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 There iis ia lot iof iresearch ion ithe ivaried ievolution iof idengue ivirus i(DENV) iinfection 

in humans. Dengue ishock isyndrome (DSS), idengue ihemorrhagic ifever i(DHF), and 

animal models, and human data since DENV's icellular iand itissue itropism are thought ito 

be isignificant idengue iillness ifactors. Dengue ivirus iresearch ispanning moreithan i50 

years ihas iyielded ia substantial idataset idemonstrating ithe irelationship between ivirulence 

variables iand idetrimental ihost iresponses iand ithe defectiveihemostasis and iincreased 

vascular ipermeability icaused iby DHF and DSS istrains. iDSS's underlying ivascular 

hyperpermeability imay ibe ifacilitated iby itargeted idifferentiation iof particular ivascular 

beds. iA ipersonalized iapproach ito i development iresearch iwill ireveal the ibasis iof 

individual irisk ifor ithe idevelopment iof iDHF iand iDSS iand iidentify i genetic and 

environmental ifactors ifor idistinct irisk ifactors ifor ithe idevelopment iof serious idisease. 

Please cite this article in press as Aman Mishra et al. Immuno Pathogenesis of Dengue Disease (DENV). Indo American Journal 

of Pharmaceutical Research.2024:14(03). 
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INTRODUCTION 
The idengue ivirus (DENV), iwhich iis ispread ito ihumans iby iAedes imosquitoes, iprimarily iAedes iaegypti, iis ia member 

of ithe igenus iFlavivirus iand ifamily iFlaviviridae. Four iserotypes i(DENV-1, iDENV-2, iDENV-3, iand iDENV-4) ican be 

identified iusing idata ifrom ineutralisation iassays. With ian iestimated i50 imillion iinfections iannually iand iover i2.5 ibillion 

persons iat irisk iof iinfection, iDENV iinfection iis ia imajor isource iof idisease iin itropical iand isubtropical iregions i(75). Any iof 

the iDENV iserotypes ican icause iinfection, iand imost icases ihave ino isymptoms iat iall i(87). iThe iworst iforms iof ithe idisease, 

which iare imarked iby icoagulopathy, iincreasedivascular ifragility, iand ipermeability, ican irange ifrom ia imild iflu-like isyndrome 

known ias idengue ifever i[DF] ito ia iwide irange iof iclinical isymptoms i(dengue ihemorrhagic ifever i[DHF]). Hypovolemic shock 

(dengue ishock isyndrome i[DSS]) icould iresult ifrom ithe ilatter. Children i(≤15 iyears) iinfected iwith iDENV ihave ia ihigher 

chance iof iacquiring isevere idisease iin iAsia ithan ido iadults i(30, i80, i109, i172). On ithe iother ihand, ithe imajority iof icases iin 

the iAmericas iare iin iadults iand iresult iin imoderate idisease i(84, i186, i188). However, ithere ihas ialso ibeen ia inoticeable 

increase iin icases ithat iadvance itowards iDHF/DSS iin iadults ithere i(75, i79, i87, i126, i186). Adults, iteens, iand iolder ichildren 

with iDF iexperience ia idebilitating iillness. iIn iaddition ito ia istrong iheadache, iretro-orbital ipain, imyalgia, iarthralgia, 

gastrointestinal idistress, iand itypically irash, iit iis icharacterised iby ia isudden ionset iof ifever. Simple ihemorrhagic manifestations 

include igingival ibleeding, ipetechiae, iand iepistaxis. iA ileukopenia iis ia itypical iobservation, ihowever thrombocytopenia ican 

sporadically ibe iseen iin iDF ipatients, iparticularly iin ithose iwho iexhibit ihemorrhagic isymptoms i(76, 109). iDHF iis icategorised 

by ithe iWorld iHealth iOrganisation i(WHO) iinto ifour igrades i(I itoiIV). While iDHF igrades iIII iand IV iare imore isevere iand 

include ishock, igrades iI iand iII iare icomparatively imoderate icases iwithout ishock. Together iwith hemorrhagic imanifestations 

(positive itourniquet itest ior ispontaneous ibleeding), ithrombocytopenia, iand isigns iof ienhanced vascular ipermeability i(increased 

hemoconcentration ior ifluid ieffusion iin ithe ichest ior iabdomen icavities), iDHF iis  characterised iby iall ithe isymptoms iof iDF. 

At ior isoon iafter idefervescence, iwhich iis icharacterised iby ia ifast, iweak ipulse (≤20 imm iHg) ior ihypotension iwith ichilly, 

clammy iskin iin ithe iearly istages, iis ithe ilife-threatening iDSS istage. shock iphase (grade iIII). iPatients imay ienter ia istage iof 

profound ishock, iwhere itheir ipulse iand iblood ipressure ibecome iundetectable (grade IV), ileading ito imortality i12 ito i36 ihours 

after ithe ibeginning iof ishock, iif ithey ido inot ireceive iquick iand ieffective treatment (262a). iIt's icritical ito iremember ithat ithe 

WHO icase idefinition iwas ifirst iintended ito ibe ia iclinical idiagnostic itool ibased ion the ifindings iof imultiple iclinical itests. 

Because iit imight inot ibe ireliable ienough ito icategorise iillness iseverity iappropriately nd imight inot ibe iin igood iagreement 

with iclinical ipractise, ithe iWHO iclassification isystem ipresentsichallenges ifor iroutine clinical ipractise i(213). iAs ia iresult, ian 

update ito ithe iWHO iclassification ischeme iis ianticipated ishortly, iand iit iis ipresently under ireview. The iphase iofProlonged 

shock ican icause idisseminated iintravascular icoagulation i(DIC) ior ihasten iits ionset (228). Better istudies iusing iprospective 

cohorts iare irequired ito ishow ithe ifrequency iof iDIC iin iDHF/DSS ipatients iand iits association iwith iclinical ioutcome, ias ithe 

available idata iare iinconclusive iregarding ithe ioccurrence iof iDIC iin isevere idengue (30, i152, i262). In iDHF iand iDSS, massive 

blood iloss iis iuncommon iand iusually ilimited ito ithe igastrointestinal itract. Anoxia, icell ideath, iand igastrointestinal ibleeding are 

typically ithe iresult iof iprolonged ishock, iwhich icauses iblood ito ibe diverted iaway ifrom ithe idigestive itract. iOn ithe iother 

hand, ithe imilder itypes iof ibleeding iobserved iearly iin iinfection, ilike petechiae, iare icaused iby ivarious imechanisms iassociated 

with iviral iinfection iin iconjunction iwith ithe icytokine irelease ithat iis vasculogenic. Comprehending ithe iprocess ithat ileads ito 

the ionset iof ishock iis iessential ifor icreating iinnovative iapproaches that ienhance ipatient icare.  It iis iimportant ito inote ithat 

patients iwith iDHF iand iDSS ido inot ihave igeneralised iedoema; instead, iradiography ior isonography ican ibe iused ito iidentify ia 

selective iplasma ileakage ithat itypically ioccurs iin ithe ipleural and iabdominal icavities (12, i230, i246, i252, i256). Studies iusing 

ultrasound iimaging ihave ishown ithat iplasma ileakage happens iprior ito ithe ionset iof idefervescence ior inoticeable ialterations iin 

hemoconcentration i(12, i230, i252). Every iaspect iof DENV iinfection, iincluding iits iclinical, iimmunological, ipathological, iand 

epidemiological icharacteristics, imust ibe itaken iinto account iin an ieffort ito ifully iunderstand ithe ipathogenesis iof idengue. iThis 

review's iobjective iis ito isummarise iDHF/DSS's current iview ipoints ipathogenesis iand ito ipinpoint ithe iknowledge igaps ithat 

pose isignificant ifuture ichallenges. 

 

THEiHISTORYiOF iDENViINFECTIONS: CURRENT SUMMARY 

DENV Carnival. 

