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Abstract

An ideal modelforHIV-1 research is stillunavailable. However, infectionofnon-human
primates (NHP), suchasmacaques, with SimianimmunodeficiencyVirus(SIV) recapitulates
mostvirological, immunological andclinicalhallmarks ofHIVinfection in humans.It has
become themostsuitablemodel to studythe mechanisms oftransmission and
physiopathologyofHIV/AIDS. On theotherhand, natural hosts of SIV, such as Africangreen
monkeys and sootymangabeys thatwhen infected do not progress to AIDS, represent an
excellent model to elucidate themechanisms involved in the capacityof
controllinginflammationand diseaseprogression.Theuse of NHP-SIV modelshas indeed
enriched our knowledge in the fields of: i) viral transmission and viral reservoirs, ii) early
immune responses, iii) host cell-virus interactionsin tissues, iv) AIDS pathogenesis, V)
virulencefactors, vi) prevention and vii) drugdevelopment. Thepossibilityto control many
variables duringexperimentalSIVinfection, together with the resemblancebetween SIV and
HIV infections, makethe NHP model themost appropriate, so far, forHIVV/AIDS research.
Nonetheless,some limitations in usingthesemodels haveto be considered. Alternativemodels
forHIV/AIDS research,suchas humanized mice and recombinant

forms of HIV-SIV viruses (SHIV) for NHP infection, havebeen developed.The
improvement of SHIV viruses that mimic even betterthe natural historyofHIV infection
and ofhumanized micethatdevelop agreater varietyof human immune cell lineages, is
ongoing. Noneof thesemodels is perfect, buttheyallowcontributingto theprogress in
managingor preventingHIV infection.
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Highlights

#NHPallow studyingviraltransmission, immunopathology, immune response and
prevention.

#Natural SIV hostshelp torevealmechanisms of HIVdiseasecontrol.

ENHPmodels of spontaneous or ART-inducedcontrol provideinsights forHI\Vcure.

ENHPmodels have allowed major advancesin HIV/AIDSfield buttheyare not perfect.

#Alternativemodels(humanized mice, SHIV) areuseful forspecific research questions.



INTRODUCTION

HIV/AIDSIs stillamajorpublichealth issue. Accordingto theWorld Health Organization,
HIV infection figures, even today, amongthe tenmajor leadingcauses of deathand isthe
second causeof mortalityin adolescents. Sincethe first report in 1981 andthe

identification ofHIVas acausativeagent in 1983*, AIDShas claimedformorethan 35

million of lives andonlyin 2015, 2.1 million of people becamenewlyinfectedwith HIV.
HIV infectionis characterizedbyaslowand progressivelossof CD4'T cells that, in
absenceof treatment,generallyleadsto an immunosuppressive condition.Nowadays, itis
admitted that chronic immune activation is the drivingforceof suchimmunodeficiency?.
Undersuccessful combined antiretroviral therapy(cART), the virus is controlled up to
undetectablelevelin blood, but a residual chronicinflammation persists andis associated
with themorbidityand mortalityobserved in theantiretroviral-treated patients.

Despiteof thegreat advancesobtained in HIV/AIDSknowledge, there arestillkey problems
to solve, in particular the lack of avaccine and acureand the absence of treatments
forresolution  ofHIV-induced inflammation. Animal models forHIV  have
alreadycontributed to answer major questions, but theyalsohaveseverallimitations.The
“perfectanimalmodel” forHIV-1research isindeedstillunavailable. However,infection
ofnon-human primates (NHP), such as macaques,with Simian ImmunodeficiencyVirus
(S1V) leads to adiseasethat issimilar to AIDS inducedbyHIVin humans. So far, this is the
mostsuitable model to studythe mechanisms of transmission and physiopathologyof
thedisease.Indeed, SIV infection in macaques fulfillsnumerous conditions generally

requested to constitute areliable animal model forahuman disease:

1. Thevirus causingdiseasein themodel should causethe same diseasein humans;

2. The courseof thediseaseinthe animals should resemblethat in humans;

3. The rangeof cells, tissues and organs involved should be similar in humans andin
the animal,

4. Immuneresponses toinfection in the animal model should be similar to those in

humans.



These conditions arenot fulfilled byother animalmodels, such as FIVin cats or HIV-1 in
humanized mice (seebelow). Here, wereview characteristics of the SIV infectionin NHP
that havefavored its useas a model forHIVV/AIDSresearch and summarize some of the
majorpast and recentadvances inthe fieldobtained thanks to theNHPmodels(Table 1).
Wewillbrieflyevoke advances in othermodels, such as humanized mice, in research
towardaHIV vaccineand cure.Finally,wewill explainthe limits of NHPmodels and discuss
how thesemodelscould nonetheless helpin theglobal effort to achievethe development of

efficientpreventive andcure approaches.

