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Serum Vaccine Antibody Concentrations in Adolescents Exposed to Perfluorinated
Compounds
Philippe Grandjan,* Carsten Heilmann, Pal Weihe Flemming Nilsen, Ula B. Mogensen, and Esben BudsJorsensen
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Introduction he exporure assessment in the study has rectly been called
Perfluoriontod ikylate substances (PFASS) hav awide range of 10 dou (Bachct a. 2015). Because scrum PFAS concent
applications in var soil. and sanestat contin or ch on atc fin highly corrlid, epidemiological studies have
ingand other toxin and n i eit: costings for food wrap. Dot Meni Which PFASS are mainly responsible fo te pe
ping marin and hr 0s for 603has rested in worldwide OmCon, and some stdies have thereto modeled total PEAS
Exposure to ths persistent compounds (Lindo <1 al. 2011, Saposue (Grandjean ct al. 2012: Mogensen ts. 2015). Results
idemilogical rscrch on povable adverse Sct in exposed Om i vio dicsof human eukoeyies sper te immuno
Populaions as inensiied ony In recent yeas (Grund 10x potnal ofseveral PAS, incling peaoroocine suo
Clapp 2015: Scenland ta. 2014). nae (PROS). pefluoroctancae (PFOA). and perfluorodecamonte

Ne a measure of depressed immune. function. anibody (PFDA) (Corin tal. 2012), and anal models sugges ta
response 10 foutin childhood vaccmitons hes been deified immune depression mayoccur a serum concentrations of PFOA

Sensitive indicator of sivaiod PEAS exposures in children 4nd PROS similaroor lghly above thos reporid in exposed
(Grandican et al. 2012: Granum ct al. 2013). Whereas pre. humanpopulations (DeWittctal. 2012),booster amb concentrations 1 5 3ofage append (0 be Immune functions are affcted by many diferent Kids of
ected by bo cre nd prenatal exposures (Crandon 1. Sil(McGinn Kollman 21) and specie nibody
2015) concemraons at 7 of ac homed ier acsociaons concentration vary between chien wih simlr vaccination
minty wih posnaal pours (Grandin o aL 2013; Toons: the main dcerminan of increased concenions is
Mogepsen ctl 2015) Decreased anil responses tovaccina: fect booster vaccinations Capua al 2013). Alibough devel
Hons have sk ben fore in PEAS.caposcd dls (Kien opmcnial expose 1 piychlornaed biphenyls (PCB) can sso
CU 2015:Looker ea,2019 In addition, elevated PEAS expo Ted voces responsecma ctf 2010), PCB concnta.
Sores scam to increase he risk ofcomm infcions in chidien ons wer only weakly associated with PFASS, and ajusiment
Granomctl 3013. real expos du nk ap0 aft fr prenatal and aly postal PC exposure did not marily
childhod hopitalizaionris (FS 1 ul 2010 but the quality of alt the PEAS associations. wih nibody. concentrations

Grandean ta. 201,
We have xiendod our followup ofthe Froese bith cohort

Ritpede nT Grn FSPEONE 01 Fa tothe age of 13., whee we most recently observed son cgi
17035 wl WA 031 USA. Tk OTST Tl ie aon tween postal serum PEAS conceiions
peradcn@heah ddl or po and antibody concentrations ai the age of 7 y (Grandjean ct al.
thos dolar they have po actu or potcatial comping W251 2015, Nogensen e al. 2015). We maintained our focus on tetanus
ind9 Fry 2016: Revd 6 be 2016: Ace 12 ly 2016, nd ipa because hese vaccines are noid Uh Uigser

Published 26July 2017. or complex immune system responses involving both T cells and BNoe I ener wih fil: 1 ss to cour i ul ol Seas 3.1999), Out previous rescach shwed ht re
omc anil lar However, some Bg 4d Sopccal pata exposes were pticlary inked 0 the pr boos ant
rl pulsed inFIrics may as slo 08 sna0 ey concenition at 3 of ag, and the concomitant exposureaman of toni eg om yo sod mony1pty Bert, og Fe1 LSA Wascewiih sponfe3.ha,ahr niSo vw body conccnuaions tT dependedmainly on hecutnt exp
> sre loves (Grandia cf al. 2012: Mogensen ct al. 2015). We
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heelrefocusedon the PEAS exposures reflected n serum con 201). We included aden fo prenatal PCB expose in
Cenaions om he tho mos recent examinations Sparc amine. We ao performed covariate acd logic

“ears alestodln the odd ratios for cach ae.13
Vaccine anid concern ein belo he ccally proce