The ioutcome iof iDENV iinfections imay ibe isignificantly iinfluenced iby ithe ivirus's icell iand itissue itropism. iThe ilack 

of ia suitable ianimal idisease imodel isignificantly iimpedes iour icomprehension iof ithe ifunction iof iDENV itropism. iThe immune 

system, the iliver, and ithe iendothelial icell i(EC) ilinings iof iblood ivessels iare ithe ithree iorgan isystems ithat iappear ito ibe 

significant iplayers iin ithe ipathophysiology iof iDHF/DSS, iaccording ito iin ivitro idata iand iautopsy istudies. iThe irelevance iof 

these ievents ifor ithe ioverall ipathogenesis, ithe itropism iof iDENV ifor icells iof ithe irespective isystems, iand ithe icorresponding 

pathological ieffects iof iDENV iinfection iof ithese isystems iof iDENV iinfection iwill ibe idescribed. 
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DENV iis imost ilikely iinjected iinto ithe ibloodstream iwhen imosquitoes ifeed ion ihumans. iThis iinjection icauses 

spillover iin ithe iepidermis iand idermis, iinfecting ikeratinocytes i(136) iand iimmature iLangerhans icells i(epidermal idendritic 

cells i[DC]) i(136, i263). iAfter imigrating ifrom ithe iinfection isite ito ilymph inodes, iinfected icells irecruit imonocytes iand 

macrophages, iwhich iturn iinto itargets ifor iinfection. iAs ia iresult, iviral ireplication iand iinfection iare ienhanced ivia ithe 

lymphatic isystem. iNumerous imononuclear ilineage icells iare iinfected ias ia iresult iof ithis iprimary iviremia, iincluding isplenic 

and iliver imacrophages i(18, i54d, i96, i101, i117), imyeloidiDC i(20, i91, i92, i123, i133), iand iblood-derived imonocytes i(59). 

Additionally, iit ihas ibeen idemonstrated ithat iDENV iis iselective ifor iblood-circulating imononuclear icells iand ifor icells ithat 

reside iin ithe ibone imarrow, ilymph inodes, iand ispleen iof iAG129-infected imice i(124). iIn iexperimentally iinfected inonhuman 

primates, ileukocytes ihave ialso ibeen idemonstrated ito ibe iDENV-infected i(156). iIt ishould ibe inoted ithat ihigh iconcentrations 

of iDENV-specific iimmunoglobulin iG i(IgG) iwill icomplex inewly iproduced ivirus ithat iadheres ito iand iis itaken iup iby 

mononuclear icells iduring isecondary iinfections iwith iheterologous iDENV. iAfter iinfection, ithe imajority iof imononuclear icells 

die iby iapoptosis i(61, i182), iwhereas iabortively iinfected ior ibystander iDC iare istimulated ito iproduce ithe imajority iof 

mediators iinvolved iin ithe ihost's ihemostatic i(48, i60, i97, i120, i236) iand iinflammatory i(22, i47, i91, i133, i145) iresponses. iIn 

this icontext, ivariables ithat iimpact ithe inumber iof itarget icells iinfected iand, iin iturn, ithe iviremia ilevels imay ias iwell ias ihow 

the iinflammatory iresponse iimpacts ithe ihemostatic isystem, iascertain ithe iratios iof ivarious ipro- iand ianti-inflammatory 

cytokines, ichemokines, iand iother imediators i(35, i59). iIt ihas ialso ibeen idemonstrated ithat ibone imarrow istromal icells iare 

vulnerable ito iDENV iinfection i(124, i171, i202). 

 

Organ idysfunction 

The iimmune isystem, ithe iliver, iand ithe iendothelial icell i(EC) ilinings iof iblood ivessels iare ithe ithree iorgan isystems 

that iappear ito ibe isignificant iplayers iin ithe ipathophysiology iof iDHF/DSS, iaccording ito iin ivitro idata iand iautopsy istudies.In 

the ipast i60 iyears, ithousands iof icases iof iconfirmed idengue ihave ibeen iidentified iin iSoutheast iAsia iand ithe iAmericas; 

however, ionly ia ismall ipercentage iof ithese ipatients ihave ihad iautopsies, iraising iquestions iabout iwhether ior inot ithose icases 

are itypical iof ithe iviral iTropism iduring ithe iearly istages iof ian iinfection iis iunknown. 
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Because ifatal icases iof iDHF/DSS iare iuncommon iand imostly ioccur iin iremote iareas iof ithe iworld iwhere iappropriate 

laboratory itechnology iis ilargely ilacking, iit iis ichallenging ito iconduct ihistopathological iresearch iusing ifresh ior ifrozen ipatient 

materials. IFurther more, imost ifamilies ichoose ifor iquick iburial ior icremation iin iplaceiof ian iautopsy iin ithe imajority iof ifatal 

cases idue ito icultural iand ireligious icustoms. iA iskewed iage idistribution, ivarying isample icollection itimes, iand ithe ivariety iof 

methods iused ito iconfirm ithe ipresence iof ivirus iin iaffected itissues iimpede ithe iinterpretation iof ithe ipathological ifindings iin 

fatal icases iof iDHF/DSS iin irelation ito iviral itropism ireported iin ithe iliterature. iStudies ithat ihad iemployed iinferred iDENV 

cell itropism iimmunohistochemistry, iin isitu ihybridization, ior ia imix iof iPCR iand ivirus iisolation imethods. iThe ipresence iof 

DENV iin icells iwas ifound iin ithe iskin i(104), iliver i(13, i14, i53, i54d, i69, i96, i101, i104, i137, i164, i173, i199, i208), ispleen 

(13, i14, i101, i164, i199, i208), ilymph inode i(13, i14, i101, i104, i173, i199, i208), ikidney i(14, i78, i101), ibone imarrow i(13, i78, 

101, i173), ilung i(13, i78, i101, i137, i164, i173), ithymus i(106), iand ibrain i(164). iThese ifindings iwere ibased ion ia ireview iof 

the iliterature idescribing ifindings ion iautopsy isamples ifrom ia itotal iof i160 ifatal icases, imost iof iwhich iwere ichildren ior 

young iadolescents i(4 ito i18 iyears iold) iwho idied iwithin i36 ihours iof ideveloping ishock. iIn ithese isamples, ithe iinfectious 

virus iwas inot ialways ipresent. Looked iinto, ibut igenerally ispeaking, ithe ivirus icould ionly ibe iisolated ifrom iperipheral iblood 

mononuclear icells iand ithe iliver. The ifact ithat ithe imajority iof iorgan isamples iwere iunable ito iisolate ithe ivirus icould imean 

that ithe ivirus ipresent iin ithose itissues iwas ieither idegraded ior icomplexed iwith iantibodies ithat iinhibit iin ivitro icell iinfection. 

According ito ithe ipathophysiology iof iDHF/DSS, ithe ipresence iof iDENV iin imultiple iorgans iwas igenerally inot ilinked ito 

microscopic ior imacroscopic ievidence iof isevere iorgan ipathology i(17). Similariorgan itropism ihas ibeen iseen iin ithe iprimate 

model, iwhere ithe iskin iand igastrointestinal itract icontained ihigh ivirus iconcentrations iwhile ithe ispleen, ithymus, iand iseveral 

peripheral ilymph inodes icontained ilow ivirus iconcentrations i(157).  
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DENV ihas ibeen iisolated ifrom iperipheral iblood, iliver, and ispleen. iIn imice ilacking ialpha/beta iinterferon i(IFN-α/β), 

the ilymph inodes iand icentral inervous isystem iare iaffected i(13, 267). iThe itropism iof iDENV ifor ineuronal icells iis ione 

obvious idistinction ibetween ithe ihuman imodel iand ithe imouse model. 

It iis iinteresting ito inote ithat ia icommon iargument iin ithe iliterature iis ithat ithe ihost iresponse ishould ibe ia imajor 

factor iin ipathogenesis ibecause, ionce ishock isets iin, itheivirus iis ino ilonger idetectable iin iblood i(134, i166). iWhile ithe 

majority iof iautopsy idata idid inot ispecifically icompare ithe ilevels iof inucleic iacid ior iviral iantigens iin iautopsy isamples iand 

blood, ithe iscant ievidence idoes iindicate ithat iDENV ireplication imight itake iplace iin icertain iorgans iwhile iviremia iis ino 

longer idetectable i(199). 