1. SIV MODELSAND THEIRCONTRIBUTIONSTO RESEARCH ONHIV
PREVENTIONANDTREATMENT

Human AIDSis caused bytwo types of HIV(HIV-1 and HIV-2). Theseviruses are
subdivided into groups (M, N, O, and PforHIV-1;A tolfor HIV-2), subtypes,circulating
recombinant forms (CRF) andunique recombinant forms (URF), HIV-1group M subtype
Cbeingthe most prevalent in the world**.
Sincethe first casesofHIVinfection, therehas been interest inidentifying the origin of the
epidemic. The first insight came to lightwhen aclose relationshipbetween HIV-2 anda virus
that infectsmacaqueswas found”. This virus was called SIVmac in analogyto HIV and
accordingto thespecies from which it was isolated.Thereafter, anotherphylogenetic
association was discoveredbetween HIV-2 and SIVsmm, avirus that infects sooty
mangabeys in West Africa®. Subsequent studies confirmed thatSIVmacand HIV-2 derived
both from SIVsmm®?®.
Theorigin of HIV-1 wastraced onnon-human primates, as well. Thehuman virus is
closelyrelated to SIVcpz,which infects West-Central Africa chimpanzees(Pan troglodytes
troglodytes)’®!®*?and from which HIV-1 MandN derived™ . On theother hand, the
analysisof fecal samplesfrom Cameroongorillasrevealed the existenceofSIVgort”*8. The
lattervirus is related to HIV-1 O and P. Phylogenetic analyses indicate thatchimpanzees
constitute mostlikelytheoriginal reservoirand sourceof SIVVgor as wellasof HIV-10 and
P2 (Figurel).
Morethan 40 NHPspecies havebeen found to carrySIV in thewild.Noteworthy, natural

carriers ofSIVareall African species.In contrast,Asian monkeys, such asmacaques,are



onlyinfected in captivity.

The first report of AIDSin a NHPwas provided by Letvin andcolsin 1983, soon after the
discoveryofHIV. This syndromewas detected in captivemacaques (Macaca cyclopis and
Macacamulatta)thatdied oflymphomas or opportunistic infections likePneumocystis carinii.
The revision ofautopsyrecords and laboratorystudiesrevealed that these animals suffered of
anemia, neutropenia and monocytosisbeforedecease.A lymphocyte ratio (CD4/CD8)
reversion and alossof T cellnumbers and functionalitywereobserved aswell
beforedeath.Thecauses of death included necrotizing gingivitis,Pneumocystis cariniiand
cytomegalovirus infections, as wellas three atypical cases of lymphoma.

Macaques infected bySIVmacbecame themost importantanimalmodel forHIV/AIDS
research. Thediseaseprogression profileduringSIVinfections in macaques depends both on
the macaquespeciesand the SIVmacstrain used (Figure2). Themostfrequentlyused animals
arelndianand Chinese rhesus macaquesas wellas cynomolgus macaques infected bythe
SIVmac239 molecular clone ortheSIVmac251 viral isolate. Themost rapid disease
progression is generallyobserved inlndianrhesus macaques infected withSIVmac239.

This macaquemodel revealed themassive CD4'T celldepletion in thegut in the veryearly
phaseof infection? 2" Whileitwas alreadyknown that HIV replicates inthe gut®, the
macaquemodel helped to underscorethe rapidityofthe events in this tissue (within the first
24h upon infection) and to what extent the degreeof T lymphocytelossin thegut is associated
with diseaseprogression.It wassubsequentlyshown that resting memoryCD4" T cells
werethe most frequentlyinfected cells within thegastrointestinal (GI) tract®®?’. Thesecells

can live fordecades andarenowconsidered asamajorreservoir forHIV-12%%. Experimental
SIV infectionscan beperformed through the intravenousroute. Several

additionalexperimental protocolshavebeen developed forinfection through therectal,
vaginalororal routein order to mimicthe predominant routes oftransmission encountered in
humans, i.e. sexual or mother-to-child transmission bybreast feeding”®?*?*. To better
resemble even morewhat is happeningduringinfectionand dissemination ofthe virus
throughout thebodyin humans, protocols forrepetitivelow-dose challengeshavebeen set up
as well.  Thesemodelscontributetoevaluatevaccine  candidatesandalreadylead  to
thedemonstration oftwo constructions that canconfer strongcontrol, i.e. SIVAnef
andrhesuscytomegalovirus (CMV)-based vectors. However,the degreeof protection