Methods tive level of 0.1 IU/mL with a doubled PFAS exposure. Using
Study Population structural equation models (Mogensen et al. 2015), we deter

mid the vocaons of the see. PEAS concentrations wil heA bith cohortof656 cin was compiled from bis at the
National Hospital in Torshavn in the Faroe Islands during 1997 Specific antibody levels at 13 y. We modeled these associations.Sal Hopital in Hisar in the Foe ands Ai 1997 am dict fcr (vith aborl a1 73 am 3 0)
Vaccination efficacy (Grandjean el al. 2012). Faroese children Slicct The total effect has the same interpretation as a lincar
iscive vccinaion agai diphbra and canis a 3 mo, [SEESon model wiht tealfstment forsandylve
SEEeaa oa amao poem
sovemment supported Heals cussym chiden hed 13 eo creas in PES a 73 eng iadwih lower
the same source, although additional vaccines (pertussis and Mbody concentrations at that age, with these antibody concen
poli) were added to 1h boner durin he projet period 100sBing sacedwilhho evel a 19 3. Idion, in4

irandjean etal. 2012). Thest tocol wasaf the Reals an18, 0% for Re ofl SOMERAS Sxposansraic vis commingan the som ren 7 1010 andy cncnaon a 133 All models were
oud at Harvd TH. Chan Schol of Puli Heal: writen (4007sex and ge asconc,andincomplete abner

oe “and, ti allowing ilculaon clon ds amhccoor member wer nie for low p examinaon 2200 18 allowing cle13 ht id phic caminton an od sping, PIE CIN LLInformation ror he chkn's mandatory vaccination ch vas somparion we ls apledlu mised mols 0 av
copied, and a questionnaiteon gest medical history and current £CT0 the effects of age? ssrumPEAS concentrations on4
lh at sho ch question shout vaccimaion admin. 415000 outcomes at 7and 1 1 neaction between expose
trea since the previous sronmvation and whether the chilg hag 904 98¢ was included, and the results were aga adjusied for
Vidcron oom. Bocas cansvce (which Cth564h hesumptionof oardosporestised he emergency mom. Beau cans vasinaon (wie nt CLR owing or a more flexi rlsionshiy
ado otao pe a otnp,np gs Pen 4 PENS and cy comtons fs gevrash
did not contain further information on vaccinations thacouldbe 204iive models using cubic regression splines wilh three knotster ann (ii and Tiwdiran 1990 mo signin deviation fom ne.
10 thupsohOSU. tt 13 V3 oundBecause both PEAS concntraonsandnbd

bined tthe crcl Caminions and thn fore at SOC USOTWee og rinsed.wesapresed the regresion
Shorty afc sparation. We performed online Soll his crc. Sores te changein heaids pre
tion and analysis using high-pressure liquid chromatography with » -
{and ma specter (Grand cl 2012) With bch
and between-baich imprecision levels (assessedbythe coefficient Resultsiio) wae SE ot tr Toa ce, Rei wih A total of $16 chide (757% ofthe cohort member) partic
Aen weary Tove bch ated in rep: comparisons Ped 1 he age13 caminatons, and 587 (890%) partiedrm the BetStyof topo cen CB 7 ca 13 or both Thehacesof he chen
Pewecoat,heyy, Who provid sficint sr fox amc at 13 a show in
BE bic | PROS wa by a he mos provalnt PEAS, wih oc

‘Scrum concentrations of major polyehlorinaid biphenyl con. dian serum concentration at 13 yof 67 ng/mL, a S6% decrease
geners were available from maemal pregnancy serum the sum 0€€ 7 3. PFOA and PENA decreased 10 a similar extent.
of the threemajorcongeners was used a an indicator of the total Although the correlation between the age-7 and age-13 concen-ontoop5y" tons ofthe same PEAS was ven cove han th consi

Serum concenaonsof mmumogluln (5G) anibodics beeen the dient PEAS at cach age (r < 035133and
were measured by the vaccine producer (Staicns Serum Instr, <062817), he close conelations prevented meaningful adjust
eywe onaknan| Mt for concomian PEAS cxposts. I contra, PCBcon
ayo cans sor iri, Vero Gl ed nary Ean in mer Jean scrum contac) pry wih
7atonassay using 2-fold dilutions ofthe serum.For both assays, Whe KIS serum PEAS concentrationsat7 (r between —bnTd
Sandardantitoxins. The methods were the sameashoseused for ON average. both antibody concentrations showed clearAC onIN decreedung heicar periodfom10 1alough eyere ongerlordphiariaFale ALLS y,20703 4%) ani 103