 

Pathogen iVirulence 

 

 
 

The ivirus ivirulence ihypothesis istates ithat imore isevere idisease iis icaused iby ispecific iDENV istrains. iBased ion 

differences iin inucleotides, iDENV iserotypes ican ibe ifurther idivided iinto idistinct igenotypes. iVariations iin iviral ivirulence have 

been ilinked itoigenetic ivariations i(51, i131, i206, i248). iSurprisingly, ithe ifirst iDHF ioutbreak iin ithe iAmericas ihappened iin 

1981, iaround ithe isame itime ithat ithe iless ivirulent inative iDENV-2 igenotype iwas ialready icirculating iin ithe iarea iand ithe 

possibly imore ivirulent iSoutheast iAsian igenotype iwas iintroduced i(118, i195-197). iAdditionally, iit ihas ibeen isuggested ithat 

the icirculating iDENV's iinterepidemic ievolution imay ibe ito iblame ifor ithe idisease's iincreased iseverity. iIt iwas iobserved ithat 

case-fatality irates iand ithe iseverity iof idisease imanifestations iwere ihigher iduring ithe iDENV-2 iepidemic ithat istruck iCuba iin 

1981towards ithe iend iof ithe ioutbreak i(118, i119), iimplying ithat ihost ipassage iduring ithe iepidemic imay ihave iincreased ithe 

virulence iof ithe icirculating iDENV-2. iSimilar icircumstances iwere inoted iin iTownsville, iAustralia iduring ithe iDENV epidemic 

in i1992 i(234), iand ionce imore iin iCuba iduring ithe iepidemic iin i1997 i(81). iDENV idoes ievolve iduring ian iepidemic, 

according ito ianalyses iof itheir igenomes i(42, i198); ihowever, ifurther iresearch iis irequired ito idetermine iwhether iinterepidemic 

viral ievolution iand iheightened idisease iseverity iare irelated. iThe isequence iof iinfection iwith ispecific iserotypes iand ithe 

interval ibetween iprimary iand isecondary iinfection imay ibe isignificant ifactors iin ithe idevelopment iof iDHF, iaccording ito 

epidemiological iobservations ifrom iSingapore iand ithe iAmericas. iHigh-incidence iDHF iepidemics ihave iincluded. iconnected ito 

initial iDENV-1 iinfection, ithen iinfection iwith ieither iDENV-2 ior iDENV-3 i(79, i83, i178). iThese istudies ialso ishowed ithat the 

likelihood iof ideveloping ia isevere iillness iincreased iwith ithe ilength iof itime ibetween iprimary iand isecondary iinfections. 

Furthermore, iafter ia isecondary iinfection iwith iheterologous iDENV, iage ihas ibeen idemonstrated ito iaffect ithe icourse iof ithe 

illness (80). iIn icontrast ito ithe iAmericas, iwhere iinfection iprimarily iaffects iadults iand icauses imilder idisease, iAsia ihas ia 

higher irisk iof isevere idisease iamong ichildren ithan iamong iadults. iThe istructural ivariations ibetween ithe itwo iDENV istrains 
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and ithe ivariation iin idisease iseverity ibrought iabout iby ithe iAsian iand iAmerican igenotypes iare icorrelated i(51, i131). 

Additionally, iresearch ihas idemonstrated ithat ivarious iregional iDENV istrains ior iThe icapacity iof ivarious iserotypes ito iinfect 

distinct icell itypes ior iresult iin iserious iillness imay idiffer i(56, i251). iEven iwith isupposedly ivirulent istrains iof iDENV, 

theiobservation ithat iDHF/DSS iis iobserved iprimarily iin ia irelatively ismall ipercentage iof isecondary iinfections iand ito ia imuch 

lesser iextent iin iprimary iinfections iimplies ithat ihost ifactors imust ibe iimportant ideterminants iof ithe idevelopment iof isevere 

disease.I 

It iis icrucial ito iunderstand ithat ivirulence ihas ihistorically ibeen iregarded ias ia imicrobial icharacteristic ithat ican ionly ibe 

assessed iin ivitro, iindependent iof ithe ihost, ior iin ianimals ithat iare ifrequently iinbred. iNonetheless, ia igrowing iamount iof idata 

implicates ithe ihost iimmune iresponse iin ithe idevelopment iof inumerous imicrobial iinfections i(31). iThus, iit iis iimportant ito 

take iinto iaccount iboth ihost iand iviral ifactors iwhen iresearching iDENV ivirulence. 

 

EnablingtheComplementarySystem 

 

 
 

One iof ithe iprimary ihumoral ielements iof iinnate iimmunity iis ithe icomplement isystem, iwhich iworks iin itandem iwith 

the hemostatic isystem ito ioffer ithe ifirst iline iof idefence iagainst iinfections. iThe ihost ican imaximally iinduce ithe imore islowly 

developing iadaptive iimmunity ithanks ito ithese iinnate iimmune imechanisms. iRegarding iDENV, iresearchers iobserved ithat 

patients iwith iDSS iexhibited iaccelerated icomplement icomponent iconsumption iand ia imarked ireduction iin icomplement 

components iaround ithe itime iof idefervescence, iwhen iplasma ileakage imay ibecome inoticeable. iHigh ilevels iof ithe iactivation 

products iC3a iand iC5a iwere ialso idetected iin ithe iplasma iat ithis itime i(50, i174, i214). iComplement iactivation iwas itherefore 

thought ito ibe icrucial ito ithe ipathophysiology iof idengue. iComparing ithe iglobal iprofiles iof igene iexpression iin iPeripheral 

blood imononuclear icells ifrom ipatients iwith iDF iand iDHF/DSS ialso ipoint ito ithe icomplement isystem's irole iin ithe 

severityiof ithe iillness i(249). iThere iis istill imuch ito ilearn iabout icomplement iactivation iand iits ipart iin iDENV ipathogenesis. 

There ihas ibeen ia isuggestion ithat iNS1 iplays ia isignificant irole iin icomplement iactivation i(122). iComplement 

activation imay occur iwhen iheterotypic iantibodies ibind ito iNS1 iexpressed ion iinfected icells i(8, i142). iFurthermore, iit's 

thought ithat complement ifactors iin ithe ifluid iphase ican ibe idirectly iactivated iby iNS1 ireleased ifrom iinfected icells i(122). The 

synthesis of ithe iC5b-C9 icomplex imay isubsequently iset ioff ibiochemical iprocesses iand ipromote ithe irelease iof inflammatory 

cytokines ilinked ito ithe iadvancement iof iDHF/DSS i(8). iOn ithe iother ihand, ithe iC5b-C9 icomplex imay independently icause 

additional ilocal iand iability ito iself-associate iinto imultivalent icomplexes, iwhich iraises ithe ipossibility iof C1q ibinding iand 

functional iaffinity.I 
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The icomplement-fixing iabilities iof iIgG isubclass iglycans i(100) iand ipotentially itheir icapacity ito ienhance iinfection 

(65, i163, i266) imay ialso ibe iimpacted iby ithe ipresence iof isialic iacid iin ithose iglycans. iIt's icritical ito icomprehend iwhat 

establishes ithe irequired iactivation ithreshold iand ihow iactivation icontributes ito ithe idevelopment iof iDHF/DSS. 

 

Temporary iAutoimmunity 
 

i 

 

While iit ihas ibeen idemonstrated ithat iantibodies igenerated iduring ia iDENV iinfection ican icross-react iwith icertain iself-

antigens, iit iis iunclear iwhether ithe igeneration iof ithese iantibodies iis ilinked ito isubsequent iDENV iinfections. iFor iexample, iit 

has ibeen idemonstrated ithat iantibodies ithat iidentify ia ilinear iepitope iin ithe iE iprotein ican ibind ito ihuman iplasminogen iand 

subsequently iblock iplasmin iactivity i(49, i64, i94, i159).I 
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Factors iGenetically iHost 

 
 

Disparities iin ithe iseverity iof idiseases ican ibe iobserved iin ipopulations as iwell ias iindividuals. Numerous 

epidemiological investigations ihave idemonstrated ithat igenetic ifactors iplay ia isignificant irole iin ian iindividual's isusceptibility 

to idisease. The development iof iDHF iis ilinked ito imultiple ihuman iHLA iclass iI iand iII ialleles i(Table i(Table1).1). iThe 

development iof DHF/DSS ihas ibeen ilinked ito ipolymorphisms iin ithe igenes ifor itransforming igrowth ifactor iβ i(TGF-β), iface 

receptor, ivitamin D ireceptor,iCTLA-4, iand itumour inecrosis ifactor ialpha i(TNF-α). iA ifew ihost ifactors, ilike ia ilack iof 

glucose-6-phosphate dehydrogenase i(G6PD), imay ialso ibe iinvolved iin ithe iincreased iDENV ireplication iin imonocytes. iThe 

most icommon ienzyme deficiency iglobally iis ia ideficiency iin iG6PD, ian iX-linked ienzyme ithat iis iwidely idistributed, iwith ia 

high iprevalence observed iin ithe iAfrican ipopulation i(175). A iG6PD ideficiency iresults iin iaberrant icellular iredox, iwhich 

influences initric oxide iproduction.  Hydrogen iperoxide iand isuperoxide. By iincreasing ithe inumber iof iviral ireceptors ion itarget 

cells ior increasing ithe iproduction iof iviral iparticles, ioxidative istress iis iknown ito iinfluence iviral iproliferation iand ivirulence 