correlates



inverselywith  thelevel of attenuation,the least-attenuated straingivingthegreatest

protection®**,

Vaccinecandidatesbasedon CMV-vectorsgeneratevery
strongandpersistentTeffectormemoryresponsesinhalfoftheanimalsleadingtoacontrolledinfec
tionandaneliminationofviralreservoirs® While it
isatthemomentunclearifsuchconstructionscanbeusedasavaccine,thestudies of thesevaccine
candidates have

alreadyand  willcontinueto  provideimportant  clues about the correlates
ofprotectionagaifistH1V *¢".

Themacaque/SIVmac models also allow to examinethe veryfirst immunological events
after viral exposurein relation to thetransmission route ortostudythe selection mechanisms

of  transmitted/founder  virusresultingfrom  thegeneticbottleneck  that  occurs

duringtransmission(Table 1)%**

. It was shown forinstance in themacaquemodel, that
whilein most cases the transmission is basedon the selection and persistenceof onlyone
viral variant from the donor, thenumberof transmitted founder variants increases withthe
viral dose in the challenge®***.

In the search foravaccineagainstHIV-1, thereis a need for ananimal model that can be
infected with the humanvirus. Such amodel would help, forinstance, in thestudyof
neutralizingantibodies (Nabs) againstHIV-1. Macaques aresusceptible to HIV-2 but notto
HIV-1 infection. Chimpanzees constitutethe original reservoir ofHIV-1 and thereforeare
naturallysusceptible to HIV-1 viruses.However,HIV-1 hadadapted to thenew human

host, most likelybycircumventing restriction factors, amongother reasons. Therefore, the
results obtained from HIV-1 infection in theseprimates havebeen non conclusive. Some
groups havereported thedevelopment of AIDS inthis model,**“*°characterized bymarked
depletion of CD4+T cells, sustained viremia, severeCD4:CD8 inversion and increased T
cellapoptosis. Others haveobservedanimals that do notor onlyslowlyprogress to AIDS,
maintainingtheirnormalCD4+T cellcounts anddisplayingundetectableviremia®.
Thescientificlimitations of themodel, together with thenewguidelines for theuse of
chimpanzees in biomedical research, leaded to theinterruptionofits use for HIV®. Infection
ofmacaques with HIV-1 hasalso revealed to bechallenging.Indeed,HIV-1faces in macaques
theexistenceof cellular proteins thatrestrict the replicationofthe human

virus, such as TRIM5(1°2 APOBEC3G and Tetherin®. This makes it difficultto infect

macaques or their CD4™T cells byHIV-1 invivoand in vitro, but allowed to contributeto



the discoveryandextensive characterization ofrestrictionfactors (Table 1).Several
TRIM5Jalleles havebeen identified and characterized in monkeys.It has been clearly
shown that theviral replication differs depending on the TRIM5allele present in the

simian host>*®°.

Theonlymacaquesusceptible tobeinfected byHIV-1 is thepig-tailed
macaque(Macaca nemestrina). This occurs as aresultof a2-nucleotide deletion in the5’-
end of TRIM5a transcript, which impairs the action of this RF'®. However,the viral
replication is not efficient and thereis no diseaseprogression.

A recombinant virus hasbeen engineered,which consistsof aHIV-1 backbonewhere target

sites ofrestriction factors were replaced bythe correspondingSIVmacsequences®®.
Whilethis virus inducespersistent viremia, diseaseprogression is onlyobserved after in vivo
depletion of CD8+T cells in acute infection.This modified model allows the studyof some
virus-host interactions, butneeds further developmentforits applicationin HIV research.
Another attemptto circumvent the lack of a macaquemodel forHIV-1 consists in the
construction of othertypes of recombinant viruses of HIV and SIV, calledSHIV®’". These
havebeen used sincemany yearsto overcome thelack of ananimal model byconstructing
forinstanceSIVmac  viruses coding  forHIV-1  Envinstead of  SIVmacEnv.
Suchmacaque/SHIVmodels were essential forprovidingthe proof ofconcept that
antibodiesalone can protect againstinfection bytaking advantageof
thepossibilitytopassivelytransfer the antibodies and challengetheanimals experimentally®
(Table 1).However,thesetypesofapproachesarechallenged bythelargediversityof
theenvelopeglycoprotein,  theirglycan  shields  and bythehighplasma titers
ofNAbsneededforprotection.Lately,theimprovement ofbroadlyneutralizing
monoclonalantibodies(bNAbs)allowedtoenhancetheirneutralizationpotencyandtoprotect, f
orinstance,SHIV-challengedmacaqueswithmuchlower NAbsconcentrations>®. This
newgenerationofverybroadandpotentAbsmighthaveapotentialnotonlyas pre-
exposureblockingagentsbutalsoinviewofacureor
remissionofHIV.ThetreatmentwiththoseAbsresultedindeedin
controlofviremiaandreducedproviralDNAinbloodandtissues®®®*,