(09.6%) chiden had abd concnraions <0.11U)mi. for
Saisteat Methods diphtheria and for tetanus, respectively. However, notalchildren
Owing 0 skewed disibon, he anibody concentrations and Showodiheapddcrca aniodyconcenons. Satie
ie scrum PEAS concentrations measured a 73 nd 13 3 ere plot he onlation betweenanihody onsen: 13ai
ll ogisomerth model wer applied. Ia] al 13 sho htconcerns needene he two examin
cs wre Based on cpa mull incr Bresons WA 4. ton in many cohort ucts (1 1) An ras in ancy
15 anidy concnraion the dependent arable and serum concentration souk lye 4rlof ions nen po.
PERS concenirion av rico aon ih 30 ni x 8 rt, os He cane som subj hadivan uch
mandatory covariates whl ls conden ae hose type wld Doordove.Si of he hden had recived an addons

fi commana wih other vanes (Grandien <1 1. bos a the pre line case of thi very ow ancy
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Table2iar cpesion modelsof chines teri conscrnion 3 13 sins wilh rr PEAS conscoinn 33307afi fora5 4byac ndbo
Nobo or TR Sh iyTol coon S87) No borero ERvi(12519) inert 31%

MASGl) TC 990 paw 7 Ge SRO pu 7 Gwe wa paw
FIRS comenraon T7
ox G5 75 mass ope aw s1 Casi oom a os wes ain
BRS 00 Se maids oss ov mo mies omy M1 a3 malo omPN G5 Gs Tuam: om a» es amo osm dn 37 swma omTon Ss 7 mows ome aw Cs mei orm aa ues onePEAS cocoon. Ty
ios Wome ean oon de me sais 0m we ois Mans ooTox Wo AD SEE om a 8 Twiiks om oe 7 nmims owsBRS a7 01 OsTas 0a dd ae uid 0m dw sy mans: ose
FA & OTN THINS 0a am Ce wars om wen mala osm
oe Teor he atcretpt or le rePPR eco ee rt Chee era FR SesPS er a ONPeta PIS, ele FAL ema ONptOL

group: aferexclusionofsubjectswitharccondofhaving vistedthe | PFOA concentration showed odds ratios of 1.47 (95% C1: 103,
Emergency room or otherwise having. received an addons 2.14: p= 0038) and 171 (5% CI: 1.15, 2.55; p=0008) for 3
booster (noER group): and.for comparisonpurposes,afer exclu nonprotcciveanibodylevel nthe faltd groupand nthe o-
sionofthe 202subjectswho or unknown esson id ot show the ER group, respectively. Further,PFDAa7yshowed satisicaly
anicipaid decrease in anibody concentrations between 7 y and significantodds ratiosof1.39 95% CI: 05, 185: p=0.023) and
13. Theseilegroupswee fury similar wih regard 0x,ge, 1540957 C1 13,2112: p=0.007)fordiphiberainthesamevo

andPEAS exposure (Tac 1). groups, respectively: no other asociaions reached statistical
Malipe regression analyses showed a uniformly inverse Significance

asociton between ani-dipftheri antibody conceraonsat 13 Inthe ist structural equation model, we included an indie
3 and the PFAS concenirations ai either 7y or 13 y (Tabi 2). fect mediaid by the exposure at 7 yvin antibody concenira
Thc tendencies wer he Scongest aftr cxchiion of subject wih omaha age. Tablesan 3 show the ndiet effect and he oral
a history of an additonal hoosier, and an approximaicly 25% lecobserved inthis model, Fordiphera,alassociationswere
ectsfor each doubling in seurs PFO concentrationat 13y inverse, and all vePFASsshowed aistically significant inverse
anda245 decreasefor cach doubling in serum PFDA concentra. asocaions in the no-ER group. Tendencies were weaker in he
tion #7 y were boi saistically significant. However, tetanas (tal groupandaleexclusion fsubjects without desing an
ania Concentrations, which had decreased much ss. than body Concentration. For anus, some vere asociions were
dipiera atibody concentrations. ended 0 showpositiveaso. observed,alloughnonewassignificant. Asecond model without
iatons, oneof which vas saistically significant (Ile 3). As dirt lfct fed the daa caually well and showed a similar,
expected (Granda et 11. 2012), djusment for developmental though ionger indict fet fordipheriaviathcageTanibody
PCB exposure had no appreciable clfct on these associations; concentration. These tendencies lo became clear for tetanus,
ereore, PCB was not omidered furler, Logic regression wheresiatstcallysignificant indirect ffcts were now apparent in
analyses ofthe resuls,many ofwhichwereclose to he0.1 U/mL the no-ER group, both for PFOA (24.2, 95% CI: 41.1, ~2.4)
Jimi,inmostcasesshowedoddsclose01 forthe nibodyconcen: andfor PRINS (25.1: 95% CI. ~ 38.9, —8.3). Finally ihe ests
wan being below the clinically prtecive level (data mot obtained with the linear mixed models were similar 0 those
Shown). However, fo dphihri,adoubled concomitant serum obiinedwithrtsitar equation model.
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Discussion ‘prospective study is apparently the first to elucidate the temporal
he proven prospective study ws peformed in adolescents fo SWRES in nkbody concetraion in telaton 0 PEAS imimano-
i PESood decrease anihody apenas ty lity hough o Scene. A majo obace fn Sch ber
nd “vases, ‘Swe. 10 tomes bape vation) sues 5 hat chile and Molen Who iH the