(264). While iit iis iplausible ithat a iG6PD ideficiency icreates ia imore ifavourable ienvironment ifor iviral ireplication, iit iis 

important ito remember ithat istudies icarried iout iin iCuba iand iHaiti irevealed ia ilow iincidence iof isevere idisease iin populations 

of iAfrican descent (54b, i54c). Mannose-binding ilectin i2 (MBL2) igene ipolymorphism ihas ibeen ilinked ito ithrombocytopenia 

and ia higher irisk iof iDHF idevelopment. As a imember iof ithe icollection ifamily, iMBL iis ithought ito ibe icrucial ifor iinnate 

immune response iand ipattern irecognition. A imutation iin ithe iMBL ipromoter iregion icauses ilow iserum ilevels iof iMBL, which 

can lead ito ia icommon iimmunodeficiency isyndrome ithat iaffects iup ito i10% iof iAmericans i(243). iA ihigher irisk iof 

developing DHF ihas ialso ibeen ilinked ito ipolymorphisms iin itransporters ilinked ito iantigen ipresentation iand ihuman iplatelet 

antigen (224).iFollowing iDENV iinfection, ithe ilikelihood iof ideveloping iDHF iand iDSS iis iprobably iinfluenced iby ia inumber 

of common igenetic itraits, ieach iof iwhich ihas imild ito imoderate ieffects iand ipredisposes ito ia imore isevere iform iof ithe 

disease. As ihas ibeen ifound ifor ia inumber iof icommon ipathogens, iincluding ipneumococci iand imycobacteria, iit iis iunknown if 

single gene idefects ithat iconfer iprofound isusceptibility ito iDENV iinfection iexist i(185). iIn ithis iregard, ipeople iwho experience 

iDHF or iDSS ibut iare inot iHealthy iindividuals imay ibe iused ias ia ipool ito ifind ipolymorphisms iand isingle-gene defects ithat 

increase ithe irisk iof ideveloping ithe imost iserious iDENV iinfection itypes. 
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Enhancement iDependent ion iAntibodies 

 
 

The ipresence iof ineutralising iand inon-neutralizing iantibodies iis icorrelated iwith icontrol, ielimination, iand iultimately protection 

in ithe imajority iof iacute ivirus iinfection imodels. Nonetheless, ia ipotential inegative iimpact iof ivirus-specific iantibodies ihas 

been idocumented ifor imultiple iviruses ibased ion ithe iin ivitro iamplification iof icell iinfection i(72, i73, i93, i98, i189, i235, i238, 

240, i255); ithis iphenomenon iis inot iexclusive ito iviral ipathogens i(150). iAn iincreased irisk iof ideveloping iDHF/DSS following 

a isecondary iDENV iinfection ihas ibeen idemonstrated iby iepidemiological istudies i(74, i111, i207, i245), iand ithis iin ivitro 

phenomenon iwas ialso ireported ifor iDENV iinfection i(86). iHalstead iand iassociates inoted ithat iin itwo igroups iof iyoung 

children, ithe iincidence iof iDHF iand iDSS ipeaked. iA isingle ipeak iwas iseen iin ibabies. i(between ithe iages iof isix iand inine 

months) iwho icontracted iaidifferent iDENV iserotype ifrom itheir imothers. iThe imost iimportant ifinding iwas ithat iinfants iwhose 

mother iantibodies ihad idropped ito ilow, isub-neutralizing ilevels iwere ithe iones iwho isuffered ifrom isevere idisease. iThe iother 

peak iwas iseen iin iyoung ichildren iwho ihad ipreviously icontracted ia idifferent iDENV iserotype iand ihad ian iinfection ithat iwas 

typically imild ior isubclinical. iBased ion ithese iobservations, iit iwas iconcluded ithat iinfection iwith ia idifferent iDENV iserotype 

after iimmunisation icould iworsen ithe iillness irather ithan iimprove iit. iThis iphenomenon iwas iattributed ito iantibodies iand iwas 

known ias iantibody-dependent ienhancement i(ADE) iof idisease i(85). iAdditional icircumstantial ievidence ifor ithe isignificance of 

was iprovided iby ia inumber iof ilater iepidemiological istudies. iThe ipathophysiology iof iDHF iinvolves iPR iimmunity i(25, i80, 

82, i112). iADE imay icause imore itarget icells ito ibecome iinfected, iwhich icould iaccount ifor ithe ihigh iviral iload ithat ihas been 

reported iin inumerous istudies i(132, i221, i245, i251, i258, i259). iThe ievidence isupporting ithe iinvolvement iof iADE iin ihuman 

diseases, iincluding iDENV iinfections, iis istill icircumstantial idespite imultiple iclinical iinvestigations. iWhile icertain iresearch has 

indicated ia iconnection ibetween ielevated iserum iactivity, ihigh iviremia ilevels, iand ia ihigher irisk iof iDHF/DSS i(38), inot iall 

cases iof isevere iillness iare ilinked ito iantigen-specific iinfection, ihigh iviral iloads, ior iADE. iWhen iDHF/DSS iis iobserved, viral 

RNA imay isometimes ibecome iundetectable i i(132).However, ia ihigh iviral iload iand ithe ipresence iof ithe ivirus ion ithe iday iof 

defervescence iare igenerally iconsidered ito ibe isignificant irisk ifactors ifor ithe iprogression iof ia isevere iillness. iAs ipreviously 

mentioned, iit iis iunclear iif ithe iabsence iof iviremia ialways icorresponds iwith ithe ivirus ibeing iremoved ifrom iinfected itissues 

(155, i199). iAn iadditional ior ialternative itheory iis ithat ithe iantiviral iimmune iresponse iis isuppressed iby iFacer-mediated entry. 

For iinstance, ia istudy iusing ithe iRoss iRiver ivirus irevealed ithat, iwhereas ientry ivia ithe inormal icellular ireceptor idid inot ialter 

the iantiviral ienvironment, ientry ivia ithe iFacer ipathway icould isuppress iantiviral igenes iand iincrease iIL-10 iproduction iin 

murine imacrophages i(135, i151). iMoreover, iit iwas idemonstrated ithat iIL-10 iexpression icould inot ibe ipromoted iwithout iviral 

replication. iRegretfully, ithe iFc iThe ireceptor iimplicated iin iADE iwas inot ifound. iAdditionally, iit iwas idemonstrated ithat 

DENV iinfection iof iTHP-1 icells iviaiFCRA idecreased itranscription iand iproduction iof iIL-12, iIFN-γ, iTNF-α, iand iNO ibut 

increased iexpression iof iIL-6 iand iIL-10, itwo ianti-inflammatory icytokines i(36). iThis isuggests ithat ithe ienvironment icreated 

by iADE iof iDENV iinfection ialso iencouraged iviral ireplication. iHowever, igiven ithat ithe iimpact iof iADE iof iinfection ion 

gene iexpression imight ivary idepending ion ithe icell, ithese iresults ineed ito ibe iinterpreted icautiously i(20). iViral ipathogens iare 

not ithe ionly iones ithat iexperience ithis iimpact iof iFacer-mediated ientry ion ithe iantiviral istate. 
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Response iof iCross-Reactive iT-Cells 

 

 
 

Memory iT icells ithat iare icross-reactive iwith ia iheterologous ivirus ican iinduce isignificant iimmunopathology iin 

addition ito partial iprotective iimmunity (210). Although itheir iexact ifunction iduring iDENV iinfection iis iunknown, iCD8+ iT 

cells mayicontribute ito iimmunopathogenesis iand/or iinfection iclearance i(3, i166). It iis inoteworthy ithat imorphological itissue 

damage due ito icytolysis ior iinflammation icaused iby ithe ihigh inumber iof ieffector iT icells iis ia iconsistent ifinding iin iall 

examples iof T-cell-mediated ipathology iduring iacute ior ipersistent iviral iinfections. The iavidity iof ithe iT-cell ireceptor i(TCR) 

for ithe iHLA-peptide icomplex i(222) idetermines ihow iwell iactivated iT icells iremove ivirus-infected icells, iand iit iis ithought 

that icross-reactive iT icells iof ilow iHeterologous ivirus iavidity iis inot ia idefence i(110). However, iheterologous iimmunity ihas 

only ibeen demonstrated ito icause ipathology iin ia ismall inumber iof ivirus-animal imodels. iThese icomprise ithe ico-infections iof 

influenza A ivirus i(IAV) iand imurine icytomegalovirus i(MCMV) i(209), ias iwell ias ilymphocytic ichoriomeningitis ivirus 