Veryearly on,S1Vs thatencode for HIV-1 Pol have also beenengineered.Indeed, SIVmac

virusesarenot susceptible to somedrugs used againstHIV-1, such as non-nucleoside



reversetranscriptaseinhibitors (NNRTIs), fusion inhibitors and someintegraseinhibitors.
The engineeringof SHIVsexpressingthe HIV-1 Pol protein makes them susceptible to such
antiretrovirals. Theycontributed to  thedevelopment oftherapeutic  approaches.As
anexample,  NHPinfection models havedemonstrated the effectiveness  of
subcutaneous,gel,and oral formulations oftenofovir (PMPA)in preventingtransmission
ofSIVor SHIV

viruses, even when applied several hours after viral challenge®. Such in vivoactivityof
tenofovir madeitapromisingagentforpreventionof HIV-1 infection.

Most SHIV viruses, however, do not reproduce all characteristics ofHIV-linfection in
humans. The firstgeneration of SHIVwas composed of X4 virusesand thereforedisplayed
adistinct cellulartropismthan primaryHIVin earlyinfection.CD8+T celldepletion in monkeys
isstilloften needed fordisease progressionto AIDS.Nevertheless, SHIVmodels have allowed
overcomingspecific hurdlesand cannot be missedso farforpre-clinical trials ofvaccine and
drug candidates®®®’.

As wehave recapitulated, SIV infection in NHP constitutes agood model,in manyaspects,
forHIVresearch.It is, however, not perfect. Onecannot ignorethat SIVVand HIV are close but
different viruses,which can lead to differencesin certain aspects oftheir interactions with

thehost or susceptibilityto drugsand vaccinecandidates.

2. MODELSFORSPONTANEOUSSIV CONTROL
Themajorityof theindividualsinfected byHIVprogresses to AIDSwithin7 to 10yearsin the
absenceof CART. There exist, however,afewindividuals (<0.2%)known as HIV- controllers
who spontaneouslyandefficientlycontrol viral replication. Thedeep characterization
oftheseindividuals and the factors that areinvolved in thecontrol of the
infection havebeen thefocus of manyresearches®®®®. Multiple causes aresuspected, and
arenot mutuallyexclusive. In particular thegenetic backgroundof theindividuals enriched in
MHCalleles such asB27 and/or B57, strongCD8+T cell responses, reduced susceptibilityof
CD4+Tcells to HIV infectionandearlycontrol ofviral replicationare likelyinvolved®™. All
distinctprofiles of diseaseprogression in humans are recapitulated bymacaquesafter
SIVmacinfection, includingtheoccurrenceofa spontaneously
controlled infection in aminorityof macaques thatcan also be related to aspecific MHC

background®*®’. Thediseaseprogressionratedepends both on the virus and host species

9



(Figure2), as wellason individual host features, as in humans. Studiesin the macaque

10



modelallow deciphering,onebyone, the role of eachviralgenein vivo byinfecting
macaques  withgeneticallyengineered  SIVmacclonescontainingdefectiveorlacked
accessorygenes.This ishow it was discovered that Nefis essential for high viral

replication in vivo, whilein vitro, Nef was dispensable’®. Mutations inNefindeed are
associated with attenuatedHIV-1 infection in humans.

Theroleof MHCalleles(Mamu alleles inrhesusmacaque) has been extensivelystudied in the
spontaneous controlin macaques. Some Mamualleles (e.gMamu-A*01"%)are associated with
abetter containment of viral replication while others arelinked to a faster
diseaseprogression™.  Furthermore, thecombination ofMamu alleles and KIRreceptors in
NK cells increases thecomplexityof theresponse’’®, as showed for example in an epistatic
analysisof KIR3DLO05, KIR3DS05, and KIR3DL10 in association withMamu- B*012 that
contributetoelevate theviral load inrhesusmacaques’.

