to the magnitude of
correlationmehange. The numbers inside/outside the dotted black circle repitesembde

degree/average absolute difference in correlations.
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Table 1 Clinical and demographic characteristics of the study population

Variable Overall cohort Gestational age at delivery p-value
(N =223) <32 weeks of gestation | >32 weeks of gestation
(N = 64) (N =159)

Maternal age (years) 23.5 (20-28) 25 (21-32.8) 23 (20-27) 0.03
Pre-pregnancy bodysmass,index 25.8 (21.5-32.6) 29.1 (23.0-35.4) 24.7 (21.1-31.0) 0.004
(kg/n?)”
Race, % (n) 0.64
African American 91.5% (204) 93.7% (60) 90.6% (144)
Hispanic 3.1% (7) 3.1% (2) 3.1% (5)
Caucasian 2.7% (6) 1.6% (1) 3.1% (5)
Asian 0.9% (2) 1.6% (1) 0.6% (1)
Other 1.8% (4) 0 2.5% (4)
Gestational age at amniocentesis 24.4 (21.1-27.4) 21.7 (19.9-24.5) 25.4 (22.9-28.4) <0.001
(weeks)
Sonographic cervical length at 13 (7-18) 7 (2.3-14) 14 (10-19) <0.001
diagnosis ifim)
Diagnosis
No intra-amniotic inflammation, % (n) 75.3% (168) 59.4% (38) 81.8% (130) <0.001
Microbial invasion ofithe amniotic 12.1% (27) 9.4% (6) 13.2% (21) 0.43
cavity, % (n)
Sterile intra-amniotic inflammation, % 10.3% (23) 25.0% (16) 4.4% (7) <0.001
(n)
Microbial-associated intra-amniotic 2.2% (5) 6.3% (4) 0.6% (1) 0.01
inflammation, % (n)
Intra-amniotic inflammation (ELISA 12.6% (28) 31.3% (20) 5.0% (8) <0.001
IL-6 >2.6 ng/mL), % (n)
Treatment
Cerclage, % (n/N) 8.1% (18/221) 9.4% (6/64) 7.6% (12/157) 0.67
Progesterone supplementation before 1.4% (3/214) 0% 2.0% (3/152) 0.27
amniocentesis, % (n/N)
Administration of antenatal 11.7% (26) 12.5% (8) 11.3% (18) 0.80
corticosteroids within 7 days before
amniocentesis, % (n)
Antibiotics before amniocentesis, % (I 5.8% (13) 6.3% (4) 5.7% (9) 0.87
Amniotic fluid
Amniotic fluid IL-6 concentration 0.65 (0.29-1.28) 1.11 (0.31-4.15) 0.59 (0.28-0.99) 0.002

This article is protected by copyright. All rights reserved




(ng/mL)

Amniotic fluid glucose concentration 30 (25-35) (N=221) 31 (24.3-36) (N=64) 30 (25-35) (N=157) 0.52
(mg/dL)”™

Amniotic fluid white blood cell count 2 (0-7.5) (N=218) 2 (0-10) (N=63) 1 (0-6) (N=155) 0.06
(cells/mnd)™

Placenta

Acute inflammatory lesion of placenta] 45.1% (92/204) 73.3% (44/60) 33.3% (48/144) <0.001
% (n/N)

Acute histologic chaorioamnionitis, % 44.1% (90/204) 73.3% (44/60) 31.9% (46/144) <0.001
(n/N)

Acute funisitis, % (n/N) 32.4% (66/204) 51.7% (31/60) 24.3% (35/144) <0.001
Delivery

Amniocentesis to delivery interval 68 (36-95) 23 (10-35) 85 (64-105) <0.001
(days)

Gestational age at delivery (weeks) 35.7 (30.6-38.7) 26.6 (22.1-29.5) 38.0 (35.1-39.1) <0.001
Delivery >37weeks of gestation, % (n) 44.4% (99) 0% 62.3% (99) <0.001

Data are given as median (interquartile range) and percent (n)

"Comparison betweengpatiénts with a diagnosis of short cervix who delivered before and after 32 weeks of gestation

" missing data 18 caseés missing data 2 cases missing data 5 cases

ELISA, enzyme-linkedsimmunosorbent assay; IL, Interleukin

Acute inflammatory lesiomof placenta is defined as acute histologic chorioamnionitis and/or acute funisitis
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Table 2: Changes in protein concentration with cervical shortening

Overall change with CXL

Interaction between group and CXL

Fold Fold

Analyte change' | p q change?