booster vaccinations, the dua were censored 10 remove co- emergencyroom for cutsand otherinjuriesareroutinelyadminis-cm i coos of oreo roo ise nt ero ean Doser, Which aio acs diphhrn becase
‘subgroup, multiple regression results showed that diphtheria anti- both toxoids are present in the vaccine, thereby interfering with
dy conceniraion decreased a Slvied sem PEAS concen the study design, We therefor chose to exclude subjects who had
ions a 13.3 nd 7: the. aoc. were sisically 3rcondof an merge romvisi (0 obtain o-ERgroup. For
significant or PFDA st 7y and for PFOA a 13 y, both Sugesi- comparison, we performed parle calcustion afer excluding
inga decrease by 257 for cach doubling of exposure. The 3.200 ces who had ot revealed the antiipicd eee intingafer excisionofal subjects Wihouy docu i at. oo wot sesdlsd te niddara¥
baxly concentrations werelessclear. Structural cquation models A70dY concentaations between 7 y and 13 3. With antibodyquAra S00 TUES concemraions hat ders 1 diffrent degrees oer time and
‘with statistically significant losses in diphtheria antibody concen. With PFAS exposure levels that likewise show decreases, multi
trations at 13 y of 10-30% for the five PFASs. Few associations ple regression analyses of the bivariate data sets need tobecom-
were observed for anti-tetanus concentrations. However, more plemented by more-advancedmodeling.advanced modeling Showed negaive swoon for ican Ou uy I tod fo PFAS exposure ssicssments two
ithreganthe ag.7 PEAS expose, OWin to he teeore. points duringchido tn nerval of proximal i yar.
Taio between he serum PEAS conceraton, fhe anayis  Albough the. lininion halves of the PFASS sre 2.5 y
of th posible oleof individual PFS wasnotprs,andthe (Barc c 1. 2010; On ts. 2007, the two widely sparc
Ohserved asians may eft th. aft of the PFAS measurementsmay nos fully haracirzethechildhood expose
ire, role, Because exposures during cikibood re kl th vary

"Aiough the ees study aimed 0 btn prospec data (Kal ct a, 200% Lindstrom ta. 201) posable at sel
onthe sceinions between PEAS exposure and vac anibedy scrum PEAS aalycs woukl provi song vince or PEAS
Concerto ove an tended Perk, a aihody comcniraion  mmunckoicty: However, Foc Uk ders bodycon
2 rica poet i i doc nk Fepesnt the comple  conrtion se kel du a xpos Faller tan 0 cr
eckoryof changes and may no be Tepe of 1h prot. Ten, lowe cxponres (Mogen<en ta 2015), we chose tn ely
ion sgn 1h pec tac in he long term. The present on he ge-7 poe. Revels nd 0 nce both anhody
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measurement 7 y and 13 in the assessment, AL ag 7, con of hi dy has been questioned wing to the poor sabily of
rte serum PFAS conceniruons howd ong ene aso. the serum PFAS messuements (Bach tl 2015 such imprei.
Gaons wih vacine anbody Concenion, nd inclusion of Son of the capusue ascsnent coud aly bia te Feu
2565 PEAS concenraons Sigh seenghencd thes tendencies war he nll (randanand Bude Jocgen 2010).
(logement al 2015). dls, PFOA exposure rom contained drinking water