TheNHPmodels allow investigators to address not onlythe veryearlyevents that follow

SIVexposure, but also tostudytheseevents in tissues, such as lymphoid tissues, genital

tract, lung, liver, intestine, and central nervoussystem (CNS)’’. Latent reservoirs of HIV
arelocated throughout thebodyand persist during infection even in presencehighly
efficientcART. NHPmodels allow to studythe establishment ofthese reservoirs intissues,

880 Advances in our

which occurs in thefirsthours and days following infection
understandingof the roleof thedifferent immunecellpopulationsas viral target cells, have
been provided byexperiments in which thesepopulations aredepleted in NHP models.
Depletion of CD4"T-cells in macaques priorto SIVinfection wasassociated with higher viral
load, massive activation and infection ofmacrophages andmicrogliathat become the
predominant infected cells®*. TheSIVmac-infectedmacaque modelwas usedas a proof-of-
concept to demonstratethatCD8+cells participate in the control of infection,usingin vivo
CD8+T celldepletion(Table 1)*®*. Additionally,this model allowed todemonstrate the
presenceof aCTL response as soon as 7 daysp.i.,and helped to understand how quickly
HIV/SIV evades thiscellular response through theacquisition ofmutationsveryearlyon in
acute infection®. Themacaquemodelalso provided the concept that CD8+T cell
responsesarrive  “too little” and“too late”into vaginal mucosato control viral
disseminationand that the “window ofopportunity”to prevent infection is veryshort®®®’.
Furthermore, depletion of NK cells resulted in modest changes in plasmaviral load but ina

11



significantincreasein the gut®®®. However, notoolsexistso far to specificallydeplete NK
cells and CD8+T cells. Noteworthy, celldepletion inducehomeostaticproliferations of other
cells, this side effectin addition to others need to be taken into consideration in the
interpretationoftheresults.

3. MODELSFOR DISEASE CONTROL
About 40 distinct African NHParenatural hosts of SIV.Onlyina few species though, studies
could be conducted to evaluate thenaturalhistoryof SIV infectionand its outcome in these
animals. Studies based on non-invasive techniques haveshown that SIVcpz infection in wild
chimpanzees reduces their lifespan, when compared to non-infected animals in the same
habitat'®®. One caseof AlDSrelated symptomswas also reportedin anaturallyinfected
CentralAfricanchimpanzee, = which  presented  lymphopenia,  weight  lossand
opportunisticinfections 7years after SIV positive screening.Efforts should be madetobetter
characterizethe pathogenicityof SIV in natural hostsand to find out whetherSIVinfection
also plays a roleinapepopulation decline®. Other studies in semi-freemandrills infected
bySIVmnd in their natural habitat revealed, in contrast, astrongprotection against AIDS.
Similarly, otherAfrican NHP, such as African Green Monkeys(AGM) and Sooty
mangabeys (SM) revealed to be resistant to AIDS*. Thelatterservetodayas model to
studythe control of thedisease, in particular SM and AGM, and arecalled the “natural
hosts”models. Cross-species transmissions demonstrated that thesameSIVstrain
cancause opposite outcomesofinfection, dependingof thehost species (Figure3). On the
otherhand, not all SIV strains induceAIDS in macaques, someSIV viruses beingeasily
controlled in the animals, while others not. This demonstrates that theoutcome ofthe
infection depends ona combination ofboth viral and host determinants.
Natural hosts ofSIV have been used to better understand themechanisms
responsibleofdiseaseprogressionin HIVinfection®®®. Themost strikingdifferencebetween
non- pathogenicSIV and pathogenicHIV-1/SIVmacinfections is the lack ofchronicimmune
activation. Paradoxically,natural hosts of SIV exhibit high titers of virus in plasma,but
theydo notdisplaychronic activation ofthe adaptive and innateimmune system®*®°. This
featureresembles the ‘viremicnon-progressors’, veryrarehuman individualswho display
elevated viremiabut maintain CD4 T+cellcountsand avoid diseaseprogression for

12



years™. Extensivestudiesareongoingin order to elucidate themechanisms involved in the
capacityfor controllinginflammation and diseaseprogression. Some non-mutually

exclusivehypotheses are listed below®":

£Intactmucosa barrier, thereby, lack of microbial translocation and lack ofmicrobial
products thatwould drive the continuous stimulation of theimmune system®.
Experimentallymimickingmicrobial translocation in thesenonpathogenicmodels
provided evidenceof thelink between this phenomenon and immune activation.
LPSadministration in AGMs leaded indeed to elevatedT cell activation levels®.
However, it isunlikelythat this isthe onlyevent involved in the deleterious chronic
inflammation as ithas been shown that infection of macaques with amutated virus
stillleads to AIDS without acute loss of CD4+Tcells and microbial translocation'®.