MCP-1 -2.3 0.000 | 0.000 -2.4 0.003 0.09
MIP-1a -2.7 0.000 | 0.000 -2.7 0.00 0.09
IL-6 -5.0 0.000 | 0.000 -4, 0.009 0.09
MIP-1b -3.7 0.000 | 0.000 -3.5 0.014 0.115
MIP-3a -5.4 0.000 | 0.000 -2.7 0.135 0.735
HMGB-1 -5.0 0.000 | 0.000 2.0 0.177 0.735
I-TAC/CXCL-11 -4.5 0.000 | 0.000 24 0.190 0.735
Gro-a/CXCL1 -2.5 0.000 | 0.000 -1.5 0.22 0.735
Calgranulin C -2.1 0.041 | 0.043 -2.5 0.241 0.735
IL-8 -5 0.000 | 0.000 -4.0 0.241 0.735
IL-1a -2.7 0.001 | 0.001 -2.0 0.273 0.735
IL-15 -4.3 0.000 | 0.000 1.9 0.292 0.735
Eotaxin -4.2 0.000 | 0.000 1.7 0.299 0.735
IL-12 4.4 0.000 | 0.000 1.9 0.330 0.735
RANTES -2.3 0.004 | 0.005 1. 0.334 0.735
IL-1b -4.9 0.000 | 0.000 -1 0.392 0.0
IL-18 -1.4 0.004 | 0.005 1.2 0.444 0. 2
IL-16 -2.5 0.000 | 0.000 1.2 0.535 0. 97
IL-10 -4.0 0.001 | 0.002 -1.7 0.55 0. 97
GM-CSF -3.0 0.001 | 0.001 1.5 0.571 0. 97
IFN-g -3.7 0.000 | 0.000 1.3 0.5 0.971
IP-10 -1.4 0.042 | 0.043 1.1 0.742 0.971
M-CSF -3.0 0.000 | 0.000 1.2 0.749 0.971
IL-2 -3.9 0.000 | 0.000 1.1 0. 09 0.971
IL-33 -1.5 0.013 | 0.014 1.1 0. 19 0.971
IL-7 -2 0.000 | 0.000 1.1 0. 4 0.971
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IL-4 -2.2 0.000 | 0.000 11 0. O 0.971
IL-13 -3 0.000 | 0.000 -1.1 0.920 0.971
TGF-b -7. 0.000 | 0.000 -1.1 0.940 0.971
TNF-a -4.0 0.000 | 0.000 1.0 0.942 0.971
Calgranulin A -4. 0.000 | 0.000 11 0.949 0.971
Lactoferrin -2.4 0.000 | 0.000 1.0 0.971 0.971

CXL= Cervixlength;

'Refers to the change in average protein concentration per cm increase in cervical length.
Minus sign denotes decrease in concentration with increasing cervical length (or increase with
cervical shortening). Both groups of patients (delivery<=32 and >32 weeks) were included in

this analysis:

*Refers to the.ratio of change in average protein concentration per cm of cervical length in
patients with delivery at <=32 weeks vs those who delivered at > 32 weeks. Minus sign denotes
that the decrease in protein concentration with cervical length (or increase in concentration
with cervieal’'shortening) is larger in patients who delivered at <=32 weeks compared to those

who delivered at > 32 weeks.
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Table 3: Differential protein concentration analysis for different intervals of gestational age at

amniocentesis

Gene
Calgranulin’A
CalgranulinC
Eotaxin
GM-CSF
Gro-a/CXCL1
HMGB-1
I-TAC/CXCL-
11

IFN-g

IL-10

IL-12

IL-13

IL-15

IL-1

IL-1

IL-1a

IL-1b

IL-2

IL-33

IL-4

IP-10
Lactoferrin
M-CSF
MCP-1
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MIP-1b 5.1 0.0000 0.000 | 2. 0.001 0.01 14 00 0 0479
MIP-3a 1.9 0.1479 0.157 | 1.9 0.004 0.030 | -1.3 0.23 4 0.793
RANTES 1.9 0.032 003 (14 01172 0.15 | -1.2 0.5353 0. 03
TGF-b 2.5 0.01 7 0.022 | 1.3 010 0 0.15 | -1.0 0935 099
TNF-a 2.4 0.0109 001 |13 0.0592 0.130| 11 0720 0.7

FC=Fold change. Negative values represent decrease in patients delivered <32 weeks compared to those
delivered >32 weeks. p=nominal p-values; g=False Discovery Rate adjusted p-values; Underlined fold
changes are for proteins for which the differential abundance remains significant if only the patients

with no intra-amniotic inflammation are used in the analysis.
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Figure 1



Log2 Concentration MCP-1 (CCL-2)
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