The .y boosie vacimion i in principe the last boosie was associated wilh lower ser concenaionsoffol JEA and
vacinaion ht 3 chil) ecivs, ad long tem protection 1s JE (in femas nly. aough not of tial JEG (Flic 1 a1
erfor intend. Our previous reals Grandia cal. 2012) 2009) More specifically, a reduced anibody tir ines afer
Showed tha a 7 y. mary childen had anibody concenratons influenza vaccination was found in the most highly xposed sub
cow the Jevel sumed to provide the desired protection. The jects (Looke el 2013). Furhe, a smal iiervenion study of
Dumber of childen with nibody concenations below the 12 aduls showed tha the tm dependent increase in vaccine
eid ve hd bsnl icrcascd by ge 13 ad wi sink. specific anibody concenraion decreaseda high PEAS cx
Jato he umber of chide with antbody concenraions blow sures (Kies al. 2015). Overall, support i bin fo the
noel of potionat age § beforeth boar. These dhserva oto that PEAS expose is associated with deficient immune
Lions suppor the jsifcaon fo routincly supplying a hooser function. Allough diphtheria and perhaps tetanus may ot he
Vacinaion in te cmrgency room in comncion wih any in 1KCl hazads i he Faroese and in the residents of many othe
jury that may have involved the slightest risk of tetanus, couniies, the strongly decreased antibody concentration likely
Unforumtly, such preventive. measures ad variance to the reflect an immuniogical deficit. Because opimal immune sy
reson sty desig. which relied on ll chien bing vat. em uncon i crcl for hell. the asoaions ented
Ted he same a and with he same agen dose The sy Should be garded a adver. We rend callie benchmark
assumption was therefore violated. and it proved tobe difficultto dose levels to estimate the magnitude of exposure limits that
djs To idiionsl immunizationsa differnt ages given the Would oI against the immunoiovcly observed. The resis
incomplete knowledge of booster administration. Accordingly, Suggested hat he present expose fits may be to high by a
he real clayshow he strongest ssociaions tween PEAS (ctor of 100 (Grandiaad Bod Jvgersn 2013). The present
exposure and sniody conceniruions in cohort Subjects who SU cvends. the previous findings of deficiet_anibody
were not known to have visited the emergency 100m or (0 other. Tesponscs in this cohort at younger ages and therefore adds sup-
‘wise have received abooster. However, Figure | also shows an Port 10 the notion that substantially strengthened prevention of
increased anibody concen a 13 in many conor mem. PFAS exposure is dict.
rs, posibly ling fiom a booser tat had mo been
Lsconded. Exclusion of all coher members without sn apparent Conclusions
decreas in atbdy concentration at 13 may hve mere than Theresa th presentstudy rin cond with peesious ndings
Temedicd this problem because it most Ikly cluded 100 many of PEAS immunoloxicityatcute exposu lev. although he
abject, thy alcnuaing he Sical power. As might sul of this svat) dy an llcicd by concomitant
Cxpecol. the rests fo the most fesAcid SubgrUp re decrases in concentations ofbothPEASandnthodics and by
Somewhat weaker than the for th Js resiced ohn, known and Suspected howe vaciaons during he Sie
Neverles, the increased anthody concentration in chidien  nirval sinc heon.booster
who had revived booster Suggests Un any adverse nace
SEPENS pot coud led pil nen ch Acknowledgments
lenge, although such intervention might bot compensa for any his study was supported by the National Institute of Environ.
other adverse effects associated with PEAS immunotoniciy. mental HeaihSciences, National InsiutsofHealth(ESOI2199).A in previous sts (Gandian ct al. 2012; Mognsen CUS. Enzonmental Psetion Agency (R830755): the Danichct 201) we Toundsong sociation fox ApHHET (an Come] or Semen. Rens (03 6000, at I Do
for tetanus The Former 250 Cubbie mach FEA GRETA Sommeon Teton oF armen
Tom 7 10 133, mot Hkcly becae (he PHAGES INCH) 5 3 at memory ARCA(ot oor osBoon
weaker antigen than tetanus and is therefore more easly affected in he Arctic) Theauthorsare solely responsible forallresults and
by PEAS depressed immune funion. The exact magnitude of conclusions. wichdopotessay ref the postionofany ofhe scrum anibody conection may nok be SHCALY IMDOC. Somerset
tan, bt very low level il esl poor of snd protection
Wilh many anihody concetrions bing clos 1 the sume
clinically protective level of 0.1 IU/mL logis regression References
Showed ony weak tendencies for body evel below he nit 54%,C Herken 1bcs.Becho.ooOrJ oto5{obo axsocicd wih scm PFAS conceniaions. Silay, ary ocd Sr hed see cd vor:
imprecision of antibody asessments, puticululy al concen haps Stsedse ST
Tons how or lose 0 th clay PROWEUNG concemraion, BH OHCAAA. Yo. Ko an 8 Serr 20. decir
Tey ave asd the regression analyses ovard th ml nnHoer ere eanor
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