#Ancient infection that ledto an adaptation of thehost’s immune response responsible
fordifferences inthe intensityornatureofSIV sensing. The capacityto producelFN-lis
normalin natural hosts, but othersensingpathways haveonly poorlybeen explored
innatural hosts so far'®'%2,

#The abilityof the Nef protein toblock the activation ofinfected Tcells by
downregulation of CD3*®.

#Natural hosts show low levels of CCR5 surface expressionon CD4 +T cellsand
apparent protection ofcentral memoryT cellsfrom SIV infection!®* %

#Controlled viralreplication in secondarylymphoid organs'®’. Onehallmark of SIV
infection in natural hostsis thelow viral burden in lymph nodes in the chronic
phaseof infection in contrast to othertissues™*® 2. This constitutes oneof the
majordifferences in lymph nodes of AGMs and SMs. Furthermore, lymphnodes in
thesenatural hosts are characterized by:(i)lack of lymphadenopathyand thus no
extensivesequestration oflymphocytes in AGMLNSs, (ii) no orless folliculardendritic
celldeposition ofvirus in AGM and SM compared to SIVmacinfections
10112113 (jii) more rapid control of interferon-stimulated genes (ISGs)inLNs as

compared to blood andgut'®**®1! The control of viral replication and immune

activation in lymph nodesprevents fibrosis and maintains normal immune

13



108114115 this organ which is essential for theinduction and shapingof

function
adaptiveimmune responses.Maintenanceof normal immune functions mightlead to
a better control of other infections in the host (i.e. CMV, virome)that otherwise
could alsocontributeto immune activation.

£Depletion of CD4+T cells through apoptosis leadingto homeostaticproliferation of

T cellstt®tt

4. SMALLANIMALMODELSFOR HIV RESEARCH

Besides NHPs, other animalmodels havebeen usedforthe studyof HIV-1.In the
past,felineimmunodeficiencyvirus  (FIV) infection in cats servedas a model
ofnaturallyoccurringimmunodeficiency.DuringFIV infection, CD4+T cells aredepleted
and a chronic inflammatorystate is established,such  asithappens during
HIV/SIVinfection™®. TheFIVmodel has alsobeenuseful in thepastto test some
antiretroviral drugs™™®. Nowadays, however, thismodelisgenerallynot
usedanymoreforHIVresearch since

some importantfeatures of theinfection areclearlydifferent.Forexample, FIV is able to
infect CD8+T cells andBcells in addition to CD4+T cells andmacrophages, dueto its
affinityforCD134 asareceptor. Thus,FIVestablishes different viral reservoirs in
comparison with thehuman orprimate infection byHIV/SIV.

Other attempts forstudyingHIV-1 infection in small animals such asrats,miceor rabbits
wereperformed withoutsuccess.Indeed, rodent cells arerefractoryto HIVinfection. This could
not be circumvented bytheexpression ofthe human viralreceptor on the cellsurface. When
the murine cells wereengineered forallowing HIV to enter, thevirus encountered additional
problems to effectivelyreplicate,mostlikelydueto restriction factors, among others.
Thedevelopment of humanized mice arose thepossibilitytoinfect them with HIV-1 and
answer some specificresearch questions. Examples of humanized mice used inHIV
research comprise, interalia, SCID-hu, SCID-hu-PBL,NOD-SCID, Hu-HSCand BLT

67,68,120-122

mice Humanized micehavebeen used to studypunctual aspectsofHIV-1

infection, such as Tcell exhaustion’”, mucosal immunity'?®*?*!%  viral latency,

124,126,127

antiretroviral drug efficacies and infection ofmacrophages , amongothers(Table

14



2).Humanized micehave alreadycontributed to theknowledgeof specificaspects ofHIV
infection. However, theirdevelopment requires complexsurgical engineering.Moreover,
theyneed to begenerateddenovo foreach experiment, beingtailored accordingto the
immunological requirements of the research, which increases the cost oftheir establishment
and maintenance.In addition, there existanatomical differences,for example, at thelevel

oflymphoid organsthatarenot fullydeveloped andalack of several human immune cell
lineages, in particular related toinnateimmune responses. Ofnote, the field is evolvingfast

and much effort is put on the improvement of humanized micemodels*?*.