(LCMV) iand vaccinia ivirus i(VV) i(209). In ione istudy, irespiratory iVV ichallenge iof iLCMV-immune imice iresulted iin 

recruitment iof LCMV-specific iCD8+ iT icells iinto ithe ilung, icausing ibronchiolitis iobliterans i(40), iwhile iperipheral iVV 

infection iof iLCMV-immune imice iproduced iimmune-mediated ipanniculitis i(211). It ihas ibeen idemonstrated iin ithe iIAV-

MCMV imodel ithat increased iviral ireplication iin ithe ilungs icaused isevere iconsolidating imononuclear ipneumonia iin iIAV-

immune imice challenged with iMCMV i(41, i209). One iinstance iof icross-reactivity ithat iresults iin iThere ihave ialso ibeen reports 

of ihuman iillness i(250, 260). The itwo icases iof ifulminant ihepatitis iC ivirus iinfection ilinked ito ian iexceptionally ihigh 

frequency iof iCD8+ iT icells were ireported iby ithe istudy's iauthors. iIt iwas idemonstrated ithat ithese iT icells icould iidentify ia 

single iepitope ion ithe iNS3 hepatitis iC ivirus, iwhich ialso iexhibited ia icross-reaction iwith ian iepitope ion ithe iIAV 

neuraminidase iprotein. According ito these idata, imemory iT icells iwith icross-reactivity ito idifferent ipathogens imay ialter iboth 

the iinitial iimmune iresponse iand ithe immunopathologic ireaction. 
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High iavidity ifor ithe iinfecting ivirus iand ihighly icross-reactive iCD8+ iT icells iare ipreferentially iactivated iduring ithe 

acute phase iof ia isecondary iinfection iin ihumans iwith iheterologous iDENV i(58, i99). iMost iof ithese iT icells ithat iare ireactive 

to cross-contamination iproduce ilarge iamounts iofPro- iand ianti-inflammatory icytokines iinclude iTNF-α, iIL-13, iand iIFN-γ, ibut 

IL-10 ilevels iare ia ilittle ilower. iThese ihighly-avidity icross-reactive iCD8+ iT icells iundergo iapoptosis; ihowever, iit iis iunclear 

if ithis iprocess iis icaused iby iactivation-induced icell ideath ior iif icross-reactive iepitopes ispecifically itrigger iapoptosis. 

According ito iadditional iresearch, iepitopes imay icontrol ithe iquantity iof iproinflammatory icytokines ithat iT icells iproduce (146, 

147). iAs ian ialternative, ipreferential iexpansion iof ilow-avidity icross-reactive iCD8+ iT icells iwould ioccur i(165, i166). iThese 

cross-reactive iT icells iproduce ilarge iamounts iof iproinflammatory icytokines iin iresponse ito iheterologous iepitopes, ibut ithey 

no ilonger ihave icytolytic iactivity. iSuch icross-reactive iCD8+ iT icell iactivation iwould ibe iprolonged iby idelayed ivirus 

clearance, ileading ito ithe igeneration iof ihigh iconcentrations iof isoluble ifactors ithat iinfluence ivascular ipermeability, isuch ias 

TNF-α, iIL-6, ior iother icytokines. iOriginal iantigenic isin i(OAS) iis ithe iterm iused ito idescribe ithe iphenomenon iwherein icross-

reactive imemory iT icells ifor ithe iprimary iinfecting ivirus iare imore iefficiently iactivated, idue ito ithe iincreased ifrequency iand 

higher iactivation istate iof imemory icells. iMice iwith iLCMV ihave ialso ibeen ireported ito iexhibit ithis iphenomenon i(110). 

Cross-reactive iepitopes ipreferentially ireactivate imemory iT icells iagainst ithe ipriming ivirus imore ieffectively ithan ithey activate 

naïve iT icells iduring ia isecondary iinfection iwith ia iheterologous iserotype. However, iit's ipossible ithat iduring ia iheterologous 

DENV iinfection, ionly ia ivery ismall isubset iof icross reactive imemory iT icells iwill ibe iactivated, iin iline iwith iwhat ihas ibeen 

reported ifor ia inumber iof iother isystems. A shrinking iTCR irepertoire iwill iencourage icells ito iproliferate. iIndividuals iwould 

have idistinct idominant iresponses ias ia iresult of ithis iTCR irepertoire inarrowing iand itheir idistinct iTCR ispecificity i(private 

TCR) i[52, i107]. This icould iaccount ifor ithe variation iin idisease iprognosis iobserved ifollowing isecondary iinfection iwith 

heterologous iDENV. The iCD4+ iT-cell iresponse duringiDENV iinfection iis ifar iless iwell iunderstood. iNonetheless, ithere iis 

proof ithat isuccessive iinfection iwith idistinct DENV serotypes ican ialso imodify ithe icytokine iresponse iof icross-reactive iCD4+ 

T icells, ileading ito ithe igeneration iof proinflammatory icytokines i(154) ithat icould ipotentially icombine iwith ithe iCD8+ iT-cell 

response ito icause ia iharmful cytokine release. 
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Dissolvable iElements 

 
 

A i"storm" iof iinflammatory icytokines iand iother imediators iis ithought ito ibe itriggered iby ia ihigh iviral iload iand 

activation iof nonprotective iT icells, iwhich icauses iincreased iplasma ileakage ithat iis icharacteristic iof iDHF/DSS. iThis iis ia 

belief iheld iby many iscientists istudying idengue ipathogenesis. iThe idiscovery iof isoluble ifactors ithat ican imediate, ieither 

independently ior iin concert, ithe ifunctional ialterations iin iEC ithat iare ilinked ito ielevated iplasma ileakage iis ione iof ithe imost 

difficult iproblems facing iDENV iresearch. iReferred ito ireference i15, inumerous iinvestigations ihave idemonstrated ithat isevere 

dengue iinfections lead ito ia isignificant iincrease iin ithe iconcentrations iof isoluble ireceptors, ia ivariety iof icytokines, iand iother 

mediators. iHigher amounts iof iTGF-1β, iTNF-α, iIFN-γ, iIL-1β, iIL-2, iIL-4, iIL-6, iIL-7, iIL-8, iIL-10, iIL-13, iand iIL-18 iin ithe 

plasma ifound iin patients iwith iDSS iin iparticular iwho ihad isevere iDENV iinfections i(10, i23, i32, i103, i128, i169, i172, i183, 

192, i194, i236). The isamples ifrom inewborns, ikids, iand iadults iinfected iwith ivarious iDENV iserotypes iwere iexamined iin 

these investigations. It imakes isense ito ibelieve ithat ithese icytokines iwill iwork iin iconcert iwith ione ianother. iVascular 

endothelial igrowth ifactor (VEGF), igranulocyte-macrophage icolony-stimulating ifactor, imonocyte ichemoattractant iprotein i1 

(MCP-1), imacrophage migration iinhibitory ifactor, ithrombopoietin, isoluble ivascular icell iadhesion imolecule i1 i(VCAM-1), 

soluble iICAM-1, ivon Willebrand ifactor iantigen, ithrombomodulin, iE-selectin, itissue ifactor i(TF), iplasminogen iactivator 

inhibitor i1 i(PAI-1), iand tissue iplasminogen iactivator iare iamong ithe iother imediators iand isoluble ifactors ithat ihave ibeen 

found ito ibe ielevated iin severe idisease i(23, i26, i27, i29, i44, i46, i115, i130, i153, i223, i229). ievaluations iof imultiple iResearch 

findings iare contradictory; ialthough isome istudies ireport ielevated iplasma icytokine ilevels, iothers ido inot. iThe iprimary icauses 

of ithese differences iare ithe iexperimental isetup iand istudy idesign, ithe icytokine imeasurement ilab itests, iand ithe istatistical tests 

used ifor ithe idata ianalysis. iMoreover, iit iis ichallenging ito istandardise ithe isampling itime iduring iinfection, iwhich icould 
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account ifor isome iof ithe iinconsistent ifindings. iThe iquestion iof iwhether iplasma ilevels iof icytokines iand imediators iactually 

reflect iconcentrations iin idifferent icompartments iis ijustified iby ithe iobservation ithat iplasma ileakage iprimarily ioccurs iin ithe 

peritoneal iand ipulmonary icavities. iWhen iseasonal iIAV i(H1N1 ior iH3N2) iinfected ihumans iorianimals, ithe iinfection isite's 

levels iof icytokines iand ichemokines iwere isignificantly ihigher ithan iwithin iserum ior iplasma i(68, i71, i88). iOn ithe iother hand, 

H5N1 icauses ifulminant idisease iin ihumans, iwhich iprogresses ito imultiorgan idysfunction iand idiffuse idamage ito ithe alveoli. 