5. LIMITATIONS, PERSPECTIVESANDCONCLUSIONS

Despitethe numerous advantages that NHP represent, it is important nottoforget that
choosingtheright modelfor each research question is an essential point. Macaquemodels
oftransmission were establishedveryearlyonasmodels forHIV*?, Animal modelsoffer the
possibilityto controlthe viral strain, viral doseand infection route.However,while it is
welladmittedthat rectal SIV infection mimics whatis happeningin humans, vaginal
infections aremoredifficulttomodelize as menstrual cycle variations impact thethickness
ofthe epithelium and theefficacyof infection®'%. Progesteroneis used tocontrol the

cycle but to what extent this impacts the relevanceof the studies is stillunder debate.

Also, humans areinfected through biological fluids that do notonlycontain freevirus, but
also infectedcells andother components, suchasinflammatorycytokines.Studies are
ongoingto evaluate if therearedifferences dependingon the composition of the
inoculum®**3,

Natural transmission ofSIVin African NHPs ispredominantlyhorizontal and thought to
occurthrough sexual contacts or bitewounds.In contrast to HIV infections, vertical
transmission ofSIV is extremelyrare. Theexpression ofthe co-receptor CCR5 on CD4'T
cells in AGMs is low in infants and dramaticallyincreases in adults™*2. Susceptibilityto
infection through the vaginal and rectal routewas linked to the availabilityofmemory
CCR5'CD4'T cells in thetargeted mucosa and ithas been suggested that thelow rate of
vertical SIV infection isassociated with the few target cellavailabilityin newborns and

infants™***3*. Thus, whileHIV and SIV infectionsaredistinct in the frequencyof motherto
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child transmission, NHPmodels can beusedtobetter understand the underlying
mechanismof this difference***31%,

Onceinfection takes place at mucosal sites, the virus crosses the epithelial barrier,
establishes a first poolofinfected cells (foci)anddisseminates thereafter indraininglymph
nodes (LNs)®.1t is still underdebatewhich cells arethe first targets ofthevirus. It has been
suggested that CD4+CCR5+T cells aretheprimarytargets ofinfection in mucosa®#2%2"137138
Dendritic cells (DCs)mightalsoplayarolein theprocessofviral dissemination.Theuse of
macaquemodels permitted toanalyzetheir rolein virus disseminationduringthefirst hours and
daysin vivo'®. Nonetheless, theevents leadingto the establishment of infection arestillnot
fullyelucidated.

Repeated low-doseviralchallenges might provideabenefit for the evaluation of vaccine
candidates or theunderstandingofthe establishment of viral reservoirs.Thelow number of
animals for ethicaland economicreasonsrendersinterpretation of theresultshowever
sometimes difficult. Taken this into account,technicalimprovements are beingmade. For
instance, novel techniques, such as in vivo imaging, arehighlypromising’”.It isimportant to
mention that not onlythe numberof specimensallowed foreachresearch is often

limited, but thetools arelimited as well. Thus, there arestillmarkers for which no
monoclonal antibodyexistsin monkeys. This is the casefor example formost of the KIRs.
NHParetheclosest animal model forHIV/AIDS research, but an ideal modelforHIV-1 is
stillnot available. SIV and HIV are close but distinct viruses, which causedifferences in
certain aspectsoftheirinteractions with the host, vaccinesand drugs. To overcome these
potential discrepancies between SIVand HIV,recombinant viruses, includingSHIVs, have
beengenerated. SHIVs havebeen and still areparticularlyuseful in thestudyof humoral
responses, vaccinecandidates and antiretroviral drugs®’.In thefuture, itwould be useful
howeverto disposeofSHIV viruses that mimicevenbetter thenatural historyof HIV

infection. Thedevelopment of newgenerations ofSHIV strains is alreadyongoing.
Inconclusion, non-human primates infected bySIV represent a model withnumerous
advantagesforthe studyofHIV infection.Its close resemblanceto HIVinfection in humans
probablymakesitthe best or at least themostdeeplycharacterized animal model forahuman

disease. NHP-SIV models have allowedthe studyof: i) viraltransmission,ii)
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earlyimmune responses, iii) host cell-virus interactions in tissues, iv) preventionand v)
drugdevelopment(Table3).

Despiteof allthe caveats noted and the potential difficultyin translatingthefindings from
primates to humans, thesemodels can beand havebeen highlyinstructivein establishing
certain basicprinciples that would havebeen difficultor impossible to determineby
experimentation in humans forsafetyreasons.