Here, ithere iis ia istrong icorrelation ibetween ithe iseverity iof ithe idisease iand ithe ilevels iof icytokines iboth ilocally iand 

systemically i(54a, i129). iFor iexample, imultiorgan idysfunction iseen iin ipatients iwith iconfirmed iH5N1 ifatal iinfections ihas 

been ilinked ito ihemophagocytic isyndrome i(247, i268). iNotably, ihigh icytokine iproduction ihas ibeen ilinked ito ihemophagocytic 

syndrome iin ifulminant iviral iinfections ior iautoimmune idiseases iand imacrophage iactivation isyndrome iin ihematopoietic icell 

transplantation i(127, i193, i227). iThus, ithe ienvironment iin iwhich icytokines iare iproduced iand iact ihas ia icrucial irole iin 

determining itheir ibehaviour. iFurther iresearch iwith imore ifocused idesigns iis irequired ito ianalyse ithe iconnections ibetween 

different ilevels iof iIn icases iof isevere iDENV iinfections, ithere iare imore icytokines iin ithe iperitoneal i(ascites) iand ipulmonary 

(pleural ifluid) iregions ithan iin ithe iplasma ior iserum. iIt iis ipossible ithat ivariations iin ithe idamage icaused iby iviruses iand 

selective iEC iin ivivo iwill iresult iin ia idifferent icytokine iprofile iand ivascular ipermeability ipatterns. 

Animal imodels iof iincreased ivascular ipermeability iand ihaemorrhage iduring iDENV iinfections iprovide isome ievidence ifor ithe 

potential iinvolvement iof icytokines i(39, i217). iSerum ifrom iDENV-infected imice ihas ibeen ishown ito icontain ihigh ilevels iof 

TNF-α, iIL-1β, iIL-6, iand iIL-10 i(6). iFurthermore, inumerous iin ivitro istudies ihave ishown ithat ithe iculture isupernatants iof 

DENV-infected i(primary) iDC i(20), imonocytic icells i(47, i162), iand iEC i(11) icontain ihigh iconcentrations iof icytokines. iWhen 

anti-NS1 iantibodies iare ipresent, iEC irelease iMCP-1. iIL-6, iIL-8, iand iin ivitro i(138). iIn iaddition, iTNF-α, iIFN-γ, iIL-4, iand/or 

IL-10 imay ibe iproduced iby iT icells iinteracting iwith iDENV-infected icells i(91). 

 

TABLE i2. Summary iof isoluble ifactors ithat iare ior iare ilikely ito ibe iassociated iwith idevelopment iof iDHF/DSS. 

 

Soluble 

ifactor Biological ifunction iin irelation ito ipathogenesis 

Thrombin Thrombin iis ithought ito iact inear ithe isite iat iwhich iit iis iproduced. iThrombin iconverts icirculating ifibrinogen ito 

ifibrin iand itriggers iplatelet iactivation, iwhich iresults iin iplatelet iaggregation. iThrombin iactivates iEC iand 

iincreases iEC ipermeability, ileading ito iplasma ileakage iand iedema iformation. iThrombin iis ichemotactic ifor 

imonocytes iand iis imitogenic ifor ilymphocytes iand imesenchymal icells. iActivated iplatelets irelease iseveral 

isoluble ifactors iwith iinflammatory, iantimicrobial, iand iimmune imodulating iactivity, isuch ias iMMP-9, iwhich 

ienhances iEC ipermeability. iActivated iplatelets ialso isecrete isoluble iCD40 iligand, iwhich ican iinduce iEC ito 

iproduce ireactive ioxygen ispecies, iadhesion imolecules, ichemokines, iand iTF. iThrombin ialso iinhibits iIL-12 

iproduction iby imononuclear icells. 

C3a iand 

iC5a 

C3a iactivates iplatelets iand ienhances itheir iactivation iand iadhesion iproperties. iC5a ienhances iblood 

ithrombogenicity iby iupregulating iTF iand iPAI-1 iexpression ion ivarious icell itypes. iC5a istimulates imonocytes ito 

iproduce iIL-1, iIL-6, iIL-8, iand iTNF-α. iActivation iof ithese icomplement ifactors iis ienhanced iby ithrombin, 

iwhich icleaves iC3 iand iC5 ito iC3a/b iand iC5a/b, irespectively. iActivated iplatelets iare ialso iinvolved iin iC3 

icleavage, iwhich iinduces iactivation iof ithe iclassical icomplement ipathway. 

C4b C4b ibinds ito iprotein iS iand ithereby iinhibit ithe ianticoagulant iproperties iof iactivated iprotein iC-protein iS 

icomplexes. 

IL-1 IL-1β iis imajor imediator iof iplatelet-induced iactivation iof iEC, icausing ienhanced ichemokine irelease iand 

iupregulation iof iVCAM-1. iVCAM-1 ipromotes iadhesion iof imonocytes ito ithe iendothelium. iIL-1 iincreases ithe 

iexpression iof iTF ion iEC iand isuppresses ithe icell isurface ianticoagulantiactivity iof iEC. iDepending ion iits 

iconcentration, iit imay iupregulate iTNF-α iproduction ior idownregulate iTNF-receptors. iIL-1 istimulates ithe 

ihypothalamus iand, ias ia iconsequence, ithe ipituitary igland ito iproduce ianti-inflammatory imediators isuch ias 

iendorphins, imelanocyte-stimulating ihormone, iand iadrenocorticotropic ihormone. 

IL-6 Together iwith iother iproinflammatory icytokines, iIL-6 ipotentiates ithe icoagulation icascade. iIt ican idownregulate 

iproduction iof iTNF-α iand iTNF ireceptors. iIL-6, itogether iwith iIL-1, iis ia ipotent iinducer iof ifever. 

IL-8 IL-8 iis ia ichemokine ithat iis iabundantly iproduced iby imonocytes, iEC, iand ihepatocytes. iEC idamage iin ithe iliver 

imay ielevate isystemic iconcentrations. iActivation iof ithe icoagulation isystem iresults iin iincreased iexpression iof 

iIL-6 iand iIL-8 iby imonocytes, iwhile ithe iAPC-PS ianticoagulation ipathway idownregulates iproduction iof iIL-8 iby 

iEC. 

IL-10 IL-10 iis iproduced iby imonocytes iand iregulatory iT ihelper icells iand imay icause iplatelet idecay. iThrombin ican 

istimulate iIL-10 iproduction iby imonocytes. iThe icytokine idownregulates ithe iinflammatory iresponse iand icreates 

ia iparvoviral isurvival imilieu. iIL-10 ipromotes iOAS iby iinhibiting idevelopment iof ieffector iT icells ito inew 

iepitopes. iIL-10 ialso iinhibits ithe iexpression iof iTF iand iinhibits ifibrinolysis. 

TNF-α TNF-α iin ia ipotent iactivator iof iEC iand ienhances icapillary ipermeability. iTNF-α iupregulates iexpression iof iTF 
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Soluble 

ifactor Biological ifunction iin irelation ito ipathogenesis 

ion imonocytes iand iEC iand idownregulates iexpression iof ithrombomodulin ion iEC. iIt ialso iactivates ithe 

ifibrinolysis isystem. iTNF-α ienhances iexpression iof iNO iand imediates iactivation-induced ideath iof iT icells, iand 

iit ihas itherefore ibeen iimplicated iin iperipheral iT-cell ideletion. 

TGF-β TGF-β imay iact ias ia iproinflammatory ior ianti-inflammatory icytokine, idepending ion iits iconcentration. iEarly iin 

iinfection, ilow ilevels iof iTGF-βimay itrigger isecretion iof iIL-1 iand iTNF-α. iHowever, ilater iin iinfection, ithe 

icytokine iinhibits ithe iTh1 iresponse iand ienhances iproduction iof iTh2 icytokines isuch ias iIL-10. iTGF-β iincreases 

iexpression iof iTF ion iEC iand iupregulates iexpression iand irelease iof iPAI-1. 

NO NO ihas ia imultifaceted irole iin iinflammatory ireactions. iIt ienhances ivasodilatation iand iformation iof iedema. iIt 

iupregulates iTNF-α iproduction iin imonocytes. iAt ilow iconcentrations iit iprotects icells ifrom iapoptosis, iwhile iat 

ihigh iconcentrations iit iinduces iapoptosis. iNO idownregulates iexpression iof iMHC iclass iII iand isuppresses 

iexpansion iof iTh1 icells. iMaintenance iof ithe iEC ibarrier irequires ia ibasal ilevel iof iNO. iBoth ia ilack iof iNO 

iand ihigh iNO ilevels idestabilize iEC ijunctions. 

VEGF VEGF iis ia ikey idriver iof ivascular ipermeability. iIt ireduces iEC ioccluding, iclaudins, iand iVE-cadherin icontent, 

iall iof iwhich iare icomponents iof iEC ijunctions. iUpon iactivation, iVEGF istimulates iexpression iof iICAM-1, 

iVCAM-1, iand iE-selectin iin iEC. 

 

 

 

It iis ievident ithat ithere iis isignificant ioverlap iin ithe ifunctions iof icytokines, imaking iit ichallenging ito iexplain ithe 

pathophysiology iof iDHF/DSS iusing ijust ione icytokine. iIn iother iwords, ithe iabsence iof ione iparticular icytokine imay ibe made 

up ifor iby ithe ipresence iof ianother icytokine. iIt iis imore ilikely ithat ia ivariety iof icytokines iwork iin iconcert ito icause 

DHF/DSS iat ithe isame itime. iIt iis ireasonable ito iassume ithat icytokines iand iother isoluble imediators iof ithe ifunctional 

pathology iand, ito ia ilesser iextent, ithe imorphological ipathology icharacteristic iof iDHF/DSS iare ialso inecessary ifor ieffective 

viral iclearance, iindependent iof iany iother ifactors. iThe iremarkably iquick irecovery iof iDSS ipatients ifollowing iappropriate 

fluid itherapy iimplies ithat, iin icontrast ito imany iimmunopathology imodels, icytokines icause ia ireversible iEC irather ithan tissue 

destruction. 

 

INTERGRATED iPERSPECTIVE 
Although ithe iexact imechanisms icausing ithe isevere iDENV iinfection isymptoms iare istill iunknown, ithey imost ilikely 

involve multiple ifactors i(Fig. i1).1. iThe ihost's igenetic ibackground iaffects ihow ithe iimmune isystem iresponds ito ia iDENV 

infection. The iprimary itargets iof iDENV iinfection iin ithe idermis iare ikeratinocytes iand iLangerhans icells. iAfter ithat, ithe virus 

ispreads through iblood i(primary iviremia) iand iinfects itissue imacrophages iin ivarious iorgans, imost inotably ithe isplenic 

macrophages. The iviral iload imeasured iin iblood iis idetermined iby ithe icombined ieffects iof iDENV's ireplication iefficiency iin 

DC, monocytes, iand imacrophages, ias iwell ias iits itropism ifor iand ireplication iefficiency iin iEC, ibone imarrow istromal icells, 

and iliver icells. iThis ivirus icount iis ia isignificant irisk ifactor ifor ionset iof ia iserious iillness. iBasically, ithe iimmune iand 

hemostatic ireactions ito iDENV iare iinfluenced iby ithe iinfection iof iEC, ihepatocytes, iand imacrophages. iApoptosis iis ithe 

primary imethod iof iinfection icell ideath; inecrosis iis iused iless ifrequently. iThe irelease iof itoxic iproducts iduring inecrosis 

triggers ithe iactivation iof ithe ifibrinolytic iand icoagulation isystems. iReduced iblood ithrombogenicity iis ithe iresult iof 

hemopoiesis ibeing isuppressed, iwhich iis idependent ion ithe idegree iof iinfection iof ibone imarrow istromal icells iand ithe ilevels 

of iIL-6, iIL-8, iIL-10, iand iIL-18. 

In iorder ito ipreserve ivascular istability, ia inormal iquantity iof ifunctional iplatelets iis irequired. iPlatelets iand iEC 

interact iclosely. iIncreased icapillary ifragility, iwhich iis iclinically icharacterised iby ipetechiae, ieasy ibruising, iand gastrointestinal 

mucosal iinflammation, imay ibe icaused iby ia ihigh iviral iload iin iblood iand ipotentially iviral itropism ifor iEC, isevere 

thrombocytopenia, iand iplatelet idysfunction. ibleeding i(170), ia idefining ifeature iof iDHF. iIn iaddition, iinfection ipromotes ithe 

growth iof iparticular iantibodies iand iDENV-specific icellular iimmune iresponses. iIncreased iproduction iof iIgM iantibodies ithat 

cross-react iwith iEC, iplatelets, iand iplasmin iamplifies ithe iloop iresponsible ifor icoagulopathy iand iincreased ivascular 

permeability. iEnhancing iIgG iantibodies ialso iaid iin ithe ibinding iof iheterologous iviruses iduring isecondary iinfection iand 

promote iAPC iinfection, iwhich iin icertain icases iresults iin ian iincreasediviral iload iduring isecondary iviremia. iMoreover, ia 

high iviral iload ioverstimulates iT icells ithat iare icross-reactive iwith ilow iand ihigh iavidities. iWhen icross-reactive iT icells iare 

exposed ito ispecific iHLA ihaplotypes, ithey iproduce ihigh iquantities iof iproinflammatory icytokines iand iother imediators ibut 

also idelay ithe iremoval iof ithe ivirus. iIn ithe iend, ithese ielevated iquantities iof isoluble icomponents, inumerous iof iwhich iyet to 

be idiscovered, icause ialterations iin iEC ithat iresult iin ithe icoagulopathy iand iplasma ileakage ithat icharacterise iDSS. 
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FIG. 1. 

Proposed imodel ifor ithe ipathogenesis iof iDF, iDHF, iand iDSS, ibased ion ian iintegrated iview iof ithe idata ipresented i(see 

isection iThe iIntegrated iView iin ithe itext). iBlack iarrows, iprocesses ileading ito ithe iindicated ievent; icolored iboxes iwith 

iwhite icenters, ipathological ievents. iEach ievent iwill iultimately iaffect ithe iEC ior ithe ihemostatic isystem i(purple 

iarrows). 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2772360/figure/f1/
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CONVERSATION 

Here, iwe iexamine iand italk iabout ithe imany itheories iregarding ithe ipathophysiology iof iDHF iand iDSS ithat ihave 

been iput iforth iin ithe iliterature. The imajority iof ithese itheories ido inot iconflict iwith ione ianother, iand iwhen itaken ias ia 

whole, ithey icontain ia inumber iof icomponents iithat, iiwhen iitakeniinto account, may account for the majority of the phenomena 

seeniin theivariousiDENViinfection presentations. The imain iobjections ito ithe itheories ipresented iin ithis ireview iare iaddressed 

in iTable iTable i33. iBoth iDHF igrades iI/II iand iDSS ihave ia icomplex, imultifactorial ipathophysiology ithat iinvolves iboth ihost 

and iviral ifactors. iNevertheless, ithe ifactors ithat iare inecessary iand/or isufficient ihave inot iyet ibeen idetermined. iOne imay 

wonder iif ithere iare iany ifactors ithat iexplain ithe ipathophysiology iof iDHF iand iDSS iin ievery ipatient. iThe icourse iof ia 

disease imay ibe isignificantly iinfluenced iby igenetic ipredisposition. iFew iresearch ihave ilooked iat ihost igenetics iin irelation ito 

DENV iinfection iseverity. iThe imajority iof igenetic ivariations ithat iare iclinically isignificant iare isingle-nucleotide 

polymorphisms iin igenes ithat ialter idisease ipathways. iNumerous ipolymorphisms ifrequently iinteract iwith iother ipolymorphisms 

and ienvironmental irisk ifactors, iand imany ihave imodest iand iindependent ieffects ion ithe icourse iof ia idisease i(24). iIn ithe 

end, ithis ileads ito iintricate iand idiverse imedical iconsequences. iTo ifind ispecific imolecular imarkers iof iDHF/DSS, istudies 

combining isingle-nucleotide ipolymorphism igenotyping, icareful iphenotypic idisease icharacterization iin iwell-defined icohorts, 

and igenomics i(transcriptomics, iproteomics, iand imetabolomics) ishould ibe iused. 