Ofnote, the suitabilityofeach model depends on the study’s specific question, the

available toolsand appropriateinterpretation of the results. Nonetheless, ifused correctly, it
constitutes an essential model, in manyaspects, for HIV researchuntil a vaccine and

therapyfor HIVcureorHIV remissionarediscovered.
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Table 1. Examples of major contributions of NHP models to HIVV/AIDS research

O =3O O =30 =30 @30 @O0 =30 @30 @30 3 =3 =3 =3

Discoveryof initial founder populations of infected cells (foci)*
CD8+T cellresponse:«too little, too late»to clear infection®

Short window ofopportunityto prevent infection®

CD8+T cells :impact onviralset-point”***°

Proofof concept that Nab can protect againstinfection'**

Nef viral protein:necessaryforhigh viral load invivo™

RestingmemoryT cells: main target of thevirusin lymphoid tissues®*?’

Rapid and dramatic depletion of CD4+T cells ingut?®%’

Traffickingof Treg, PDC, NK cells to thegut'**
Loss of Tcm associatedwith diseaseprogression®*°
Events in acute infection determinediseaseprogressionm
TRIMbaalleles restrict viral replication invivo®
Analyses of thevirome and microbiome in tissues®* ***

In vivo imagingof SIV'’
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Model

Characteristics

Examples of utility

Drawbacks

Alternative viruses

SHIV

Chimericviruses that express HIV
proteins in aSIV backboneto
replicate in NHP.

Antiretroviral development
Vaccination strategies
Studyof viral restriction

Variabilityin theinfectivity
Lack of AIDS induction
Unusual phisiopathology

Alternativehosts

Human hematopoietic progenitor

Studyof CD4+Tcellloss

Absenceof innate immunity.

SCID-hu**® stemcells that maturemainlyinto | Test of antiretroviral drugs'?® Not suitableto studyviral

T cells. transmission.

Irradiated non-obesediabetic Neuropathogenesis Absence of innate immune
HU-HSC (NOD) miceinjected with human | Viral latency *** response

hematopoietic stem cells. Not suitableto studyprimary

Produces human T andB cells. infection

Human T andBlymphocytes, Antiretroviral treatment tests " Defect in class-switched
BLT? monocytes, macrophages, NK and | Studies of viral transrrllziﬁggﬂ_gnd antibodyproduction.

(Bone-liver-thymus)

dendritic cells.
Develops mucosal immunity,
includingGALT.

replication in mucosa

Predominanceof pre-matureB

cells™*
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Table 3. NHPuse towards a cureforHIV: advantagesand applications

Aim

AdvantageofNHPuse

Examples ofstrategies studied

Pharmacological viral
suppressionanddiminution
ofviral reservoirs’®%>1%

Restaurationandenhancing
ofimmune response®#®

Purgelatent HIV-
+ .159-163
reservoir

Control of viral strain
Control of viral dose andnatureof inoculum
Control of route of administrationand timing

Control of duration, typeand combination of
antiretrovirals

Extensive characterization ofviral reservoirsin
tissues

Analyses of immune responses in tissues
includingimmediatelyafterinfection

Intervention in the earlystageof primary
infection

Administration ofpotentiallyriskysubstances

Diffusion of antiretroviral drugs in tissues
Veryearlytreatment initiation

Treatment withIFN-

1 Treatment with bNabs

Treatment withInterleukins (IL-7,1L-15,IL-21)
Treatment with TLR7agonists
Treatment with anti PD-1

Administration ofinhibitors of chromatin-
remodelingmolecules (SAHA-inhibitors)
Gene editing

Nanoparticles
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Captions

Captions

Figurel.Non-human primate models for thestudy ofHIV infection.Non-human primates
can bedivided into pathogenic (macaques) and non-pathogenic (sootymangabeys, mandrills
and African Green Monkeys) models for HIV research. The figuredepicts the relationship

between theHIV and SIV viruses andthe typeof infectioncaused bythem.

Figure2. Host andviraldeterminants of diseaseprogressionrate. Theprogression ofthe
diseasedepends on theintrinsic susceptibilityof each species to develop AIDSand on the

virulenceof theSIV strain used.

Figure3Cross-species transmissions ofSIV and fates ofinfection. Thepresenceor absenceof
progression depends on both, viral andhost factors; i.e. the infection with a given SIV strain
will notcausediseasein some primates,whereas in others willlead to the development of
AIDS.Host and viral determinants interact whicheach other and a combination ofboth

determines the outcome ofinfection.