Both ihost-specific iand iviral icomponents iare iinvolved iin ithe ipathways ileading ito iDHF, ias ithis ireview idiscusses. iYou ican 

sum iup ithe ifollowing ipoints ihere. 

Contrary ito ipopular ibelief, ithe iinvolvement iof iEC iand ithe iliver iseems ito ibe ia isignificant icomponent iin ithe 

pathogenesis iof idengue iin ivarious iorgan isystems. iUnderstanding ithe iimpact ion ithe iEC ilining ithe ithoracic iand peritoneal 

cavities iis icrucial iin ithis iregard. iIt iis inoteworthy ithat ialthough iboth iDHF iand iDSS ipatients i(16) ihave higher ivascular 

permeability ivalues, ithere iis ino ievidence iof iwidespread iedoema iand iplasma ileakage iis ilargely iconfined to ithe ipleural iand 

peritoneal icavities. iIn iDENV iinfections ithat iresult iin ideath, ino iparticular ivascular ilesions iare discovered. iAdditionally 

unrelated ito iEC iare iviruses ithat iare iknown ito icause ihemorrhagic ifever, iincluding ithose ifrom the ifamilies iArenaria i(which 

includes ithe iJunin iand iLassa iviruses), iFiloviridae i(which iincludes ithe iEbola iand iMarburg viruses), iUniversiade i(which 

includes ithe iHanta iand iRift iValley iviruses), iand iFlaviviridae i(which iincludes ithe iyellow fever ivirus). iinjury i(43, i70). iIn 

these isituations, isevere iliver idamage ithat iresults iin idecreased ialbumin iand icoagulation protein iproduction iis ithe pathogenesis 

of ihemorrhagic idiathesis. iAs iis ievident iin isevere icases iof iLassa ifever, iincreased vascular ipermeability ifrom 

hypertyrosinemia iand ia idecrease iin iplasma iosmotic ipressure ifrom isevere iliver idamage ilead to ithe iformation iof iedoema 

(67). Moreover, ihypotension iand isodium iloss iare icaused iby ithe imajority iof ithese iviruses replicating iin ithe iadrenal igland, 

which iadds iup ito ihypovolemic ishock. iHowever, ithe ishock isyndrome ilinked ito iDSS is ispecific ito iDENV iinfection, iand iit 

is icrucial ito icomprehend ihow ithe iEC ilining ithe iperitoneal iand ithoracic icavities are iimpacted. 

The ihemorrhagic isymptoms iobserved iin iDHF iand iDF iGrades iI iand iII iare itypically imild iand ishow iup ias iskin-

wide ipetechiae ithat iare imore ilikely ito ibleed iwhen ibruised. iThese isymptoms iappear isoon iafter ithe ifever istarts iand 

correspond iwith ithe iviremia iwindow iand ithrombocytopenia idegree i(121). iThe iincreased icapillary ifragility iresulting ifrom 

thrombocytopenia ior iplatelet idysfunction, ivirus iinfection iof iEC, iand ihigh iconcentrations iof icytokines ithat icompromise 

vascular iintegrity icouldibe ithe ipathogenesis iof ithe imild ihaemorrhages iobserved iin iDF iand iDHF igrades iI/II i(54, i170, i257). 

Retraction iof iEC iand iopening iof iintercellular igaps iare icaused iby imost imediators ithat iincrease ivascular ipermeability 

because ithey ialter ithe istructure iof iadherents ijunctions i(AJ), ia icomplex inetwork iof iadhesion iproteins iconnected ito ithe 

intracellular icytoskeleton i(54). iOn ithe iother ihand, ithe istability iof iThere icould ibe ia iweakening iof ithe ijunctions, ileading ito 

vascular ifragility. iThe ifact ithat iinternalisation iof iVE-cadherin ior iphosphorylation iof iAJ iproteins ireduces ijunction istability 

without ithe iopening iof iintercellular igaps iis ian iexample iof ihow iweakening iof ithe ijunctions iis inot ireflected iby 

morphological ichanges i(4, i62). iRemarkably, iintercellular igaps iin ithe irich iin iAJ ipostcapillary ivenules iare ithe imain 

anatomical isites iof ibleeding iin ipatients iwith isevere ithrombocytopenia i(170). iAs ia iresult iof ifluid ishear istress, iplatelets 

constitutively irelease ia ivariety iof ifactors, iincluding isphingosine-1-phosphate iand iplatelet-activating ifactor, iwhich icontribute 

to ithe iintegrity iof iAJ i(5). iConsequently, iincreased ivascular ifragility imay iresult ifrom idisruption iof ithe iplatelet-EC 

interaction icaused iby isevere ithrombocytopenia ior iplatelet idysfunction. iresulting iin ibleeding ior ia igreater ipropensity ito bleed. 

A inumber iof iinvestigations ihave idemonstrated ithat iplasma ileakage ihappens iprior ito ihemoconcentration ior 

defervescence. As ipreviously istated, ipathogenesis istudies ishould inot iuse ithe iWHO icase idefinition ias ia iselection icriterion 

because iit iis iprimarily iintended ifor iclinical idiagnostic ipurposes. iThe idifferences ibetween i(I) ino ibleeding itendencies, i(ii) 

increased ibleeding imanifestations ior itendencies ifor ibleeding, iand i(iii) iplasma ileakage ias idetermined iby isonography iand 

hemoconcentration ishould ibe ithe ifocus iof ipathogenesis istudies. iUnderstanding ithe ipathophysiological ibasis iof iplasma 

leakage iand ithe ireasons iit iis ilocalised ito ior imore iprominent iin iperitoneal iand ithoracic iregions irequires ian iexamination iof 

the ipleural ifluid i 

i. Antibody-mediated ienhancement iof iinfection iis iresponsible ifor itype i2 icytokine iresponses ior ia ihigh iviral iload. 

ii. In icertain iviral isystems, ipathological ialterations iduring ia isubsequent iinfection iwith ia irelated ibut iheterologous  virus are 

ifacilitated iby icross-reactive iCD8+ iT-cell iresponses. On ithe iother ihand, iDENV icross-reactive iT icells produce ia lot iof 

iproinflammatory icytokines iand iother imediators ibut ilose itheir iability itocytolyze. iIt iis iimportant ito ilook iinto the ipart 

ithat ipreexisting iimmunity ito iother iflaviviruses iplays iin ithe idevelopment iof isevere idengue. 
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A ikey irole ifor isoluble ihost ifactors iappears ito iplay iin ithe ipathophysiology iof iDSS iand iDHF igrades iI–II. iDespite 

the ifact that ia inumber iof ithese ihave ibeen ilinked ito iserious iillness, itheir iconcentrations iare ialso iraised iin iother iviral 

infections without iproducing iplasma iseepage. iPatients isuffering ifrom ianaphylaxis, imeningococcal isepsis, iand iJarish 

Herxheimer reaction ihave ibeen ilinked ito icapillary ileakage iand ithe idevelopment iof ihypovolemic ishock iwhen ihigh 

concentrations iof cytokines, iincluding iTNF-α, iIL-6, iand iIL-8, iare ipresent i(105, i176, i233). iSimilarly, iadverse iresults ifrom 

infections iwith filovirus i(253), iarenavirus i(89, i160), iand iyellow ifever ivirus i(241) ihave ibeen ilinked ito ihigh icytokine 

concentrations. Nevertheless, iunder ithese icircumstances, ithe ishock isyndrome ilinked ito iDSS idoes inot imaterialise. iAs ia 

result, iit iis ipossible ito ihypothesise ithat ithe isoluble ifactors ilinked ito ithe ielevated ivascular ipermeability iobserved iin iDSS 

must idiffer ifrom ithose iimplicated iin ithe ipreviously imentioned iconditions iboth iqualitatively iand iquantitatively. 
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